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Summary

Copper (Cu) is one of the metals contaminating Eurofesstn water ecosystems.
Filter feeding bivalves have high bioaccumulation potential for transition metals as Cu. While
copper is an essential micronutrient for living organisms, it causes serious metabolic and
physiological impairments when in excess.

The objectives of this thesis are to get knowledge on toxic effects and detoxification
mechanisms ofopperin Anodonta cygneandAnodonta anatinatwo mussel species widely
distributed in continental waters. Because Ca plays a fundamental role in shatidarand
in numerous biological processe§u* effects on cellularplasma membranealcium
transport were studied first In the second stepthe investigations focused o €U?*
detoxification mechanism wolving cysteine(Cys) rich compoundsknown to playa major
role in homeostasis of essehtimce metals and in cellular metitoxification.

Under our experimental conditions, copper inhibitionQzf*-ATPaseactivity was
observed in the gills and the kidnewsd inhibition ofNa'/K*-ATPasein the gills and the
digestive glandDG) upon 4 d of exposure. At day 7 of exposure to environmeual
concentrations total recoveri@gas observed itthe kidneys and the gills foE&*-ATPase
activity, andin the DG for Na'/K*-ATPase but not at high dose<Ca aad Na transport
inhibition may entail disturbance of osmAnegulation and lead to continuous undapply of
Ca. Recovées of Na'/K*-ATPaseand C&*-ATPaseenzymes function suggetiat metal
detoxification is induced.

Phytochelatins (PC) ar@ysrich oligopeptides synthesised by phytochelatin synthase
from glutathione in plants and fungi. Phytochelatin synthase genes have recegnly b
identified in invertebrateghis allows us to hypothesize a role of PC in metal detoxification in
animals.

In the secongart of this work, PC and their precursors as well as metallothionein
were analyzed in the gills and in tBe&s of Anodonta cygneaxposed taCu**. Our results
showed for the first time the presence of,R@ invertebrates. PC were detected in control
mussels not exposed to metal, suggesting a role in essential metal homeostasis. Compared to
control, PG induction was observed during the first 12 h@f* exposure. Those results
confirm the role of PC as a first line detoxification mechanisi. tygnea

Key words: calciunhomeostasis, coppeknodontafreshwater bivalvegphytochelatins
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Zusammenfassung

Kupfer ist eines der Ubergandetalle, die in Susswass@kosystemen Europas am
weitesten verbreitet sind und in Konzentrationen auftreten, di@xikotogische Bedeutung
haben konnenDie filtrierenden, zweischaligen Muscheln haben die Fahigksatche
Ubergangsund SpurerMetalle wie Kupfer durch Bioakkumulation anzureichern, da Kupfer
auch ein wesentliches essentielles Mdiailalle lebenden @yanismenst; bei Gbermassiger
Belastung mit diesem Spurdtetall werden jedoch schwere metabolische und
physbplogische Stérungehervorgerufen

Diese Doktorarbeit zielt darauf adie Kenntnisse Ubertoxische Wirkungen sowie
Entgiftungsmechanismerwvon Kupfer in Anodonta cygneaund Anodonta anatinazu
erwadtern, zwei Arten von zweischaligen Susswarssuscheln, die in GewasseBuropas
weit verbreitet sind. Da Calcium eiffandamentaleRolle flr die Zusammensetzung der
MuschetSchal@ sowie bei zahlreich@ biologisch& Prozesse spielt, wurdenzuerstdie
Wirkungen von CW?* auf den zellularen Transport von Calcium adér Ebene der
Plasmamembran studiert. Dann wurde der Schwerpunkt der Stadie die
Entgiftungsmechanismen des Kupferdegé wobei cysteinreche Peptide und Proteine im
Vordergrund stehenCystein ist bekannt fur seirfeolle als funktionelles Element fur die
Homdoostas der essenziellen Spurenmetalle softiredie zellulareMetallentgiftung

Unter den gewahlterexperimentellen Bedingungen wurdech vier TagerCu?'-
Exposition bei 0,35 pumol £ die Hemmung de€a&*-ATPase in den Kiemen und Nierend
die Hemmung der N&K*-ATPase in den kemen und deMitteldarmdriisebeobachtetNach
siebenTagen Expositionwurde die Erholungder Enzymtatigkeit irden Nieren und in den
Kiemen fiir dieC&*-ATPase beobachtet, in diftitteldarmdriisdiir die Nd/K*-ATPase Die
Erholung der Enzymtatigkesnh weist auf die Induktiorder MetallentgiftungsKapazitathin.
Bei doppelt so hoheCu-Konzentration dauegtdie Henmungaller genanntefenzyme tber
den gesamten Expositionszeitraum von 15 TagenDie Hemmung des Transports von
Calcium und Natrium kann Stdrungen in der Osmoregulation verursachen und zu einem
Defizit an Calcium flhren.

Phytochelatine (PC) sindysteirreiche Polypeptidedie in Pflanzen und Hefedurch
PC Synthase aus Glutathion synthetisieerden Gene, die zu funktionellen PC Synthasen
fuhren kdnnen, wurden in Wirbellosen identifiziert, was ansehmen liefiddass PGuch bei
Tiereneine Rolle bei dr Metallentgiftung spielekdnnte Daher wurda im zweiten Teil der
Arbeit PC und deren Véiufer sowie die Metallothionem in den Kiemen und in der
Mitteldarmdriisevon kupferexponiertenAnodonta cygneanalysiert. Die Ergebnisse zeigen
zum ersten Mal & Prasenz von BG in Wirbellosen. Die PC wurden auch in
Kontrollmuschelngefunden was auf ihre Rollebei der Homoostas essenzielle Metalle
hinweist. Eine Induktion von ROwurde in den ersten 12 Stunden d&u’*-Exposition
beobachteteine Bestatiging seiner Rolle als erster MetallentgiftungsmechanismusAin
cygnea

Schlisselworter: CalciutHomodostasgonisches KupferZweischalige Stisswasskluscheln
Anodonta Phytochelatine
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Résumé

Le auivre est un des métaux contaminants des écosystertemudouce le plus
représenté en Europe. Les bivalves filtreurs ont une grande capacité de bioaccurdatatio
meétaux de transitions tel que leire. Le cuivre est un oligélément essentiel pour les
organismes vivants, mais en excés il provoque de gravesri@ions métaboliques et
physiologiques.

Lobjectif de cette th se est dbébacqu®rir d
mécanismes de détoxification du cuivre chemdonta cygnea@&t Anodonta anatinadeux
especes de bivalgedulcicoles largaent distribuéedans les eaux continentales. Parce que le
calcium joue un role fondamental dans la composition de la coquille et pour de nombreux
processus biologiques, les effets@uf* ont été étudiésdbord sur le transport cellulaire du
cacumaunveau de | a membrane plasmique. Dans wun
les mécanismes de détoxification @u?* impliquant des coposés riches en cystéi(@ys),
connuspour jouer un role majeur danhdmeéostasie des métaux traces essentielsnstlda
détoxification des métaux dans les cellules.

Dans nos conditions expérimental@35 et 0,64umol L™, Idnhibition de laCaf*-

ATPasepar leCU** a été observée dans les branchies et les reirénhebition de laNa'/K*-
ATPasedans les branchiest la glande digestive, aprés 4 jouxosition. Au dela @ 7

jours diexposition & laconcentrabn de 0,35umol L CW?*, une récupération totale de

|l activit® enzymatique a ®t ® obCfeATRPaReet dans
dans la glade digestive pour INa’/K*-ATPase A dose élevé¢0,64pmol L), 1 6i nhi bi ti c
persiste. Léinhibition du transport du cal ci
IGbsmorégulation et conduird des carences en calcium. LQa u p ®r at itatdd de |
enzymatique de I€&"-ATPaseet de laNa'/K*-ATPasesuggére unénduction de fonctions

de détoxification des métaux.

Les phytochélatines (PC) sodes oligopeptidesriches en Cys synthétiséspar la
phytochélatine synthase a partir du glutathiomzdes plantes et les champignons. Des genes
codant pourdes phytochélatine synthasdonctionnelles ont étés identifi¢ chez ds
invertébrégel que le ver de fumier.&Ci nousa incités a rechercher la présencePd@ezdans
les bivalves.Nos résultats onmontré pour la premiere fois, la présence de.fehez les
invertébrés. Les PC ont été détectés dans des moules témoins non exposées aux métaux, ceci
suggeraune fonctiondans thoméostasie des métaux essentitsus avons donc étudiés leur
réle éventueldansla détoxification des métaux chezes organismes dés animauxen
généralJ usqubi ci |l es phytoch®l atines ®taient <co
vegetaux.

Dans la seconde partie de ce travail, les PC et leurs précurseurs, muhéthés
dans les branchies et la glande digestinddonta cygneaxposé alCu’*. Une induction de
PG a été observée dés les 12 premiéres hewmasition auCu?*, comparé aux bivalves
témoins. Ces résultats confirment le role du PC en tant que méeades premiere ligne de
détoxification des métaux cheX. cygnea Les métallothioneines ont été analysées en
parall |l e, mais aucune induction nbéa ®t® pro

Mots clés: homéostasie du calcium, cuilnigalves dulcicole®\nodonta phytochélatines
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Liste des abréviations

AC:

ATP:

B:

C:
Ca*-ATPase
Cys:

DTT:
ERO:

GD:
v-GluCys:
GSH:
GSSG:
H*-ATPase
HPLC:
INERIS:

M :

mBBr:

MT :
Na'/K*-ATPase;
PC:

PCS:

P :

PMCA:

R:

S:

SH:
TCEP:

anhydrase carbonique

adenosiné -driphosphate

branchies

culot

adénosine triphosphatasalciumdépendante
L-cystéine

4-dithiothreitol

espéeceséactives detbxygene

glande digestive

v -glutamylcystéine

glutathion

glutathion disulfide

adénosine triphosphatagmtondépendante
chromatographie liquide haute performance
institut national de@&nvironnementridustriel et des risques
manteau

monobromobimane

métallothionéine(s)

adénosine triphosphatase sodiupotassiundépendante
phytochélatine(s)

phytochélatine synthase

phosphate inorganique

C&*-ATPasede la membrane plasmique
reins

surnageant

groupement thiol

tris-(2-carboxyethyhphosphine hydrochloride
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Introduction

Léactivité humaine est associée au développemendirdbustrie et dagriculture, qui
sont devenus indispensabl€gs secteurs sont responsables de la production et de la diffusion
de nombreux polluants. Les propriétés chimiques et physiques et les différents types de
transportdéterminenta diffusion des polluants dans tous les compartiments des écosystemes.
Le milieu aquatique est le réservoir final pour la plupart des polluants, dont les métaux. Le
cuivre appartient aux métaux les plus couramment utilledsit de ses propriétés physigsie
et chimiques(particulierement pour ses qualités de conductivité électrejudermique).
Comme métal pur, en alliage, ou @tat ionique, ilest utilisé dansin grand nombre de
secteurs industriels et agricol&@e cefait, le cuivre st un métal fréquemment détecténs
les milieuxaquatiques continentaux ou il est présemistia colonne @au et @&ccumuledans
les sédiments (INERIS, 2010). Lpsopriétés chimiques du cuivre en font un élénsemtout
utilisé en tant que catalyseur biologique des réactions enzymatajueselément essentiel a
de nombreux processus biolqges impliquant des fonctions vitales comme la respiration ou
la photosynthése (Tapieret al, 2003). Les propriétés qui rendent ce métabentiel
(respiration avec leytochrome Coxydase,formation des tissus connectifs avic lysyl
oxydas¢ sont auss " | 6 or itaxicite dorsgdileest £m exces. Le cuivre est
bioaccumulable et peut devenir une menace pour la biocénose. Des mécanismes de régulation
de la concentration eela détoxication du cuivre sont essentiels pour les organismes vivants.
Les mollusques représentent une forte proportion de macroinvertébrés dans les
écosystemes aquatigues. Parmi ce groupe, les bivalves sont particulierement intéBassants.
fait de leur importante activité de filtrationécéssairgpour satisfaire leur respiiah et leur
nutrition, les bivalves ont la capacitéadcumuler de nombreux contaminants. Dans
[®®cosyst me, ils jouent un rt'le Iimportant da
les sédiments. Les excréments et pseudoféces de bivalves llerglgytbplancton disponible
aux détritivores, et peuvent modifier la qualité des sédiments par concentration des polluants.
Les bivalves sont en contact étroit avec leur environnement, ils sont largement utilisés pour la
surveillance de la pollution dahess écosystemes aquatiques. Parmi ces aninesikjvalves
Unionidae sont largement utiliséemme organismes indicateurslddéioaccumulation eles
effets toxiques des polluants métalliques et organiques (Winter, 1996; Falfusleyrelka
2009). Pources raisons, nous avons chaismme modeles biologiques pdugbudierde la

toxicité du cuivre Anodonta cygne&t Anodonta anatinajui appartiennent auknionidae.
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Ces deux invertébrés sont autochtones des systemes hydrologiques eufapéenss des
dernieres décenni;sne r ®gr essi on des populenEuragpems doéUni
Ldobjectif de cette thése a é&iéacquérir des connaissances sur les mécanismes de
perturbation par le cuivre du métabolisme du calcium érexlonta anatinalLe cal¢gum est
un élément essentiel dans le fonctionnement des organismes eucaryotes. Il contréle plusieurs
processus vitaux (Ermak et Davies, 2001daldsorption, le maintien de la concentration
intracellulaire de calcium dan&tganisme, et leprocessus de dminéralisatiorsont rendus
possible par le contrle de son passage a travers les membranes cellulaires. Ce passage se fait
par simple diffusion, mais aussi par des protéines de transport. Le phénomene de
biominéralisation nécessite en plus du calcium, idaes carbonate prodsgiten partie par
léanhydrase carbonique (AQYous avons étudikes effets dlCu”* sur le transport du calcium
chezAnodonta anatinaar I@valuation des activités enzymatiquesGié™-ATPase Na'/K *-
ATPaseet H'-ATPasede la membranplasmique et dedctivité enzymatique cytosolique de
AC, enzymes impliquées dangalbsorption du calcium et dans les processus de
biominéralisation. Les organes étudiés ont été les branchies, la glande digestive, le rein, et le
manteau, qui jouent un edlimportant dansdbsorption du calcium et la synthese de la
coquille (Coimbraet al, 1993). Dans notre étudees inhibitonsde | 6acC&'vi t ® d
ATPaseet Na'/K*-ATPaseont été observées chAzanatinaexposés aCu**. Une inhibition
suivie dune rerise totaledel@ctivité enzymatique, obsewa la concentratiord 6 e x posi t i o
de 0,35pmol L de C/?* mais non aforte concentration (0.64imol L™) indique un
mécanisme de détoxication.
Ces résultatsuggérat IGnduction de mécasmes de détoxicatiométallique. La
deuxieme étape de cette étude a porté spécifiquement sur les composés ri€hss en
chélateurs de métauklous avons poséhypothese que des phytochélatines pouvaient étre
présentes chez les bivalves et jouer un réle dans la détoxifichti@aivre. les composés
riches enCys sont des polypeptides ou des protéines telles que les phytochélatines ou les
métallothionéines, avec une teneur@ys elevee. lls jouent un rdéle majeur comme chélateur
de métaux, dangHoméostasie des métaux essstet pour la détoxication des métaux-non
essentiels. Les phytochélatines (PC) sont des polypeptides riches en thiol de formule
générale (y-Glu-Cys)-Gly, synthétisés par la phytochélatine synthase (PCS) a partir de
glutathion. Les PC complertles ions métalliques réduisant la concentration intracellulaire
en ions métalliques libres chez les plantes, les champsgnet les microalgues.
LGdentification de genes en mesure de donner des PCS fonctionnelles chez les invertébrés
(Clemenset al, 2001; Vatamanuilet al, 2001; Brulleet al, 2008),nous avons fait &bk
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recherchesle PC chez les organismes animalXes génes homologues de phytdakiée
synthase ont été trouvés®p andus <chez |l es invert®br ®s,
invertébrés appartenant aux Unionidae, connus pour leur facilité a bioaccumuler les métaux,
pourraientétre susceptibles de synthétiser des PCc 6 e st  luédnoys groettdms dares
la deuxiéme partie de la thedesur présence est connue chez les végétaux, non chez les
organismes animauxd. 6 i ndu ct i denleursl précuPs€ursnt été évalués dans les

branchies et la glande digestive cigmdonta cygneaxposé au cuivre.

18



Matériel et méthodes

Acclimatation des bivalves

Léentretien de moules a été déceih détail dans notreremier article précédent
(Santiniet al, 2011a). BrievemerA. cygneeaet A. anatinaadultes (7,5 + 0,5 cm de long) ont
été placéesreaquariums a20+0,5°Cé au d 6 ®t alrbd /neould pH 7,25ct 0,20l
(en mmol I'; 0.40 C&", 0.20 Md", 0.70 N4, 0.05 K, 1.35 Cl, 0.20 S@, 0.20 HCQ) était
renouvelé chaque jour. Les bivalves ont été nourris quotidiennement avecultuee de
Chlorella kessleren phase exponentielle de croissam@jeytée a une densité finaletalgues
de 2 x 16 cellules / ml. Les animaux ont été acclimatés a ces conditions pendant deux

semaines avant toute expérimentation.
Exposition au cuivre

Les effets du cuivre ont étés évalués cheanatinasur les activités enzymatiques
de Ca*-ATPase Na'/K*-ATPase H'-ATPasede la membrane plasmique et AC cytosolique.

Des expériences préliminaires ont été effectuées &wis bivalves exposés a chae des
concentrations d€UW**: 0,26, 0,54 et 1,15 pmol Lpendant quatre jours, pour trouver les
concentrations les plus pertinentd3.0 u r | 6®t ude des effets du
enzymati qu eaétélefeetuép 036 ¢t D,@mumdide CU¥* sur uneduréede 15

jours. Trois moules ont été échantillonnées et disséquées pour chaque traitiemefX
(ttmoin), 4 j, 7 j et 15 j. Les organee chaque individwont étépréparés et étudiés
séparémente qui donne réplicats par traitement.

Les effets du cuivre sure$ mécanismes de détoxificatioles métaux ont étés
évalués chez. cygneasur les paramétres suivant®C et leurs précurseurs, et MT. Les
bivalves ont été exposés a 0,35 pmdlde C* durant O h, 12 h, 48 h, 4 j, 7 j et 21ds
témoins ont étés maintenes parallele, sua méme duréalans €eau artificiele. Les milieux
tess ont été renouvelés chaque jour, et les bivalves ont été nourris quotidiennement, comme
décrit precédemmenDouze moules ont étés échantillonnées par ai t e me n't avant
disséquées. Les branchies et la glande digestive de deux moules ont été regroupées, donnant 6

réplicats par traitement poudahalyse.
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Analyses statistiques

Comme thomogénéité des variances et la normalité des donreése ®nt pas
révéléesvérifiées (tests de Bartlett et de Shapivik), | Ganalyse statistique a été réalisée par
tests non paramétrigues de kkal-Wallis et de MannNhitney. Les différences ont été

considérées comme significatives lorsque p <0,05.

Analyses enzynatiques

Homogenéisation au Potter
des organesmanteay glande digestivebranchies reins

Centrifugation 200@, 10 min, 4 C

S2000 S2000 S2000 S2000
BetM R, B, et GD M, B, et GD M
Activité CA Activité H*-ATPase
pHmétrie Spectrophotorétrie
Vitale etal., 1999 Chifflet etal., 1988

Centrifugation 1000@, 20 min, 4 C

S10000 S10000

N

Centrifugation 7560@, 60 min, 4 C

N

C75600 C75600
R, B, et GD M, B, et GD
Activité Ca*-ATPase Activité Na'/K*-ATPase
Spectrophotortrie Spectrophotorérie
Chifflet etal., 1988 Chifflet etal., 1988

Fig. 1: Protocol e doéan manteaueGDglandeydgestive, & loranchiks,

R : reins, S surnageant, Cculot.
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LesactivitésdesCa*-ATPase Na'/K*-ATPase et H'-ATPaseont été déterminée
dans chacundes organesa partir du culot C75600 remis en suspensidig. 1). La
guantification du phosphate inorganique | i DbG
avec la méthode de Chiffledt al. (1988) par dosage spectrophotométrique du complexe
molybdate dammonium a 850 nm. @activité de CA a été déterminée avec la méthode de
Vitale et al. (1999 par la mesure de la chute dd pn présence des extraits de tissus et de

CO..

Analyse des composeés riches en thiol

Homognéisation au PotteElvehjem
des organesglande digestive branchies

Centrifugation 350@, 10 min, 4 C

S3500 S3500
B et GD BetGD
acidifié
Centrifugation Centrifugation
250009, 30 min, 4 C 13000g, 30 min, 4 C
S25000 S13000
Réduction: DTT/70 C/ 20 min Réduction: TCEP/45C/ 10 min
Dérivation: mBBr/20° C/15 min Dérivation: mBBr/45° C/30 min
S25000 B et GD S13000 B et GD
Analyse HPLC des MT Analyse HPLC des PC etémurseurs
RomereRuiz etal., 2008 Minochaetal., 2008

Fig. 2: Protocoé déanal yse des c 0 mp oglaRde digesticeh B s en

branchies.
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Les composeés riclkeen Cysont été réduits avec didithiothrétol (DTT) pour les
MT et du tris(2-carboxyethyphosphine hydrochloride (TCEP) pour les PC et ses
précurseurgfig. 2). Les groupements thiols réduits des MT, PC et précurseurs ont alors étés
mar qu®s au monobromobi mane ( mBBr). Léanal yse

HPLC reliée a un détecteur fluorimétrique.

Résultats

Ca’*-ATPasede la membrane plasmiue et anhydrase carbonique

Léactivité moyennedesCa-ATPase(+ écart typ chez les animaux témoins étdé
0,087 + 0,023 umoP/mg de protéine/min dans les reins, 0,45 + 0,13 dans les branchies, et
0,095 + 0,03 dans la glande digestive.

Le cuivre ainhibé les activités PMCA dans le rein de facon significative aprés 4 jours
déexposition & toutes les concentrations testées, soit de 0,26 a 1,15 firGof LA 0,35
pumol Lt CU¥, une réupératonde | 6activit® PMCA a ®t® obs:
d &mosition. A fore concentration (0,64 pmol 1), une inhibition de 20 % deHctivité
PMCA a été observée sur les 15 jouexgosition sans aucune récupérationans les
branchies un profil similaire éelui des reins, mais avec des variations non sigiives est
observé.

Aucun effet significatif @ | 6 ®x p 0,85 imbl d’nde CU?* a été notésur
| 6anhydr as, alcetob dneilégémrhibition, maisnonsignificative apres 15

jours diexposition.
Na'/K*-ATPase et H-ATPase

La moyene Na'/K*-ATPase(z+ écart type) chez les animaux témoins en septem
était de 0,098 £+ 0,006 umé&/mg de protéine/min dans les branchies, 0,045 = 0,007 dans la
glande digestive, et 0,042 + 0,009 dans le mante@aatikité de laH'-ATPaseétait de 0,002
+ 0,0012 dans le manteau.

Une inhibition significativede [éactivité de laNa'/K*-ATPasepar rapport aux témoins
a été observée a 4 jourgegposition & 0,35 umol 't de C/** dans les branchies (72 %

ddnhibition) et la glande digestive (80 %mhibition). Une repise de factivité est observée
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entre le quatriéme et quinziéme jaid e x po si t i o At deCu”Pen Brbde Bsnane L
inhibition (54 %) persiste

Dans le mantead 6 a c t i vVNatK®ATHase bhisse de la méme fag@6 %
ddnhibition a 4jours) maida différencen 6 e s dignificatigepar rapport aux témoins.

Aucun effet significatif du cuivre sur lH*-ATPasen 6 a ® da®s |l roant@u de
moules aprés 15 jourgekposition.

D 6 u n en gEn@raleet dans tous les tissutes activitésdes deux ATPaseont été

plus élevées en juillet et septembre par rapport aux valeurs mesurées en janvier, mars et avril.

M étallothionéine, phytochélatineset ses précurseurs

Le temps @&lution moyenne es standards de phytochélatirmg été: Pga 13,®
min, PG a 16,62 min, P€a 18,59 min, et P£a 19,75 min. Des composés marqués &Bm
avec des temps de rétention correspondartstandards de RCPG, PG, ont étédétectés
dans les extraits de glande digestive et de brand@esioules témoinsLa PG était au
dessous de la limite de détection. LapP&sentait la concentration la plus forte avec 2,17 +
0,59 et 0,88 + 0,15 mg BC g de poids frais dans les tisstis la glande digestive eesl
branchi es, respecti ve men te gralaundes coreentratioasleR 0 r ¢
PG, étaitclassé&e la fagcon suivantePG> PG> PC,. Les proportions de R@t de PG sont
deux ou trois fois plus élevées dans la glande digestive que dans les branchies, tandis que le
niveau de Pgest a peu presquivalent dans ces tissus.

Le niveau de P£a nettement et significativement augmenté dans les branchies des
moules exposées a 0,35 umof He CU?*. Comparéaux bivalves témoins respestifune
induction de 50 % de RCa été observée déles 12 premiereh e ur es 4jjaurs qu 6
dexposition au cuivre et e&pdsitodn Addela deg’/jograt at i on
PG revient au méme niveau que celui mesuré dans les témoins. Dans la glande digestive
aucune variation significative de la P& étémise en évidenceexcepté a 18 diexposition
auCu*".

Les concentrations cy-GluCys sont significativement supérieures dans taadhies
des moules exposées auivre durant 48 éureset 7 jours. La concentration «¢-GluCys
augmenteégalement dans la glde digestive des bivalves a 48 h et d&ejxgosition au cuivre.

Aucune variatiors i gni f i cat i v e adt@obserivée dansles branchJet n 6

la glande digestive des moulas les21 jours dexposition au cuivre.
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Discussion

Nous avons étudié seeffets du cuivre sur les enzymes impliquées dans le transport du
calcium et dns es processus denoréulation, et les mécanismes de détoxification par
phytochélatines et métallothionéines chez les bivalvesionta
Le calcium joue un rble fondamentns de nombreux processus biglogs (production
dé&nergie, métabolisme cellulairepntraction maculaire,reproduction) et a @nmportantes
fonctions mécaniques (coquille, squelette) chez les organismes v{ldotsen etKinne,

1998). Contrairement aumollusques des écosystemes marins qui sont généralement
hypoosmotiques et pour lesquefabsorption du calcium est facilitée par de plus fortes
concentrations ambiantes de calcium, les bivalv@auwd douce sont hyperosmotiques et
nécessitent une régulan stricte de leur métabolisncalcique

La présente étude nous a permis de déterminer des niveaux de base des activités
enzymatiques d€&-ATPase Na'/K*-ATPaseet H*-ATPasede la membrane plasmique et
de Kanhydrase carboniqueytosolique dans les aages impliqués danghloméostasie du
calcium. Il y a un manque de données physiologiques chez les bivdbeas dbuce par
rapport aux modeles marins tels dqdgtilus edulisou Mytilus galloprovincialis Ces données
sont nécessaires a la compréhension mésanismes de transport du calcium puisque les
bivalves deau douce sont soumis a une osorm-régulation différente des bivalves marins.

Dans notre étudefdctivité de laCa*-ATPasede la membrane plasmiq@eMCA)
des br aA anhtineeétit quidde fois supériew a celle trouvée cheklytilus edulis
(Burlandoetal, 2004) . Ceci refl te | 6i mpoAnddentac e du
anatina Les concentrations de calciuen eau douce sont inférieures a celles trouvées dans
IGeau de mer,wlGbsorption du calcium est plus facile pdytilus edulis

L'activité de la PMCA est également élevée dans les reins et la glande digestive,
favorisant éabsorption du calcium provenant des aliments et la réabsorption du calcium dans
I 6ul t rémlff Cek donngds physiologiques naud permis de comprendre dans quelle
mesure la PMCA est importante podrdméostasie du calcium chez les bivalvéssad douce
par rapport aux organismes marins. En outre, chez les unionidés, le calcium joue un role
direct dans la reproduction, puisque les glochidies sont imsulg&ans le marsupium
(branchies), il est donc déteinantpour la croissance des populations de moules.

La Na/K*-ATPase maintient le gradient de sodium cellulaire transmembranaire

nécessaire poua diffusion facilitée du calcium par Ma'/C#*ant i port eur . L6au:q
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significat i veNadké-ATPdsen@Ett masirde ®anglles brarzhies et la glande
digestive en juillet et septembpar rapportan e st e de | 6ann ®spondéhes deu
ala période de biominéralisation ch&modontasp. (Mouraet al, 2000).

Les reins ont un role essentiel dans la filtration et la réabsorption des iofeawetl
des molécules organiques déultrafiltrat. Comme les bivalves Gelau douce sont
hyperosmotiques, la pression osmotique résultant du gradient de concentration entre les
compartiments i nter nes Glsorptiondeawparn osnsereedanieent  C
perte par diffusion ionique.@bsorption deGau est compensée par la proiibn durine et
la perte ionique est limitée par la réabsorption ionique. Chez les bivaeas douce, la
production journaliéredrine est élevée. Les reins jouent un rdle essentiel daormadostasie
du Ca en limitant les pertes ioniques dasine, par réabsorption active des ions'@ans
le filtrat (Turquier, 1994). Une inhibition de la réabsorption de calcium peut donc
considérablement perturbénbméostasie calgie.

Notre ®tude a montr® une inhibitnsdes de |
branchies et les reins chez les moules exposées & 0,35 jirdeldL?*. Une reprise totale de
IGactivité de la PMCA a étéobsernvép ar t i r de 7 | d 6 ¢de@ud’,amiais i o n
lGnhibition a persisté a concentration plus élevée (@ud®! L™). En raison de problémes
analytiques inhérents a la faible masse des reins, ce tissu a été peu étudié chez les bivalves
déeau doucg u s q u. &et lorganesjoue pourtant un rdleportantdans Is processus de
détoxification (Viarengo et Nott, 129; de plusle rein est essenti@our la ionerégulation.

Nos résultats ont montré la grande sensibilité de cet orgai@raua des concentrations
réalistes au plan environnemental (0,880l L = 22,3ug L™).

Dans le présent travail, une inhibitioe th Na'/K*-ATPasea été observée dans les
branchies et dans la glande digestive. Une telle perturbation de kégulation pourrait
conduire a une carence en calciuelle peut également affecter les voies de signalisation
cellulaires calciqug en pls de perturber la biominéralisation et la formatienla coquille
des moules et deglochidies. Une reprise des fonctions enzymatiqu@s{ATPase et
Na'/K*-ATPasg suggére oiun mécanisme de détoxification des métast induit Par
conséquent, dans deuxiéme partie de cette étude, nous nous sommes concentrés sur les
mécanismes de détoxification par les composés rich€ygrchélateurs de métawpar leur
groupement thiol

Les bivalves dulcicoles unionidés sont largement reconnus pour leur capacité a
accumuler dans leurs tissus, une grande variété de contaminanisndeohnement, y

compris les métaux (Bonneri al, 2005). Cette tolérance aux métaux est permise par des
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stratégies biochimiques impliquargur séquestrationLa séquestration intratiulaire des

métauxse fait selonune séquence@vénements en cascade impliquant différents ligands

avec une forcecroissantede liaisonvis-avis des éléments métalliqued concentration

élevée les métaux peuvent inhiber ces mécanismes de détoxic@8tams nos résultats, le

retour au niveau basal de&3*-ATPaseet Na'/K*-ATPaseobservé awdeld de 7 jours

d 6 e x p @8,85tpinad lit de Cu** indiquedescapacité déadaptatiordes bivalvesvia des

systémes de détoxification efficace a faible concéntrale cuivre. A une concentration plus

élevée deCL?* (0,64 umol 1Y), aucung ®c up ®r at i on de red@ootée. i t ® e
est intéressant de remarquer que la récupération a été observée uniquement a faible
concentration0,35umol LY)) envionne ment al ement pertinente. C
déutiliser des concentrations environnementales dans la recherche écotoxicologique;
IGextrapolation de résultats observés a des doses élevées pour des situations
environnementales peut étre critiquée mison des différents mécanismes de toxicité
développés a faibles et fortes doses.

Lé&tude de phytochélatineshez Anodonta cygneanousa amené a développer et
optimiser un protocole analytique par HPLC pour la quantification des PC dans les tissus
animaux, basée sur la méthode de Minoehal. (2008). Le présent travail a confirmé la
présence de phytochélatines chez les invertébrés. A notre conngiséastda premiére fois
gue les PC ont été trouvés chez les animaux et chez les invertébrés.

Chez les végétaux, les PC sont rapidement induites dans les cellules et les tissus
exposeés aux métaux de transition. Les PC jouent un rdéle important dans la détoxification des
m®t aux. Les PC pourraient ®gal ement ctre i
essetiels (Hirataet al, 2005). Dans notre étude, la P@G et PG, ont été détectés dans les
branchies et | A. cypheached ks té@moigsensnt exposes. Dads les deux
organesla PG a été trouvée en concentration la plus forte suivie deGaelleméme en
concentration supérieure a celle de la.R@s concentrations de RP€t PG étaient environ
deux a trois fois plus élevée dans la glande digestive que dans les branchies. Le niveau de
base des P& en absence de cuivre etaditres métax dexposition suggere leur réle dans
IGhoméostasie des métaux essentiels.

A 12 h dexposition au cuivre, une induction significative de, RGité observée par
rapport aux témoins correspondants dans les branchies et a un moindre niveau dans la glande
digestive. Ces résultats confirment le r6le des PC comme chélateur de métaux impliqués en
premiére ligne dans les mécanismes de détoxification Alwmnea Au dela de 7 jours et
jusquoé” 21 j, dans | es br anc hdimiruepduergvenno ul e s
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auniveaubasal, identique éelui des témoins. Cette diminution suggere que la détoxification

du cuivre a été prisen charge par @utres mécanismes, sur le long terme. Chez les
Unionidae, les métallothionéines et les gran(descretionsntracellulaireinsolublesle plus

souvent minérale, mais également organiguss)t connues pour jouer ce réle. Bonnetial.

(2005) ont montré que les concentrations de cadmium, de zinc et de cuivre dans la fraction de
granules des branchies étaientngfigativement corrélées avec les concentrations de ces
métaux sur@environnement. Les granules sont connues pouidéssites privilégiés pour le
stockage de cuivre dans les branchies des unionidés. Environ 65 % du cuivre total dans les
branchies a étérouvé séquestré dans les granules cheadonta grandis grandisou les
concrétions de calcium représeantBl % du poids sec des branchies. Des valeurs similaires
ont été trouvées chémodonta cygneéBonneriset al, 2005).

Aucune variation significatv e du ni veau de MT Gxpdsiton®t ® o |
des bivalves au cuivre durant les 21 jours de la présente éfigtdoime de MT (<10 kDa)
dans €extrait de moules élué, apres séparation dans nos conditions HRLEa:été induit
par le cuivreUned ®t oxi fi cati on par doautres isoforn
méthode HPLC che&. cygneane peut étre exclue. En effet un polymorphisme important des
MT est connu chez les invertébrés (Amiatal, 2006).

Les métallothionéines, les granuktdes systéemes antioxydants ont été décrits comme
étant impliqués dans les mécanismes de détoxication des bivdakas douce. Cossu
Leguilleet al. (1997) ont montré le r6le majeur joué chez les Unionidae par les antioxydants
et en particulier par lglutathion réduit(GSH) pour la détoxification des métaux. Dans les
branchies dé&Jnio tumidusune diminution de 45 % du GSH a été observée chez les moules
exposées en site contaminés par des métaux, par rapport aux témoins. Cette diminution du
niveau de GSHhez les Unionidae exposés au cuivre a été confirmée par Deyodie
(1997) dans des conditions contrélées de laboratoire, indiquant la séquestration des métaux
directement par le groupe SH du GSH ouwsdeutilisation comme substrat par les enzymes
artioxydantes. En effet, une implication en patallées enzymes antioxydantesta décrite.

L 6 tvied de ces enzymes augmerteor s doéexposition ° fai bl es
(Vasseur et Leguille, 2004). Le GSH joue également un role dans la sydde&C. Ce

double réle dans la détoxification directe des métaux, et comme précurseur de synthése des
PC pourrait expliquer cette diminution.

Les p o p uUnianidaeorepeseahtda plus grande partie de la biomasse totale
dans de nombreux systémesiatigues. lls prennent une part active dans la purification de
IGeay dans la sédimentation, la modification des communautés de phytoplancton et des
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invertébrés détritivores (Aldridge, 2000). Par conséquent la disparition des Unionidae pourrait
produire ds perturbations structurelles et fonctionnelles dans les écosystémes aquatiques. Les
effets potentiellement négatifs de la compétition entre bivgdwgechtonset invasit est une

guestion qui faitdébat Les bivalves éau douce invasif€orbicula flumnea Dreissena
polymorphanéappartenant pas aux Unionidae colonisent les hydrosystemes dulcicoles avec
des effets préjudiciables pour les autres invertébrés. Ces especes invasives ne jouent pas le
méme rble fonctionnel dans les écosystemes que les uRisnid Leur pr ®sence ¢
hypotheses expliquant la baisse des populatiGinsa@hidés.

La combinaison de différents facteurs explique la disparition progressive des Unionoidea au
profit des especes invasivegappauvrissement en salmonidés qui stenpotentiels poissons
hétespour | es | arves dcomme ureautretlypothése gossiblgp cel@s e nt ®
déoune comp®tition .Llespopudaiocns d® sapnemdésssoni taushées parv e s
la pollution de @eau, pouvant indirectement rerder les maladies naturedlgéels que le
parasitisme connu pour son impaégatif sur les populations de salmonidés (Voutilaieien

al., 2009). Les autres principales raisons de ce déclin sont la dégradation physique des
ruisseaux par la modification déiss de rivieres et canaux, ainsi que la dégradation de la
gualité de deau. En effeles interactions entre pollots, sont une cause de perturbation méme

a faible concentration (Vighet al, 2003). Afin de protéger les populations autochtones

d 6 U n i epilrest tnportant de déterminer comment et dans quelle mesure ces facteurs sont
impliqués dans leur disparition. Les résultats acquis au cours de ce travail dmtiigbaent

a la compréhension des effets de la pollution par les métauxhsmdostas du calcium

chez les bivalves@au doucela pollution aquatique par les métaux sssceptible @tre

[ne des rai sons du d®cl in g®n®r ali s® des
européennes (Frank et Gerstmann, 2008} résultats sur lesfefs du cuivre suA. anatina

ont confirmé cette hypothése.
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Conclusion

Les communaut ®s du macrobentos so@att doex
(Ippolito et al, 2010). Les objectifs du notre travail ont édétude des effets toxiques du
cuivre et des mécanismes de détoxification chez les espéces de bivabieslekidu genre
Anodontaa ppartenant aux Unitodadudaecomm@& aruinhibitdud a b o r d
potentiel des protéinesnzymatiquegouant un rdle dans le transport du calciumlest
processus biominéralisation a été réalishez Anodonta anatinaDeuxiemement] 6 ®t u d e
s 6 ergentée sur les mécanismes de détoxificatiorCdti par les composés riches €lys
chélateurs de métaux ch@modonta cygnea

Dansune premiére partie da présente étude, les effets éxposition alCU?* sur les
activités enzymatiques de l@&*-ATPase, laNa'/K*-ATPase et la H-ATPasede la
membr ane plasmique, et de | 6AC cytosolique
Anodonta anatina

Dés 4 jous, une inhibition dedhctivité enzymatique de @& *-ATPasedes branchies
et des reins, et de Ma'/K*-ATPasedes branchies et la glande digestive, a été observée chez
Anodonta anatin@xposée 0,35 umol ' deCu”*. Une r ®cup®r atéidela t ot a
Cd*-ATPasea été observée a 7 jourgerposition & 0,35 umol £ de CU/?*, indiquant
| 6induction de m®cani smes de d®toxication d
pumol L*de cuivre aucune r®cup®rati oservéesuriboact i
jours.

Il serait intéressant&tudier les conséquences a long terme de la perturbation des
fonctions osmorégulatrices des reins chAeanatinaexposés a 0,64 umol’lde Cu**.

Dansun deuxiéne temps nous avons recherché la présence decpBidtines chez les
bivalves. Au cours de notre recherche nous avons idetdggfi@hytochélatines BCPG et
PC. C 6 e st re foisa que la présénce de PC est mise en évidence chez des organismes
animaux et cheA. cygneaen particulierChezAnodona cygneaexposés a 0,35 umoliide
CU, la PG a été induite par rapport aux témoins & 12 h dans la glande digestive et les
branchies,dnduction a persisté aprés 7 jours dans les branchies. Ces résultats suggerent un
réle des PC danghoméostasielesmétaux essentiels, et confirme le réle des PC en tant que
mécanisme de premiere ligne pour la détoxification des métauwdctygmea

Le cuivre a été signalé comme un faible inducteur des polypeptides riches en thiols

chélateur de métaux (Zenk, 1996§exposition a un métal non essentiel et puissant inducteur
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de PC comme le cadmium pourrait étre intéregqamir l®t ude de | dpgqgmldzict i OnN
A.cygnea Par aill eurs | a c¢omp aunamémlessentitlkcemmef f et s
le auivre etun métal non essentitdl que le cadmium pourrait nous permettre de déterminer
le réle joué par les PC danéhdméostasie des métaux essentiels et les mécanismes de
deétoxification.

Nos résultats @nalysesde métallothionéine NIT) par HPLC @ont montré acune
variation desonniveaud@xpressioraprés exposition au cuivre. Ceci indique giisoforme
MT quantifié avec notre méthodéest pas induit par ce métal. Des analyses complémentaires
des MT cheZA. cygneaexposés au cuivre dans les mémes conditewe; une méthode de
spectrométrie qui permet la quantification de la totalité des isoformes de MT seraient
intéressanteaf i n de d®ter miner si d 6eschezcette espgs of or m
De plus en parall | e, mobt rseer@i 6t cnc®xlees st d a @ a
maniére &éparer et mesurbsisoformes de MT indués par le cuivrehezA. cygnea

Le cuivre est un inducteuespeces réactives diexygene (ERO) a travers la réaction
de Fenton. Le r6le antioxydant joué par |€s (Plirataet al, 2005) serait intéressant a étudier
pour une meilleure compréhensiom mhécanisme de détoxification duivre par les PC chez
A. cygnea

La pollution chimique estine cause de d®gradation de |
responsable du déuolides populations de bivalves dulcicoles. La toxicité dépend non
seulement de la biodisponibilité des polluants et de leur toxicité intrinseque, mais également
de Kefficacité des systemes de détoxification da@idinhination des espéces chimiques
réactives.

Cette th se est une contribution signific
des métaux chez les bivalves dulsicdlesygneat A. anatina

Léoriginalit® denisenentévidence, poarvia prémgéfeiss e | a
phytochélatineschez des organismes animaux. Nous avons démontré leur role dans la
protection visavis de la toxicité dCU?*, & de concentrations réalistes etfigentes au plan

environmental.
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Introduction



1 General introduction

Human activity is associated with the development of industry and agriculture which
have become indispensable. Thesetors are responsible for the production and release of
many pollutants. Thehemical andphysical properties and thdifferent types oftransport
determine pollutandiffusion in all compartmentsf ecosystemsThe aquatic environment is
a sink for mostmany pollutants including metals. Copper belongs th@ metals most
commonly used because of its physical (particularly its electrical and thermal conductivity)
and chemical propees. As pure metahsalloy, or inthe ionic statet is employed irmany
industrial and agricultural sectors. Therefotepper is a metal frequently detectedtlire
aguatic continental environment where it is present in the water column and accumulates in
sediments (INERIS, 2010). The chemical properties of copper (incladirgtalyst) make it
essential to many biological processes involving such vital functions as respiration or
photosynthesisTapieroetal., 2003). The properties that make this mataéssential element
areat the same time the reasons itsrtoxicity when in excess. Copper is bioaccumulative
and can become a threathimcenoss. Mechanisms regulating the copper concentration and
detoxification are essential &l living organisms.

Molluscs representan important groupof macroinvertebrates in aquatcosystems.
Among this group, bivalves anearticularly interesting. Through theirimportant filtering
activity to satisfy respiratory and nutrition, bivalves have the capacity to accumulate a variety
of environmental contaminants. fneshwaterecosysters they play an important role in
matter transfer fronthe water column tadhe sedimentFaeces and pseudofaeces of bivalves
makethe plankton fraction available to detdres and can change the sediment quality by
pollutantsedimentation andoncentrationIn close contact with their environment, they are
widely used for pollution monitoring in aquatic ecosysteAmongthese animaldreshwater
mussels of thé&Jnionidaefamily areemployedfor controlling the bioaccumulation and toxic
effects of metallic andrganic pollutant§Winter, 1996; Falfushynsket al., 2009). fer these
reasonsve choseAnodonta cygneand Anodonta anatinavhich belong to the Unionidae as
biological models to study copper toxicity. These invert&srare autochtonous species in
European lydrosystems, but regression ofionidaepopulationslike many other freshwater
bivalves,has been observed in the last decatles main reason for such ecotoxicological

studies as this one
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The objective of this thesis was to gain knowledge enntiechanisms of disturbance
of calcium metabolism i\nodonta anatindy copper. Calcium is a critical element in the
functioning of eukaryotic organisms. It controls multiple proces$esproduction, lifeand
death (Ermak and Davies, 2001).bgorption, biomineralization and maintenance of
intracellular calaim concentratiomare effected and controlledly its passage through cell
membranes. Thitakes place by simple diffusicand also bymeans otransport proteindn
bivalves calcium is also verymportant for exeskeleton synthesis by biomineralizatidn.
addition to calciumfor biomineralizationcarbonatdons are requiredproduced by carbonic
anhydrase (CA) catalysis. The effects @ff* on calcium transport have been tested in
Anodonta anatia by assessment of the enzymatic activities of @d Pase, N&K*-ATPase
H*-ATPaseof the plasma membranandof thecytosolicCA. These azymesareinvolved in
calcium absorption and ithne biomineralization processes. Organs studied were the g#ls, th
digestive gland, the kidney, and the mantle which play an important role in the absorption of
calcium and the synthesis of the sh@loimbraet al., 1993). Enzymatic inhibition inA.
anatinaexposed tdCU?* at concentrations ranging from 0.26 to 1.15qlii* was observed.
At low concentationof 0.35 umol L%, atotal recovery following the inhibition indicatetie
induction ofdetoxication mechanissn

The secondpart of this study focused specifically ometal binding Cysrich
compounds These compoursd are oligpeptides with high Cys content such as
phytochelatinsor proteins such as metallothioneinhey play a mjor role in animals and
plants as metal chelator, in essential metal homeostasisl in nonessential metal
detoxication. Phytochelatins(PC) are thiol rich oligpeptides with y-Glu-Cys)-Gly as
general structursynthesised by phytochelatin synthase from glutathie@dindsmetal ions
and forns metal complexes that reduce the intracellular free metal ion concentration in cells
of plants, fungiand microalgae. Sindbe idenification of homologous genes abledive a
functional phytochelatirsynthase in invertebrat€€lemenset al., 2001; Vatamaink et al.,
2001; Brulleet al.,, 2008), PC are strongly suspected to play a wider rolgaire metal
detoxification in animalsln invertebrates including bivalves, PC synthase genes were found
to bewidespread ClI emens and Per goh, 2 Subh@gUnionidlae,e r e f or
known to bioaccumulate metals, are likely to express PC. fiothuaf PC and their precursors
andof MT were assessed in the gills and the digestive glarhoflonta cygneanderCu?*
exposure.

This thesis manuscript is divided into eight chaptafter this general introductign

the secondhapter containa literature reviewon freshwater bivalveand data on copperon
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its chemical and biological propertigss distribution in aquatic ecosystems, bioaccumulation,
toxic effects, and detoxification mechanisms. extended summaris presented in thenird
chapterfollowed bya conclusion (chaptef). A published article orihe inhibition of C&*-
ATPase and CA activities b§u?* is presented in théifth chapterandthe sixth chapter isn

the inhibition of Na'/K*-ATPase and the HATPase activities both dealing with the
disruption of calcium transpband biomineraliation mechanisms by coppé&etoxification
mechanisms by metal binding thiol compounds are presentede seventhand eighth

chapter
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Background



2 Background

2.1 Copper

2.1.1 Origin and use

Copper (symboCu, atomic humber 2%tomic mass 63.546w0 stable isotopéss a
transition metal belonging tihe group 11 IB (silver, gold of the periodic table of elements.
Copperis a ductile metal with good electrical and thermal condugitt occurs naturdy
in oceans, lakes, riverand soils. The average oat a | |l evel s of <copper i
vary from 40 to 70 mg Kg. Valuesin oresrange from 80 to 156ng kg* (IFEN, 2011).
Copper is found mainly akesulfides CuS and G& in tetrahedrite (GuSkS;3) and enargite
(CusAsS)) and asthe oxide Cw,O (cuprite). The most important ore is chalcopyrite & u
FeSs). It is also found in malachite (CuG@H),), azurite Cg(COs)2(OH),, chalcocite
(Cw:S), and bornite (CsFeS). Since 1980, an inease inglobal miningproduction has been
observed due to the growing demand for copper in the fields of renewable energy,
construction, and transpofitME, 2011) Primary production of copper increased from 9.6
million in 1980 to 16.9 million in 2006INERIS, 2010). In 2007, accordingo INERIS
(2010) 35 % of the world copper consumption carfrem recycled copper. In Europe, in
2007the recycling rate of copper was %4, andin 2006 copper consumption was alicu7
million tons of copper 41 % of global demand The dcemand forcopper in Europe was
estimatedn 2007at 3.85 million tonsEuropean Coppédnstitute 2009).

Copper iscommonly usedecause of its physical properties, pately its electrical
and thermal conductivityand its resistance to corrosiorit is mainly used as metal in
electronics(42 %), construction(28 %), andin vehicles(12 %). Seventypercentof pure
copperare used for electricalire laminates,and pipes In alloys, the main families are the
brasses (coppeinc), the bronzes (coppetin), copperaluminum, andcoppernickel blends
Many other alloys aralsoin use for special purposes, suchcappernickelzinc, copper
silicon, coppeilead, coppesilver, coppeigold, coppeizinc-aluminum-magnesiumas well
ascopper alloyed wittcadmium, tellurium, chromiupor beryllium @lazy and Jdid, 2002
Salts of copper at different levels of oxidation are also used for their chemical and
biochemical properties.

Copper isencounteredn many fieldsof technical applicatian
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- Electricity, used pure or #oyed in wires of electrical equipment (coils, generators,
transformers, connector@lazy and Jdid, 2002)

- Electronics and communicationpure or alloyed it plays an important role in
communications technology, computeaad mobile phoes(Blazy and Jdid, 2002)n printed
circuit boardsin solar cellsof solar panelsandin the semiconductor industry.

- Building: copper and brass are uséat pipes and plumbing fixturesn heating and
guttering,ascopper sheets faover.

- Transpotation alloys of copper and nickel are used in boat hullsiarahti-fooling paintto
reduce hull fouling by algae. It is also motors, radiators, connectorand brakes;an
automobile contains about 22.5 kilograoisopper. Trains can contabetweerl and 4 tons
(INERIS 2010)

- In variousindustrialequipmens, copper and copper alloys are usedhi@ manufactureof
turbine blades, gears and bearings, heat exchangers, tanks and pressure equipment, marine
equipment, pressed steahdsmeltes.

Somecommercial preparations aparticularly polluting for the aquatic compartment
since they contain copper in ionic form directly soluble in w&aits of copper are used in
many preparationand in industrial quantities:

- As, copper acetate, cupric chille, and coppersulphatefor colouring of textiles, glass,
ceramcs, paintsandvarnishesand fortanning(OECD, 1995). Gpper acetate, cuprous and
cupric oxide,cuprousand cupric chloride are usedas catalysts in petrochemical organic
synthesisand fa rubber productionThey are also used in solder pastes, in electroplasg,
polishing agent for optical glassndfor refining of copper, silveland gold.

- Pyrotechnics, oxides and cupric copfzecolourfirework, brass in ammunition.

- Geneal corsumer products, pool aljdes, decorative objects made in copper and its alloys
(buttons, zippers, jewelry), coins.

- In the agriculturethe farming of cattle, pigsand poultryis a large sectousing copper as a
dietary supplementINERIS, 2010. Copper acetate, coppesulphate copper hydroxide,
cuprous oxideand tetracupricoxychloride are used infungicides, herbicides, insecticides,
molluscicidesandasantiseptis. Copper treatment is practicé&d vinyards andon fruit trees
with average dosesdm 1000 to 2500 g Cu / ha / year and from 3750 to 5000 g Cu / ha / year
respectivel(ADEME-SOGREAH, 2007).

- In wood peservationcoppersulphate cupric oxide and cupric chloridare usedINERIS,
2005). Copper is also used as a substitute for othdstainces suchs lead,arsenic,and
tributyltin. This enumeratioillustratesthe widespread use of copper.
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2.1.2 Sourcs of emissiors and environmental levels

Natural inputs inthe order of decreasing importan@e volcanic eruptions, plant
decompositin, forest firesand marine aerosols (INERIS, 20Q10Waterandsoil surrounding
sites of agricultural and industrial activitiegare most heavily exposed to coppesnd to a
lesser extent, the air contaminatiey road and rail trafficln the European Unig some
countries representlarge pariof copper emission such as Framaéh 43%in water, 15%in
soil, and 13%in air. According to IFEN(2011), anthropogenic inputs of copperiginating
from industrial activitiesare mostly irto waters and soilsyhile urban and agricultural
activities as well agoad trafficemit mostly irto theair. In 2007 the emissions of copper-io
the environmenin Europewereestimated a871,000 kg year to water,146,000 kgyeaf to
air, and139,000kg year” to soil (INERIS, 2010.

Air emissions are mainly neimdustrid. The road transport sector is a major issue
representing 5% of emissions ifFrance in 2004. Thesgemainly caused by wear of brake
pads contaimg copper. The railway transport sector represent®3# total air emissions of
copper whichs caused by wear of overhead lines (ADEfDGREAH, 2007). Emissions of
copperrelated road transport are measingwith the development othis sector. Industrial
discharges of copper are mairitgm the synthesiof organic chemicalsn the production of
nonferrous metals from ore, ferrous metal smeltarg] theproduction of iron and steel. In
the atmospherecopper metaloxidizes slowlyto Cw,O which covers the metal with a
protective layer against corrosiddopper is released into the atmosphere as particulate oxide,
sulphate or carbonatasparticulate matter.

Releases to the aquatic environment are mainly dwertesion of equipmennhade
from copper or brasandurban wastés arotherimportant sourcefaelease One of the most
significant norindustrial discharges of copper is the treatment of urban wastewater. This
sector represents 2% (15617 kgyear') of the total French emisions of copper and its
derivatives to the aquaticenvironment(INERIS, 2010). Copperis one ofthe compounds
always detected in the input and output of secondary sewage treatment plants (but not always
in sewage treatment plants with tertiary tneamt). Copper is one of theghestconcentrated
compounds in sewage treatmelaminflow with concentrationgenerally greater than 1@u
L%, At the outlet f is usually found atancentrations between 1 and 16 Li*. In Europe in
2007, the main emitters of industrial origin are the United Kingdom, France, Geramahy
Romania. Tiey represent respectively 36(129000kg), 15 % (5500 kg), 11 % (3B00 k)
and 7% (24500 kg) of the European industrial emisss to water INERIS, 2010).In the
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European Union, the nsb significant secterarethermal power plants and other combustion
plants. In France, another important sector is the produdfiacnonferrous metals from ore
from conceftrates androm secondary materials.

Speciation andbehaviourof copper in the environment will directly influence its
bioavailability. In aquatic envmments, thdate of copper is influenced by many processes
and factorsuch as chelation by organic ligands (especially on &td SH groups, to a lesser
extent on the OH group). Adsorption phenomena can also occur on metal oxidesprclays
particulate oganic matterhioaccumulation presence ofompetingcations(Ca*, F&€*, Mg*)
or of anions(OH, §, PQ>, CO:) plays also a role in copper behavigiNERIS, 2010).
The great portionof copper released into the waterimsthe particulate form andends to
settle, to precipitateor adsorb to organic matter, hydrous iron, manganese oxadetay
particles (ATSDR, 1990INERIS, 2009. In hard watecarbonateconcentratiorupto 1 mg
L™, the largest fractionof copper is precipitated as insoludempounls Cuprous oxide
CwO is insoluble in waterExcept in the presence of a stabilizing ligand such as sulfides,
cyanide, or fluoridehe oxidation stat€u(l) is easily oxidized to Cu(ll) a€uSQ, Cu(OH)
and CuC} moresoluble in water. The Gliion forms many stable complexes with inorganic
ligands such as chloride or ammonium, or organic ligawfigen copperentes the aquatic
environmentthe chemical equilibriunof oxidation states anof soluble and insoluble species
is usually reachedithin 24 hours (INERIS, 2005). In aquatic environmewtgpper is mainly
absorbed on ptcles andsuspended solidsre often heavily loadedIn Europe, according to
the forum of the European geological survéiFOREGS, 2010), coppeoncentrationsip to
3 ug L' are found in continental watein regions with intensivehuman activies
(agricultural, urban)copperconcentration®f 40 pg L™ andeven100 pg L™ can befound
seasonallyNeal andRobson, 2000Falfushynskeet al., 2009). Trace metalas copper &
mainly transported to the marine environment by rivers through estudte magnitude of
metal input to the marine environment depends orewes in the river waters and on the
physicechemical processes that takeg# in the estuaries (Waektsal., 2004). Insea water,
copper is found in concentrations rangfngm 0.1 to 4 pg.™ (Waeleset al., 2005;Levet et
al., 2009).

Depositionsof copper imo soils are fromdifferent sources.In respect to industrial
activities in Europe in 2007 themajor industrial emitters to soil are the United Kingdom,
France,and Germanywith respectively 74 tons, 60 tonand5 tons. The most significant
activities are landfilling or recyrlg of norhazardous waste (45 %), abattoirs @) and
sewage sludge fromrban waste water treatmeplants(12 %) (E -PRTR, 2010). The main
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agricultural sources identified (ADEMBEOGREAH, 2007) for the release obpper are
animal wastegfaecesand manurg sewagesludgefrom water treatment plarsi compost,
mineral fertilizers, lime and magnesiunsoil amendment Animal waste represerd an
important input ito soils (53%). This reflects the fact thdlhe feed of cattle, pig and poultry
producton is supplemented with copper for promotion of growth and preveotidiseasge
As copper ispoorly absorbedt is added ingreatquantitiesto the feed (sometimes addealt
levels 30 timesn excess othe needs of the animalndthe surpluss then found in the
droppings. Tk spreading of animal manureimportantfor agricultural sils (Jondrevilleet
al., 2002) Thirty four % of the copperamountfound in agricultural soilscomesfrom
phytosanitarytreatment(ADEME-SOGREAH, 2007).Furthermore mineral fertilizers and
lime and magnesiumoil amendmeistcontributeto copper inputs tagricultural soils. The
burdenof copperto soil by urban activities is mainly through spreading and composting of
sludge from wastewater treatment plants. For example, the average concentration of copper in
sewage sludgef the Rhone Mediteranean basimasabout 350 mdg™ in 2004 (Agence de
IGeau Rhone Méditerranée Corse, 2004). In soils, coppethe oxidation states | or Il in the
form of sulfides,sulphats, carbonatesand oxides The behavior of copper isoils depends
on many factorssuch assoil pH, redox potential, cation exchange capacity, type and
distribution of organic matter, presence of oxidase of decompaton of the organic matter,
proportions of clay, sijtand sand, climateand type of vegetation (INERIS, 2010
Acidification for instancecauses aecreas®f the metalboundto solids and thusglease from
solid matter(Hlavackova, 2005)Copper binds preferentially torganic matterepresenting
between 25 to 50 % of coppéo iron oxides, manganese oxides, carbonatest@wcthys.
This characteristicmakes the majority of coppestrongly adsorbed in the upper few
centimeters of soil, especially on organic matter. Coglz&rs not migrate deeplgxcept
underspecial circumstances drainage otin highly acidic environmentINERIS, 2010. In
the European Unignin 2010the most pollutedsolid matters are the sediments of alluvial
plains with 25 mg kg™, the sediments of rivers with 28g kg™, soil with 17 mg kg™. The
maximum concentratiodeterminedn a river sedimentvasfound to be877 mgkg®, more
than 40 times the average (FOREGS, 2010).

In Franceconcentrations of copper in the surface layers of soil can reach 46" ng kg
The levels of copper isuface and deep layers tife mostpolluted soi§ are found mainly in
the Suth of France anthe West of Bretagne.
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2.1.3 Copper metabolism andts physiological role in animals (generalities)

Coppe is an essential trace elem@mimicroorganisms, plantand animalsit plays a
basic role being in the active centre okymes involved irconnectivetissue formation with
lysyl oxidase,in respiration with cytochrome C adase (Loépez de Romana, 24Qlin
photosynthesis with plastoagin (Grotz and Guerinot, 20Q@ndin controlling the level of
oxygenradicals with Cu Zn-superoxde dismutasgTable 1). It allows also the transport of
oxygen in the haemolymph of many invertebratesCopper is used in several cell
compartments, and the intracellular distribution of copper is regulated in response to
metabolic demands and cigesin the cell environment (Tapieret al., 2003). The same
properties that make transition metal ions indispensable faatliav exposure levelre also
theones that are responsible for toxiorjen present in excess. Copper metabolism must be
tightly regulated, ensuring a sufficient supply without toxic accumulation. Copper
homeostasis involves a balance between absorption, distribution, use, ,starage
detoxification.

Table 1:Functions othe maincuproproteingTapieroetal., 2003)

Metalloenzymes Functions

Superoxide dismutase (Cu/Zn SOD) Dismutation of superoxide anions

Cytochrome C oxlase Energy production

Histaminase Histamine degradation

Lysyl oxidase Binding betweercollagen fibrillarand
elastane

D o p a mihyd®xydse Catecholamineproduction

Tyrosinase Melanin production

Amine oxidase Oxidationof primary amines

Peptidyblycine monooxgenase Peptidic hormones bioactivation

Ceruloplasmin Ferroxidasendcopper transpor

Angiogenin Angiogenesis

Peptidylglycine amidating monoxgenase Synthesiof neuroendocrinbormones

Plastocynin Photosynthesis
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In the mammalianintestinewherelow pH and the presenceof ligands promoteits
solubility, copperpasgs by the enterocytesCopperis absorbedy saturableactive transport
through membane transportersIn the cytosol of enterocytes copper binds to
metallothioneinswhich play a role in coppersequestratiorand transport Once absorbed
copperis transportedo theliver, predominantlyby albumin butalsoby transcupreirandfree
aminoacidsincluding histidine In theliver, depending orthe statusof the animal,copperis
boundto metallothioneingo be storedincorporated inteeruloplasminCousins, 1985)and
then transportedo otherorgans,or secreted intdhe intestinevia the bile. In monogastric
animals copperhomeostasiss largely maintainedby increasedexcretionavoidingexcessive
accumulationn theliver (fig. 1). Biliary excretionis the major route, losse@& urine, skin, or
via cellulardesquamatiom the gutareminor (ArredondoandNufiez 2005.

In aquatic organismsespeciallybivalves, copperis ingestedand internalizedafter
solubilizationin the gastrointestindtact andabsorbedy theintestinal trac{associateavith
the particulate phaser in solutior). Copperin the dissolved phasean also be directly
absorbedy the tissueggills, mantle etc.) in contactwith the surroundingvater (Viarengo
andNott, 1993).

Foie
Estomac
P Stockage
asma . .
i (métallothionéines) Plasma
Intestin gréle Albumine
Métallo —p - Céruloplasmine —»| Céruloplasmine
thionéines TrTUCi“F?Li'”e P P
Bile / \
> |
|
Caecum
Tissus Reins
Colon
v v
Féces Urine

Fig. 1 Copper metabolism in mammgBondrevilleetal., 2002).

The entry of copper iotthe cell occurs mainly by mechanisms that depend on copper
transporting membree channelsIn this process,CU?* ion is first reduced to Cl by
reductasesissociated witlthe membrane to facilitaiiés entry. Once inside the cytoplasnt
is likely thatreduced gltathione (GSH) and metallothians (MT) bindthe copper, serving

as intracellular storesCopper appearto be interchanged betwedWT forming a stable
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complexand itsboundstate withGSH.As copper bound to GSHitns over more rapidly than
when bound to MT, copper becomesvailable for other uses arfdr its transport.The
delivery of copper ions to their specific pathways into the dell mediated by
metallochaperones that protélee metalfrom intracellular scavengers addlivers itdirectly

to the respectivdarget proteins and callar compartmerst (Kozlowski et al., 2009). The
copper chaperone foruZn superoxide dismutasguides copper to superoxide dismutase
(Cu/Zn SOD) which participates in the defence against oxidaasstwithin he cytoplasm.
Cytochrome c¢ oxidasecopper chaperonas another protein that channels copper to
cytochrome c oxidase in thener mitochondrial membrane which plays a critical role in the
electron transport chain for cellular respiratidmtioxidant potein 1 presentopper to the
ATPase otype P, ATP7A0f ATP7B (Lutsenkoetal., 2010).Thesethreetransporters play an
essential role in copper homeostasis. yTperform distinct functions depending on their
cellular localization: when at the Golgpparats they enablethe management of copper by
ceruloplasminand incorporation of coppertmenzymeswhich requireit as cofactor When
localizedin vesicular compartments, they allow the removal of copper from the cell and thus
participate in copper homeostgArredondo andNufiez 2005; Hejletal., 2009).

2.1.4 Toxicology of copper (general)

In living organisms, cupridon (CUW?") is fairly souble whereas cuprous (CGu
solubility is in the submicromolar range. Cu ipresentmainly as Ct?* since in the prsence
of oxygen or other electron accepto®u’ is readily oxidized Strong reductants such as
ascorbater reduced glutathionean reduce Cii back to Cti (Arredondo and Nufiez, 20p5
As in the case of irothrough theHaberWeiss and Fentoreactions free copperions can
catalyse the production of hydroxyl radisadHO/S). Copper toxicity results also from
nonspecificbinding which can inactivate important regulatory enzymes by displagihgr
essential metal ions from catalytic sites diyding tocaalytic Cysgroupsor by allosterically
altering the functional conformation of proteins (Mason and 3enk096.

Thus, themechanisms of toxicity are associatsath with oxidative stress and direct
interactions with cellular compounds.

Free opper ionshave high affinity to sulfur, nitrogen, and oxygercontaining
functional groups in biological moleculewhich can inactivate and damagethem
Cytotoxicity observed in copper poisonimgsuls from inhibition of the pyruvate oxidase
system by competingf the proteird sulfhydryl groups. Glucosé-phosphedehydrogenase
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and GR are also inhibited (competitive inhibition) proportionally to the concentration of
intracellular copper (Barceloux, 1999The same applies toosie transporters as the
ATPasés) which are also inhibited by q@per, causingdisruption of homeostasis of the
respectivaransportecentities. Toxic effects of copper can also result framaffinity to DNA
(Agarwaletal., 198; Bremner, 1998; Sagripamial., 1991). Another mechanism wixicity

of excessive concentrations obpper is the modification of the zinc finger structures of
transcriptional factors which caat anylonger bind to DNA (Penat al., 1999).Copper in
excess can also promatpoptosis (Kozlowsketal., 2009)wile copper deficiency may be the
cause of many diseasgue to cuproprotein and copper dependent reaction inhibition.

In mammals, copper homeostasis is primordidilsond nd Menkes diseases are
caused by genetic mutations in copper transporter protdins. former results from
accumulation of copper in several organs and tisStUesreare differentvarieties, the most
common beindiver disease an@naemia(Hejl et al., 2009). Theaccumulation of copper
arisesfrom a defect in the #pe Cu-protein ATP7B (alled Wilson protein) a specific
transporter of copper. The gewlich encodes thiprotein is located on autosomamber 13
in humans. It also allows the incorporation of copper in cuproproteins and excretion of copper
into the bile.Accumulation of opper leads to liver cirrhosisndneurodegeneration.

Menkes disease is a neurodegenerative disease. Caftpemgestionaccumulates in
the intestine and absorption by other organs and tissues (blood, liver, brain) is defective.
Menkes syndrome is causég a mutation in the ATP7A gene located on chromosome X
which encodes a protein ATP78utype P. This membrane protein is the first specific
transporter of copper found in eukaryotes.

Copper (Cu) besides cadmium, iene of the major metals causing enwimeental
problemsin fresh water ecosystemsince itis highly toxic to fishit is also used@spiscicide
(Manzl etal., 2004).
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2.2 Biological models studiedAnodonta anatinaand Anodonta

cygnea

2.2.1 Taxonomy, description, and distribution

Taxonomy

The two biological models studied ad@odonta cygneand Anodonta anatinaBoth
belong to the Unionoidarderwhich represent a taxonomic group comprising 842 species,
exclusively freshwater, spreadl over the globe (exceph artic regions).The Unionoida
taxon is 200 millions years old, its origin is probablym the Triassic The taxonomyof

these two mussels:

Phylum: Mollusca (Cuvier 1795)
Class: Bivalvia (Linnaeus 1758)
Subclass: Eulamellibranchia (Pelseneer 1889)
Superorder: Palaeheterada (Newell 1965)
Order: Unionoida (Stoliczka 1870)
Superfamilia: Unionoidea (Rafinesque 1820)
Familia: UnionidagFleming 1828)
Genus/AnodontalLamarck, 1799)
SpeciesA. cygnea(Linnaeus 1758)

SpeciesA. anatina(Linnaeus 1758)

For Anodonta cygneacommon names areswan mussel (English), anodonte des
cygnes (French), GroRRe Teichmuschel (Germda) Anodonta anatina duck mussel

(English), mulette des cannards (French), Gemeine Teichmuschel (German).

Description:

In both specigghe shell is nacre, andhereare no teetlontheligament.
Anodonta anatina(fig. 2A): Shell slightly elongat triangular because of the
presence of a large rear wing or crest, the top and bottom form ancémngésater or lesser

extent, the upper edge risesanalmost straight line towards the back to the highest point of
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the crest, then descends a more concavdine towards the posterior enthe anterioris
broadly rounded, rather short, the posteisdonger, endingosteriorly by an obtuse rostrum;
the ligament is rather long angrominent;the top is a little bulging, covered with fine
wrinkles, a little curved, obliquely cutting the growth linesje shell is rather thick, solid,
shiny, greenish grayor brownish. (Length: 14m, height: 10.5 cmthickness:6 cm)
(Vrignaud 2005).

Anodonta cygneéig. 2B): Shell oval, more or less elongateith the top and bottom
edges roughly parallel or convex, the upper edgeore straight than the lower, the posterior
areabeingmuch longertheligamentis rather lang, andprominent;thetop is alittle bulging,
covered with fine wrinkles parallel to growth lingle shellis thin, not strong, fairly shiny,
greenishyellow. (Length: 2@&m, height: 1&m, thickness: 6 cm)/fignaud 2005).

A

Fig. 2 A : Anodonta anatinaB: Anodonta cygnewvww.biopix.ey)
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Geographic distribution

Anodonta cygneaand Anodonta anatinaare autochthonous bivalves, widely
distributedunder the polar circlen European continentdlydrosystemsThe two mussels
have asimilar distribution, butwider for Anodonta cygned he geographical distributiotfig.
3) of Anodonta anatinaxtends from the British Isles to tlkasernlimit of Europe and from

Swedento Spain.Anodonta cygneas present from the British Isles to Siberia and from
Sweden to North AfricéBa K t@md D¢ z g ¢wwavkliscovariifeOos).

ISLARDE

Angletars

FRANCE

ITALIE

I| TUHISIE

Fig. 3: Geographical distributioffenclosed by the red lineof Anodonta anatinaand
distribution of Anodonta cygnean European continental hydrosysteniB a kK + @nda
Duzg;, n e kK ,; wav@iBcaverlife.orgy
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Life Cycle

Of the unionidsthe individual animalsire usuallygonochoric No age limit is known
for gametogenesis. The spermatozoids are raleagethewaterthrough the exhalant siphon.
They are filtered by mussdigcated downstream. After fertilization, the eggs incubated in
the marsupiumvhich is a modification of the gills of the mussel where the laovagochidia
will hatch (fig. 4). They areproduced in large quantities, from 50000 to 2 milli@na(k + &€ n a
and D¢ z g ¢ n sore of thénD &taching themselwsgh hodks at the end of their
valves m the gills of a fish host, and then live exscystedparasites. After a few weeks, the
cyst bursts and releases a small bivaduailar in its anatomyto an adultmussel. This
juvenilewill grow buried in the sbstratum before becoming adatid gradually rising to the
surface. The expulsion of glochidia begins at the end of winter and may continue until
September(Mouthon, 1982) The Unionidae produce only one geation per year. It is
estimated thamussels othe genu®Anodontacan live very longaboultfifteen to twenty years
(Taskinen and Valtonen, 1995)

3] Glochidia metamorphose to
— juveniles, then drop off the fish
to become free living mussels

2) Eggs develop into
gloechidia, which are released
by the female and attach to the gills
or fins of fish

1) Males release sperm, taken in by the
females to fertilize eggs internally

Fig. 4: Biological cycle oUnionidae (http://biodidac.bio.uottawa.ca)
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Diet

According tothe conventional nomenclature, amonige freshwater molluscone
distinguistes vegetarias, detritivores, and more rarely omnivosgthere isno true carnivor.
Most bivalves have mixed diet with detritivore and vegetaridominancethroudgout the
year, as fothe Unionidae. Except during thearval stage when thglochidium parasites a
host fish anddeds on his plasmgUthaiwanetal., 2001) Anodontamussels are filter feeders,
althoughtheir diet is notprecisdy known. They feed oneston (phytoplankton, filamentous
algae, detritus, protists, epipelic) suspended in water. Water enters the mantle cavity through
the inhalant siphomasses through the gills and is exhdt@dugh the exhalant siphon. Food
particles in the water are imtepted by rows of cilia or cirri which extend between the gill
filaments. The particles are either transgdiand incorporated into mucus strings or carried in
a concentrated suspension as they are transported to the labial palps. Particles selected for
ingestion ardransferedto the mouth, while rejected particles are bound up into a mucus ball
and expelled fromhe inhalant siphon or pedal gégap between the valves) as pseudofaeces.

2.2.2 Anatomy and ecology

Anatomy

The mantle cavity is dividedytthe gills into a ventrahhalant chambeand a dorsal
exhalant chamber. Water passes through the inhalant siphon to enter the branchial chamber,
flows across the gills and then into the exhalant suprabranchial chamber. As the water crosses
the gills food particles are filtered from it and oxygen is removed. From the suprabranchial
chamber the water flows oaf the exhalant siphon. The gikonsistof a sheet of coalescent
filaments folded into @Wo0 shape and attached to the dorsal wall of the manties. sheet
divides the mantle cavity into the ventral chamber and the dorsal suprabranchial chamber. To
get from the ventral chamber to the dorsal, water must pass through pores in the gills. The
three major functionsf thegills are homeostasis of blabhthe capture of food particleand
eggsincubation The intensity of thdiltering activity depends on many factpexternal such
as temperature, particle Igaahd internal control factors. Theericardial cavityand the heart
are located on the dotsadge of the visceral mass immediately ventral to the middle of the
posterior lateral tootlifig. 5). A lobe of the nephridium which composes kidneys is present
just posterior to the pericardial cavity. The heart is in the pericardial cawng.dgestive

48



glandis pigmented in brown or yellow and composed by a part of the oesophagus, stomach
and part of the intestine. It is located in the visceral mass at the base of the foot used for
locomotion of the bivalve.

kidney  heart

digestive gland

a.a.m.
oesophagus
intestine

foot

mantle

Fig. 5:Longitudinalsection of arunionidae(Mouthon, 1982), p.a.m.: posteriordagtor

muscle a.a.m.: anterior atlictormuscle

Ecology

Anodonta cygneand Anodonta anatinare species that frequepdnds, oxbow lakes,
slow rivers and canals with weak stream whioften have high troph level. They prefer
bottomwith fine granulometry (silt, sand, gravel), often with accumulations of organic matter.
These species are very tolerantawgerage temperature of the water as evidenced by their
presence in Spain to Sweden. They are localiséed areas, out of strong stream undergoing
some erosion, in general in a depth range between 0.2 and 2.5 m. These are burrowing
organisms, living vertically partially embedded in the substrate. These bivalves are generally
sedentary organisms. In Spamn,displacenent of about ten meters by year was found for
musselsA. cygneaand A. anatinamarked by Aldridge (2000). However, flooding can cause
passive dispersal from upstream to downstream. The most mobile stage is the larval stage,

which is capable ahoving long distances through the host fish.

Threats

Over the past 50 years, a general deatih&eshwater mussdiasbeen tserved. It
seems that some factors are combined to cause the gradual disappearance of these species:
among the ptential causeshuman activities leading to chemical pollution and habitat
exchange have been segted (Aldridge, 2000; Kad&t al., 2001). Given the lack of
ecological and ecotoxicological knowledger fthese bivalves (including the tolerance to
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pollution of aduls, but especiallyf larvaeand juvenils), little is available to define the main
threats and causes of extinction:

- The virtual disappearance or severe depletion of potentiafisbst

- The physical degradation of streams and rewafithe beds of rives and canalsAldridge,
2000, rectification,damsand channel dredging, but also thepact of intensive agriculture,
quality and quantity of sediments and their transit.

- Degradation of water quality, including eutrophication, as well as pollutants Htoman
activity.

- The fragmentation of populationsne of the main causes of biodiversity loss.

- Introduced species, the potential effects of competition in bivalves su€oriscula
flumineg Sinanodonta woodianas well asDreissena polymorphare parly documented.
Zebra mussels appearhavea negative impadty binding to the valves of certain freshwater
musse$, hampering their openings. woodianaalso seems to have a negative impact on

native unionid populations (Adam, 2010).

2.2.3 Ecotoxicolaical interest

Molluscs are common, highly visible, ecologically and commercially important on a
global scale as food and as Aowd resources (Rittschof and McClell@meen, 2005). In
some aquatic ecosystems (lakes, slow streams) molluscs can reppese@0% of the total
biomass othe benthic macroinvertebrates, so their impaabecome major. Populations of
bivalves filter large amoustof water (Unionidae 300ml/individul) andtake an active part
in sedimentation and water purification. Faeeesl pseudofaeces concentrate sometimes a
large fraction of planktonic microorganisms not used, making them accessible to detritivorous
invertebrates such as oligochaetes, and many diptera. But they also change the quality of
sediment by concentration anéxcretion of many substancesmétals, pesticides,
radionuclides). Because of their sedentary lifestyle, their filtration capacity, aindrvide
distribution, molluss and bivalves are excellent sentinels for monitoring the fraction of
bioavailable pollunts in their environment (Hayer and Pihan, @99 close contact with
watersuspended particles and sediment, they are widely used for controlling the
bioaccumulation and toxic effects of metallic and organic pollutants in aquatic ecosystems
(Viarengoet al., 200Q Rittschof and MClellanGreen, 2005). Severalribnidae mussels
especially fromthe Anodontagenus have since been used as biomoarganisms in toxicity

assessmendf numerouscompoundsreleasedin continental water. The anatomy and
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physidogy of these animals has been studied for a long time, allowing the study of toxic
effects of compounds but also the mechanisms of detoxificafiandonta cygneaand
Anodonta anatinare biological models widely used @totoxicology (Falfushynskat al.,
2009). They are present in large quantities, sedergasgy to collect and to acclimatine

aguaria.

2.3 Effects of copper exposure and detoxification mechanisms

2.3.1 Copper exposure effects
2.3.1.1 Copper bioaccumulation

Trace elements are knovim be highly accumulated by aquatic molluscs. Bivalves are
in close contact with sediments which constitute a major environmental sink for metals, with
an important filteringactivity to satisfy respiration and nutritipand tolerance mechanisms
that invdve metal sequestration rather than metal exclusion or eliminaliogy provide
accurate and integrated informatiabout the environmental impact and bioavailabitfy
chemicalsThey are thereforextensively applied in marine environments using massed
oysters, but are also implemented in freshwater systems using other bivalve species such as
Anodonta sp, Dreissena polymorpha, Elliptio complanatand Asiatic clams.Among
freshwater organisms, unionid molluscs are widely recognised for their ityagac
accumulate a varigtof environmental contaminants including metalsheir tissues (Winter,
1996; Bilosetal., 1998;Kadaretal., 2001; Falfushynskat al, 2009).The widespread recent
decline in the species diversity and population densifyeshwater musseld_ydeardet al,
2004 may be partly related to chronic, ldevel exposure to toxic metals (Frank and
Gerstmann, 2007). Freshwater mussels are exposed to metals that are dissolved in water,
associated with suspended particlasd depased in bottom sediments. Thus, freshwater
mussels can bioaccumulate certain metals to concentrations that greatly exceed those
dissolved in water. In adult mussels, the most common site of metal uptake is ghe gill
followed bythedigestive glandthe mantle, and the kidney(Pagliaranietal., 1996; Bonneris
et al., 2005). Bioaccumulation of metals variestrongly according thevater chemistry
conditions pH and water hardneding important parameters. Aqueous concentretiof
calcium probably enhancthe bioavailability and toxicity of metal cations, because the

permeability ofmembranes isnversely related to aqueous calcium concentration; calcium
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ions apparently compete with other metal cations for binding sites on the gill surface,
decreasing thdirect uptake obthercationic metals. The pH influences both the chemistry of
metals and macromolecules of surface structukesiodification of membrane permeability
causesan alteration in metal diffusion. Additionally, changes in membrane potentidifymo

the transport of polar metal speci®¥iiiter, 1996. In bivalvesthe biological barrierare the

gill epithelium, the wall of the digestive tract, and the shell (which is often reported tes a si
of bioaccumulation). Metals onetalloids in solutiorare more easily absorbed by the surfaces

in direct contact with the external environment, while those associated with the particulate
phaseare ratheringested and internalized after solubilization in the digestive tract, or
transferred by endocytosis teen undergdysosomal digestioifWang and Rainbow, 2005).
Once past the first barrier, the amanisms of transfer of metals wretalloids into the cell
involve intracellular diffusion (passive or facilitated), active transpand endocytosis
(phagocytos and pinocytosis). The ggen concentration of the water the density of
microalgae are parameters that will directly influence the ventilatory activity of the bivalve
and so its exposure to metals in solution or particulate (&rah, 2000; Traret al., 2004).
Copper ad metal bioaccumulation can charlgetweenindividuals ofthe same speciewith

the difference insizes or between different specienusselsdue to different physiology
(breathing, eating)Winter, 1996; Biloset al., 198; Gundacker2000; Hédouiret al., 2006;
Falfushynskaet al, 2009. In bivalves, the determination of trace metal concentrations in
whole individuals presents little interest, sindgtermination of bioconcentration factors in
various tissues suggestétht the pringpal accumulating organs arte gills, the digestive
gland,thekidney, andhe mantle,alsothe shell actingas a storage matr{}/iarengo and Nott,
1993; Romé and Gnassi8arelli, 1995;Das and Jana, 1999; Bonneesal., 2005).The
intracellular segestration of metals is based on a sequence of cellular events involving a
cascade of different ligands with increasing metal binding strengtitelontasp. andother
molluscs accumulate metals to high levelsthreir tissues (Falfushynslet al., 2009).Metal
tolerance in such accumulator organisms invobexguestration of metals in ntoxic forms.
Among the best studied intracellular sites involved in the sequestration of essential and non
essential meta in aquatic invertebrates dgsosomesgranuks andsolubleCysrich ligands

as metatbinding peptide and proteindJnionids also lay down oalm microspherule
concretions particularly in the connective tissue of the gills, in the mantle, anden t
digestive gland (Pynnotneat al., 1987; Mouraet al., 2000; Loped.ima et al., 2005).

Dissimilar mechanisms for copper and metgitake, storage, mobilisatipand excretion
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performel by different cell types idifferent organs explain the pattern of metal accumulation
and tissue distribution (Sotial., 1997).

2.3.1.2 Oxidative stress

Reactive oxygerspeciescomprise avariety of unstableoxygen derivaties. Some
ROS are free radicalpresenting unpaired electrortsy@roxyl radical HOB), others are non
radical species such &ydrogen peroxide ¥D,. To reach a better level of stabilithese
radicalswill captureelectrons from reductor molecu)d®0S reduction causing oxidations in
chairs. All the biomolecules of the cell (nucleic acids, lipids, proteinsygatcharides) are
potential redator substrates of ROSThe level of ROS instability characterized their
diffusion capacity. Adw-reactive form tends to act far from its site of productsrithas a
significant diffusionradius On the contrary, a very reactive species acts very quicklytand
diffusion is limited. ROS include the superoxide anion radicalz'(‘b hydrogen peroxide
(H20y), hydroperoxy(ROOé), and aIkoxy(ROE) radicals nitric oxide (Nd), and hydroxyl
radical (Hd&). Molecular oxygen @canalsobe regarded as a radical sgacsince it has two
single electrons. The superoxide anion is produced during various reactionsramigiition
metals, and enzymes are implied in its formatiogOHeacts weakly, diffussfreely, and has
a long lifetime. The RO and RO" radicalsarise from the peroxidation ofipids. These
radicals allow thegradual propagatiorof lipid peroxidation. Free radicals are produced
physiologically during normal cell metabolism. They can also be formed in response to a wide
range of exogenous agents includirgdiation, metal ions, solvents, particulate matter,
nitrogen oxides, and ozone. ﬁ@lays at the same time a role in the destruction and the
production of radicaldt is not very reactive witleellular components am@acts with radicals
generatingless reactive species. Combined with the superoxide anion radiceday be
involved inthe formation of peroxynitritea highly toxic species Due to its high reactivity
HOAis guite nomspecific in its targets for oxidation, whereas ROS with lower ratstaots
react more spefically. ROSare at theorigin of lipid peroxidation. Copper ions are involved
in redox reactions which result in the productiorR@S In the Fenton reaction, cuprous ions
react with HO, giving rise to the extraely reactive Hé(Labieniec andsabryelak, 2007). In
the case of organic hydroperdes (ROOH), ahomologous reaction is thought to occur
leading to the formation of Rd@nd of the more reactive FQGEopper ions may participate

both in the initiation and the propagatioest of lipid peroxidation, thus stimulating time
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vivo degradatiorof membrane lipids (Viarenget al., 1990;Géretet al, 2002; Sheehan and
McDonagh, 2008 An excess of ROS causes a risloxidative stress to the cell.

Free radicals are naturally phaced and may also havelaysiologicalrole. The major
role of ROS is an activity of regulation of molecules containing sulfhydryl groups. This type
of regulation can in particular affect molecules implied in the mechanisms of signal
transduction like pr@in kinase C (Lander 1997, Dalten al, 1999).Significant sources of
free oxygenated radicals aredox cycles andxidatiors catdysed by cytochrome P450
monooxyenases implicated in detoxificatiohike many exogenous compoundsat can
stimulate theproducton of ROS, copper is known as hydroxyl radical induyérmpanyet
al., 2008). Metal deficiencycan also lead toxidative stress.Indeed, copper belong to the
molecular composition of antioxydent enzyme such as Cu3@bD. Thus ©pper deficiency
disruptsin this casehe dismutation of the superoxide anion

ROS can potentially react with every cellular componentyTiiguence in particular
the thiol groups of proteins, leading to the formation of intraintermolecular disulphide
bridges. Tle nmostwidely studied action of ROS ipid peroxidation,mainly carried out by
HO" After rearrangement and addition of oxygen, Ra6d RO radicals are generated.
Oxidation of phospholipids modifies tmeembranes with loss ipermeability and membrane
potential, leading toinactivation of membrane receptors and enzymes. In a general way,
during this reaction, various compounds are produced such malondialdehyde (MDA) and 4
hydroxynonenal, both able to bind to proteins and to form DNA adducts (Blair).20ds,
lipid peroxidationmay triggerendogenous DNA damage asclear DNA and mitochondrial
DNA are the targets of RO%our main classes of damagan be notedsingle and double
strand breaks, modified bases, DIINA and DNAprotein bridges, and abasisites.
Proteins are essential structural afghctional cellular componentahich may undergo
oxidative modification thus inducing their aggregation or digestioy protease (Davies,
2005) Oxidation of amino acids, particulary sulphurcontainingand aromatic amino acids,
result in structudamodifications of proteins. HOis the main initiator of the oxidation of
polypeptide chaisproducing free radicals. In the absence of oxygen, two radicals can react
together to form intraor interchain crossnks. In the presence of oxygenn addition
reactionmay takeplaceto yield a peroxyl radical. Aeries of reaction®llows, leading to the
formation of alkoxyl radicas, precursos to the fragmentatiorof polypeptide chais The
oxidation of glucosean be performed in the presence of metal,iteeding to the release of
aldehyeés and hydrogen peroxide. Thsads to glycation foproteins by attachment of
aldehyds, often entailingthe deavage ofprotein chais (Wolff et al, 1989). Glycation of
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proteins promotes their oxidizability. The structural modifications induce functional changes
in particular of cellular metabolism. Fe oxidation by ROS can distuibnic transport,
enzymatic activitiesand calaum homeostasisAntioxidant defensesystemscan directly
inhibit the productionof ROS limit their propagationor destroythem. These antioxidant
systemsmay act by reducingROS species dpy trappingthem to formstable compoursl
Two categories of antioxidarsystems are generally defined, iagtioxidant enzymesand
molecules without enzymatic activityAntioxidant enzymesare superoxde dismtases
(SODs) and catalase (CAT3ODscatalyzethe dismutationof the superoxide anion radical
under formation of molecular oxygen aHgdO,, the latter deixified by CAT. SOD and CAT
are localisedn peroxysomesand also in mitochondriand cytosal Isoenymes ofSOD are
found invarious compartments of the cell.

In the antioxydentsystem glutathione peroxidase@GPx9 / glutathione reductase
(GR), GPxs arealso able to reduce B, and other peroxide Thar enzymatic activities of
GPxsarecoupled with the oxidation aflutathione (GSH)Oxidized glutathione (GSSG) will
be reduced by GR using NADPH. These enzymes are localised in the cytoplasm and the
mitochondrial matrix(Lushchak, 2011).

Antioxidant molecules or free radical seagers such aSys thiol rich compounds,
principally GSH and the metallothioneins, will be discudseer. Theirantioxidant capacity
is conferred by the thiol group of tli&ysresidue. Vitamin E isalsoknown for its powerful
arti-radical activityoperatingn lipid membranes. Other scavenger molecules include vitamin

C, carotenoids, and uric acid.
2.3.1.3 Calcium transport and perturbation of bio-mineralization
Calcium transport perturbation

Normally, intracellular Ca homeostasis is maintained by a balance between extrusion
and compartmentation systems (Mooren and Kinne, 1998). Alteration of these processes
during cell injury can result in inhibition of €aextrusion or intraellular compartmentation
mechanismsas well as in enhanced €anflux and release of Gafrom intracellular stores
such aghe endoplasmic retidum and mitochondria (Marchet al., 2004). This can lead to
uncontrolled rises in cytosolic €aconcentrabn. The biological functions of Gh are
versatile; they control multiple processes of birth, life and death. Location, duration, and
amplitude of calcium signals form a complex code that can control vital physiological
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processes. Any disturbance in thesé gnal s woul d* cadhde@ear cemdid
multiple life processes which are usually associated with loss of cell viability (Ermak and
Davies, 2001). Filter feeding bivalves have high bioaccumulation potentiaafoemetals

which at higher concerdtion can cause serious metabolic, physiologiaald structural
impairments.Continuous decline of freshwater mussels during the past decades, could be
attributed tocalcium homeostasis perturbation ogcemetak (Frank and Gerstmann, 2007).
Slight deegulations of C& homeostasidike those deriving from lowdose trace metal
contaminatiorcan affect the cellular ability to maintain and modulaté*Gmnaling.Copper

is known toincrease C# intracelular concentration by release of thel€am stock of the
endoplasmic reticulum, leading to lysosomal membrane loésgion inthe musses (Marchi

etal., 2004) and apoptosis or cytotoxicity and necrosis (Ermak and Davies, 2001). €ell Ca
extrusion systems allowing physiological calcium concentrati@intenance appear to be
essential for cell viability.

The absorption and release of calcium in the environment, biomineralizatidrthe
maintenance of intracellular calcium concentrationinmolved its passage through cell
membranes. Ga passively efers the apical membrane dowmits concentration gradient
through carriemediated facilitated diffusion N&AC&" antiporters and via simple diffusion
through C&" channels. Intracellular G4 gradiens are maintaned by membrane €a
ATPases across thasma membrane (PMCA) and the membranes of intracellular stores. In
Mytilus eduliscopper is known to inhibit PMCA. Thiol group$ PMCA protens are directly
oxidizedor they bindcopperbecause of highffinity to the metalHydroxyl radicas OH*are
induced by copper which indirectly caisd®MCA protein impairment (\&rengo and
Nicotera, 1991; Viarenget al., 1996; Burlandcet al., 2004).Besides the C&ATPases,
another important system for the maintenance of calcium homeostasis is the plasma
membrae N&a/Ca" antiporter,the activity of which is basedupon the transmembrane Na
electrochemical gradientnhibition of the N&K*-ATPase modifies the Nagradient, and
therefore itcanalsoaffectthe activity of the N9C&" antiporter. N¥K*-ATPase itibition
was observed iMytilus edulisandPerna viridisafter Ag, Cr and copper exposure (Viarengo
etal., 1996; Vijayavektal., 2007).

Due to their physiological functiolor respiratorion, nutant absorption and excretion,
the gills, the digestivegland and the kidneys are preferential sites of metal uptake and
bioaccumulation in bivalves. The organs playimportant rols in iono-regulation, in

particularfor calcium homeostasis ifneshwater bivalves (Coimbrat al., 193). Effects on
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the C&* transportsystemsn these tissues leads perturbationof calcium homeostasis in the

whole organism.
Perturbation of biomineralization

Biomineralization isa complex process;in bivalves principally it enablesthe
formation, growth and repair of the &ll. In addition to the shell, mineral concretions are
producedwhich alsoplay a role in detoxification mechanisms (Viarengo and Nott, 1963).
freshwater molluscs such Asmodonta several internal tissues, bathed by haemolymph, also
produe calcified $uctures, namgl microspherules (Lopesma et al., 2005).
Microspherules are usually present between both epithelia of the madde CaC@and/ or
Ca(POy), deposits These calcium transitory resenaggdevotedio shell gravth or glochidia
larvae.The mantle of lamellibranchs is a leaflet that covers the internal surface of the shell
and surrands the body of the animal.donsists of two epithelia: internal in contact with the
external medium, and external, the eutnantle epithelium (OME) facinthe shell.The
mantle is the tissue responsible for shell synth@mmbraet al., 1993). Shell growth and
maintenance of its mineral content are thus dynaggjgilibrium involving a continuous
exchange of£&" between the shell and the OMBrough theextrapalleaffluid dividing the
two. Thedynamic calcium exchange may resulginetaccumulatiorof C&* in the #ell, or
its re-absorption, depending on the developmental stage and the metabolic state of the animal.
The bomineralization mechanism depson pH changes or its tendency (Lopesima etal.,
2005). H-ATPases in cellsf the OME regulate theleposiion of calcium orits reuptakento
the haemolymph by pH contrdi*-ATPases mbably playa role equivalent to those of the
two bone cell linesthe osteoblasts anthe osteoclastsMachadoet al., 1988). H-ATPasesf
the OME induce calcium mobilisation frorthe shell mainly by pumping protons inthe
extrapalleal fluid. B-ATPaseinhibition under bis(tributyltimoxide exposure was observed
(Machado et al., 1989). CAis a ubiquitous enzymen the mantle of bivalve it contrds
bicarbonate balance betweesetmolymph and extrapalleal fluid for CaG@rmation. QA is
a bioindicator of biomineralization alreagdyudiedin ecotoxicologyof metals(Vitale et al,
1999, Rousseaetal., 2003). So, if some alteration of the ion spart mechanisms acroge
mantle occurred in bivalvesit may depend on direct inhibition of biomineralization In
freshwater bivalvg trace metals and in particular cppr, seem to interfereith the shdl
calcification conditions bydirect action on the proton pump ar@A. Perturbation of
biomineraliationcould cause subsequesttell thickening (Machadetal., 1989)or thinning
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2.3.2 Detoxification mechanisms

2.3.21 Cysteine thiolrich compounds

Glutathione

The tripeptide glutathione (GSk-glutamykcysteinylglycine) is a neprotein thiol.
The GSHglutathione disulfide (GSSG) system is the most abundant regsbens in
eukaryotic cells, playing fundamental role in cell homeostaaislmetal detoxification, and
being involved in signallig processes assated with programmed cell deatiermed
apoptosis Canesietal., 1999; Camera and Picardo, 2002). It is present mainly in its reduced
form, GSH, and represents the mastjnificant thiol in eukaryoticells (0.2 to 10 mM)GSH
biosynthes requires two enzymes (fig.:6irst, glutamatecysteineligase y-ECS) catalyzing
the fusion of glutamic aci¢Glu) and Cygo y-glutamytcysteire ( y-GluCys), which in turn is
converted into GSH by addition of glycine (Glgy glutathione synthase (GSy-ECS is
inhibitedin feedback by GSHIMonostorietal., 2009).GSH exerts many functiona the cell.
It intervenes improcesses of reduction such as the synthesis and degradation of pawteéins,
the formaton of deoxyribonucleotides. GSH playsae as ceenzyme ofvarious reactions
and it isalso used for beingombined with either endogenous (oestrogens, prostaglandins
and leucotrienes) or exogenotempoundgdrugs and xenobiotics), thus tagipart in their
metabolismGSH is thus regarded as a cent@nponentn antioxidant defensgCossuetal.,
200Q Mandwzio et al, 2005. The biologically active site of GSH is represented by the thiol
group of the Cys residue. The high nucledphi of the thiol functionfacilitates the role of
GSH as a free radical scavenger both under physiological conditions arehabiotic
toxicity. GSH also helps in the regeneration of other antioxidanth assitamin E, ascorbic
acid,and metallothionein (Knapegtal., 1999). GSH is a cofactdor glutathione peroxidase
in the decomposition of hydrogen peroxide or organic>pdes (fig. 6),for glyoxalase 1 in
the detoxification of methglyoxal and other oxaldehydes,and for maleylacetoacetate
isomerase in the conversion of maleylacetoacetate and maleylpyruvate to the corresponding
fumaryl derivatives (Monostoret al., 208). GS-conjugates of endogenous compounds are
involved in metabolism, transpoend storage in cell. In addition, conjugation of xenobiotics

to GSH initiates a detoxification pathway that generally leads xcregon or
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compartmentation of the biotrangfioeed compoundAlthough some adducts can be formed
directly, glutathioneStransferases (G§Tmediated reactions generally predomind®SsT
belong to cellular mechanisms of detoxification and elinnmabf molecules (Winschmann
et al., 2009). In animals GS-conjugatesare hydrolyzedand degraded by -glutamyt
transferases, followed by carboxypeptidation of the glycine resi@Rereducs GSSG to
GSHwhich, with synthesiof new GSHmaintainsthe cellular GSH stock (fig. 6).

GR NADPH

GSSG
oetal NADP+
Cysteine s
} Glycine
ATP-Mg ADP + Pi ATP-Mg \ ADP + Pi 21,0

y-glutamylcysteine M’GSH H,0, GPx
GS 7

(y—EC) S .
"‘._\%“1 "’,—“’ XC
Glutamate e
G

= ST Gsxe

Fig. 6: GSH metabolism (MeondaCozatl and Moren®@anchez, 2006y-ECS: glutamate
cysteineligase, GS: glutathione synthase, GR: glutathione reductase, GPx: glutathione
peroxidase, GST. glutathione transferase, Xe: enobiotic, GSH: glutathione, GSSG:

glutathione disulfide

Metallothioneins

Metallothionein (MT) is a generic name for a superfamily of ubiquitous low molecular
weight cytosolicCysrich metalbindingproteins possessing a unique type of suhased
met al clusters (Vagsgk, 2005) . Tgh thioladeesslfurg n at i
and metal content, both of the order of 10&5). MT have been identified in a wide range
of organisms, from bacteria to mammals, in many fish and aquatic invertebrates, mainly
molluscs. Classically these extremely heterogeneous puilgps were grouped intthree
classes oMT (Fowler et al., 1987; Marengo and Nott, 1993): Class |, including thi@
which show biobemical homology and close elution time by chromatography with horse MT,
Class Il, including the rest of thdT with no hanology with horse MT, and Class Ill, which

includes phytochelatins, Cygh enzymatically synthesised peptides. A second classification
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was performed (Binz and Kagi, 1999; http://www.bioc.uzh.ch/mtpage/classif.ntml) and takes
into account taxonomic paratees and the patterns of distribution of Cys residues along the
MT sequence. Cysteine (Cys) residues are distributed in typical motifs consistingGf/&ys
CysX-Cys or CysX-X-Cys sequences (X denoting amiacid residues other than Cys). It
results ina classification of 15 families for proteinacedd$. Mollusc MT belong to famy

2, divided in two subfamilies.

Metallothioneins are playing role in the homeostatic control of essential metals (Cu, Zn) as
they can act as essential metal stores readiyifibenzymatic and otar metabolic demands
(Amiard et al., 2006).Their involvement in metal metabolism is based on their capacity to
complex metals, effectively buffering freeetal ion concentrations in the intracellular
environment. Additionally, theébiosynthesis of these metalloproteins may be induced by
exposure to essential andrressential metals (Bonneret al., 2005). Vital roles for this
pleiotropic protein result in its involvement in homeostasis of essential trace metals, zinc and
copper, o0 sequestration of the environmentadn essential metaldMoreover, MT could
protect celldfrom oxidative stress (Géret al., 200d). In the presence dROS zinccan be
removed(V a g 8 k ). Th2 @eled@se ofinc is accompanied byhe formation of theMT-
disulfide (or thionin, oxidized formof the protein)which in turncan be reducedy the ratio
GSH/ GSSGto restorethe abilityof the proteirto bindzinc. This redoxcycle of MT (fig. 7)
plays a crucial rolén maintainingphysiologicalhomeostasisf metals detoxificationof toxic
metalsand protectioragainst oxidative streg&Kang, 2006). MT plays an essential role in
other metabolic processes, since MT expression is rapidly induced by a vafattoo$ such

as cold, heat, hormones, cytoés (Monserratet al., 2007), in some molluscs important
seasnal variations in MT levelalso correlate with the gametogenesis process. MT, like other

proteins, are dgaded in lysosomes (Ngal., 2007).
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Fig. 7:Redox gcle of MT (Kang 2006), MT: metalbthionein, ROS: reactive oxygepecies,
GSH: glutathione, GSS@lutathione disulfide

Phytochelatins

PhytochelatinsRC) are small metabinding thiolrich peptides with the structure RC
(y-Glu-Cysn-Gly, wheren = 2 to 11. Inplans glycine residus can be replaced by alanine,
serine, glutamic acid, or glutamineC have been characterized in a wide range of species in
plants, fungi, and microalgae. They play a major role in metal detoxification but are also
implicated in the egulation of intracellular essential metal concentratidingy are capable
of bindingtracemetals such as Cd, Hg, Cu, Zn, Ni, and Ag via thiolate coordination and have
higher metabinding capacity (on a pe€ys basis) thanMT (Grill et al., 1985). An
artioxidant activity assay has shown that PC molecules have strong scavenging auctivity
vitro towards ROS such as hydrogen peroxidgOhl and the superoxide radical anic!hz'é
(Hirata et al., 2005). These results suggest tR& play important roles noonly in the
chelation oftracemetals but also as antioant defencePCare synthesizeftom glutathione,
homaoglutathione, hydroxymetmdlutathione or y-glutamylcysteine, catalysed by a
transpeptidase, named phytochelatin synthase (fig. 8), which is a constitutive enzyme
requiring postranslational actiation bytrensitionmetals (Grilletal., 1989; Clemens, 2006).

Phytochelatin synthase has been shdwrbe activated by a broad range of metals and
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metalloids, in particular Cd, Ag, Pb, Cu, Hg, Zn, Sn, Au, and As, iootlivo andin vitro.
After the completion of the full genome sequentehe nematod€aenorhabditis elegans
two publications independ#yn described a functional P§/nthase enable to synthesPCin
thismodel invertebrate (Clememsal., 2001; Vatamaniuktal., 2001).In addition sequences
similar to PC synthase genlkave been identified from the aquatic midGajronomusand a
speces of earthwan (Brulleet al, 2008; Cobbett, 199. There isyet, no evidence that these
animal genes encode F@nthase activity, howev it seems likely that they tencode PC
synthaselt became clear th&C could play a wider role itracemetal aetoxification than has
previously been thought. Organisms with an aquatic or soil habitat are more likely to express
PC (Cobbett, 2000).Clemenset al. (2001) hypothesized thad®C may be ubiquitously
involved in the tolerance and homeostasis of metalf eukaryotic organism<lemens and

P e r ¢200a9) suggesthow PC synthase geneare far more widespread than anticipated,

homologous sequences are found through the entire animal kingdowhing in bivalves.

V-Glu—Cys—Gly (-Glu—Cys)—Gly
(GSH) - (PC5)
> — < or
( " Activation ¥ \T
+-GIu—Cys—Gly | --{.:9 G (rGlu-Cys),.—~Cly
(GSH) (PCh+1)
or

(y-Glu—Cys),—Gly
(PCp)

Fig. 8:PC synthesigvatamaniuketal., 2002)

2.3.2.2Metal detoxification mechanisms in bivalves

Bivalves and particularly freshwater mussel unisrace widely recognised for their
capacity to accumulate a variety of environmental contaminants, including metals, in their
tissuesand yet surive in these polluted environmer(d/inter, 1996; Cossetal., 1997;Das
and Jana, 1999; Bonnegsal., 2005).Such tolerance depends on the ability of these animals

to regulate the essential metal concentration and detoxify nonessential metal. Iscsnollu
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three ysiological and biochemical ways allow metal regulations: by bindingpecific,
soluble, Cysrich ligand; by compartmentalization within organelle; and by formation of
insoluble nortoxic precipitates (Viarengo and Nott, 1998ang and Rainbe, 2005. Metal
subcellular partitioning depending of organs and metal natuoe. example in mussels,
copper bouad to granules are dominanttime gills, in thedigestive glanadopper is principally
bound to solubleCysrich compoundsEonneriset al., 2005). For a long period of exposure,
metals might be displaced from soluble mddiaiding ligards to granules (Roméand
GnassiaBarelli, 1995).

Insolublesstorage, compartmentalization and eliminationof metals

In mollusc an important storage or detwation system iscarried out by
sequestration of metals in intracellular cytosolic and compartmentalized predipitate
structures nantegranules (Howarcket al., 1981; Viarengo and Nott, 1993). Granules are
observed in different tissues of bivalves, maimythe digestive gland, gills, and kidneys
which are implicated in metal homeostasis and detoxificaWdang and Rainbow, 2005)
Lysosome is mainly involved in the catabolism of both endogenous and exogenous molecules.
This organelle accumulate high contations oftrace metals in nortoxic granules forms
and thus represent an importagtoxification way. The ferrithmich and coppesulphur
granules are related to Fe and Cu metabolism in the respiratory pigment and also in copper
detoxification. Lipofiscins are mainly lipid peroxidation eqadoducts which are accumulated
in the lysosomes as insoluble lipoprotein granules. Metalkas Cu, Cd, and Zn are trapped
by the lipofuscin and sterically prevented from moving in or out of the granule. In mollusc
intracellular granules composed to calcium / magnesium orthophosphatP@)a
Mg3(PQy)2) and pyrophosphate (e/&0;, Mg.P,0O7) can contain Mn, Zn, Cu, Fe, Co, Cd and
Ni and appear to be linked with metal detoxification. These insoluble granules ane oft
present in cells from which they can be efiated by exocytosis (Howaret al., 1981;
Viarengo and Nott, 1993). Granules alone or with the lysosome are finally eliminated,
principally by exocytosis in urine, haemolymph, and faeces.

In addition, a speficity of unionids is calcium extracellular concretions named
microspherules. They areund in extrapalial fluid andaemolymph particularly in the gills,
and in the mantle. The calcium of these microspherules is usually bound to phosphate and
carbonategither as orthophosphate ROy),, and carbonate calcium Cag®louraet al.,

2000; Loped.ima et al., 2005). These microspherules appear to act as a calcium reservoir,
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serving as a source of calcium for embryonic shell development, but can also playra ro
the detoxiication of metals (Pynndnestal., 1995; Bonnerigtal., 2005).

An other site of metastorage in mollusc is the shell which may act as safe storage
matrix for toxic contaminants resistant to soft tissue detoxification mechaniBass gl
Jana, 1999)In shell of bivalves and nionids substantialbioaccumulation of copper and

other metals was showfs(ndacker, 2000).
Cysteinerich metal binding compounds detoxification mechanisms

A strategy for cells to detoxifnon-essential metal imandessential metal iorsxcess
is the synthesis of higéaffinity binding sites to suppresblockage of physiologically
important functional groups (Clemens, 2006). Metal ions have high reactivity with thiol,
amino or hydroxyl groups making moleculesrgarg these functional groups candidates for
metal detoxification processes (Viarengo and Nott, 1993). Therefore, th&nb&st and
presumably the first line to Cu, Zn and ressential metal chelation are the @gsitaining
peptides glutathione and phgteelatins and small Cyrich proteins metallothioneins.

Metal cation with a high affinity for SH residues displacéZrom a metallothionein
physiological poolalways present in the cells. Aexcess oftrace metal cations, including
Zn’* released from prexisting metallothioneins, induces in the nucleus the synthesis of the
MRNA coding for metallothioneins consequently increasing MT on theytosolic
compartmentTheseMT chelate thdracemetal cationsthus reducing their cytotoxic effects
(Viarengo ad Nott, 1993). The metdhiolate clusters within the MT molecules allow rapid
exchanges of metallic ions between clusters and with other MT molecules (Moesairat
2007). MT are usually not saturated by a single metal but contain several atomsZof, Cu,
Cd, or Hg and Ag when present (Amiagthal., 2006). In Zrthioneins the seven metal atoms
of Zn or Cd are distributed between two clustw cluster of 3 Zn an3 cluster of 4 Zn
(Maret, 2009). Functionally, the two clusters show different affinities for metal cations. At pH
7 or below, clustea is the first to be saturated and clusp the first to release the metal. Data
for Zn/Cuthionen indicate that copper is present in the form of Cu(l). Unlike to Zn, Cu is
arranged differently in the MT clusters. Cu(l) atoms are binding by one bivalent connection
which allows 10 copper atoms to bind per MT protein. The relative affinities of eaeth met
ion is different for MT(Géretet al, 200d). Indeed, the stability constant for copper is 100
times higher than for cadmium and 1000 times higher than for zinc. Due to the high affinity of

Cu(l) for the SH residues, the complex is stable and the nsetait easily released. It is
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important to note that the @hionein has distinct chemical characteristics, including the
capacity to produce oxidized insoluble polymers. In the digestive gland of bivalve, the metal
is detoxified into the lysosomes trappi@ the form of oxidized insoluble Gthioneins, which

is subsequently eliminated by exocytosis of residual bodies. Nevertheless, literature data
indicate that MT synthesis is not always indlige freshwater musse$tudiescarried outin
laboratory inA. cygneaby Tallandinietal. (1986) and inDreissena polymorphhy Lecoeur

et al. (2004) showed no induction of MT aftelCl?* exposure MT in response to a metal
exposure might be reflected in increased turnover (synthesis and breakdown) of the protein,
but not necessarily in changes in MT concentration (Mounestrat, 2002).

The Cys-containing peptides PC and GSHvhdeen shown to form complexes with
various metals, through their thiolate sulfur atom function. In aquatic organisms, glutathione
is beleved to play a fundamental role in detoxifying metals. The soluble tripeptide GSH
complexes and detoxifiedrace metd cations soon after their entree inthe cells, thus
representing a first line of defence agaitmate metal cytotoxicity (Caneset al., 1999). In
particular, reduction of Cu(ll) by GSH produces a stable €a@)complex which is also a
physiological donor of Cu(l) to copper apoproteins in both mammalian and marine
invertebrate cells. Methylmercury has also high affinity for SH groups fo GSH,
methylmercurySG complexes have been identified in different animals tissues. Glutathione
metal complexes are transported across the plasma membranes and, therefore represent a
carrier for the elimination of the metal from the cells (Viarengo anit, 8693).Conjugation
of glutathione to metals preventsem from interacting deleteriously with other cellular
components. Enhanced cadmium toxicity after glutathione depletion has been observed in
both in vitro andn vivo mammalian studies. There isalevidence that glutathione depletion
enhance metal toxicity in aquatic organisms. Glutathione depletion by inhibitor of
glutathione synthesis (buthionine sulfoximine) enhancepper toxicity inthe oysters
Crassostreavirginica (Conners and RingwoodPQ0).

Biochemical and genetic studies have confirmed that GSH is théragebsr PC
biosynthesis. Pthave been assumed to function in the cellular homeostasis of essential
transitionmetal nutrients, g@ticularly Cu and Zn (Schadt al., 2002).PC are hgh-affinity
chelators of metals, and play major roles in the detoxification. Unequivocal evidence was
shown for the involvement of PC synthesis intah&etoxification (Courbott al., 2004;

Morelli and Scano, 2004; Thangawahd Minocha, 2007). Inductioof PC is triggered by
exposure to various physiological and farysiological metal ions. Some of these: Cd, Ag,
Pb, Cu, Hg, Zn, Sn, Au, and As form complexes VA Iin vivo in algae, plants, and fungi
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(Clemens, 2006). They are suspected to play a no@imals as welds in plant(Cobbett,
2000;Vatamaniuket al., 2002;C| e mens and . IRthe sfucthral mael 6fa PC

Cd complex, for example, the Cd coordinately binds one, two, three or, at maximum capacity,
four sulfur atoms from either sitey or multiple PC molecules, resulting in amorphous
complexesln vivo the size of thd°C chain molecules, and the pH stability are essential and
determined the metal binding capaqigr molecule oPC (Hirataetal., 2005). Konishet al.

(2006), introdeed into the early embryos of zebrafish, mRNA coding forsiy@hase from
Arabidopsis thaliana As a result, the heterogeneous expression ofsiathase andhe
synthesis oPCfrom GSH in embryos could be detected. The developing embryos expressing

PCsyrthaseandbecame more tolerant to Cd exposure.
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Extended summary



3 Extended summary

The present work was undertaken in order to investigate some potential causes
involved in the Europevide observed phenomenon of the declofevarious freshwater
bivalve species. As stated in théCN Red List of Threatened Species, 44 % of all freshwater
molluscs are under threat (http://www.iucnredlist.org/news/eurepeshiist-pressrelease).

One of the potential causes is the increassgand corresponding local or regional release of
industrially and technologically important metals, besides many other potential factors
involved in such a complex edoxicologically sequence of events. Clearly, such limited
toxicologicalpathobiochemial study as presented in the few investigations described here is
far too limited to come to a distinct and exclusive delineation of one single, individual
explanation for the widespread decline of freshwater molluscs including the bivalves, one
class of his important, threatened phylum. On the other hand, without such detailed and
necessarily limited studies of concentrating on the potential fimattebemical and
toxicological mechanisms of a single likely pollutant, the delineation of the multitude of
facets of such ecotoxicological effects will remain blurred. Therefore, the overall conclusions
derived from the investigations presented in more detail in the following is not meant as proof
of the only relevance of the increasingly used, technologicaltypitant metal copper, but as

a demonstration of its potential relevance when considering various possibilities which can
have an impact on the stability of bivalve populations, including the most spectacular and
most strongly threatened, the European peadsel.

3.1 Optimization of analytical protocols

Bivalve maintenance and copper exposure

Particular attention was paid to mussel maintenance in order to carry out the tests
under stable, homogenous, and reproducible conditions (detailed in articleelhottom of
the tank was covered with a layer of glass beads of 10 mm of diameter, so the mussels could
find conditions for burying. This was important for giving the animals a substrate fostclose
nature behaviour, at the same avoiding the use ofalaiuer sediment as substrate; thus,
unpredictable or unaccountable metal accumulations by adsorption onto sediment particles or

interferences of microorganisms by metal species conversion could be avoided without
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excessively disturbing the behaviourtbé animals, as indicated by their regular ventilation
activity. Moreover, the large beads facilitated a deep daily cleaning of the tank by suction.
The water, artificially reconstituted from deionised water, was renewed daily in order to
ensure equal coitibns during the whole experimental course for all replicates and avoid any
uncontrolled metal accumulation or cragmtamination. Under these conditions, the copper
concentrations could be maintained within close limits of the target concentratiog thein
whole exposure period, as verified lgyaphite furnace atomic absorption spectrometry

(GFASS) or inductively coupled plasma mass spectrometry (ICPMS).

Enzymatic analyses

The enzymatic analyses were carried out as described in article 1 and 2. The
activities of C&*-ATPaseand Na'/K*-ATPasewere determined in the suspension of the
micrasomal pellet (as shown in fid) obtained by homogenization of the mantle, digestive
gland, gills, and kidney, and by centrifugation at 7560@he activity ofH"-ATPasewas
determined in the supernatant of the first centrifugation step at @@80shown in (fig. 1).
Inorganic phephate released by the ATPaseass quantified by spectrophotometry of the
ammonium molybdate complex according to Chiffgtal. (1988). The CA activity was
evaluated in the supernatants (S 2000, fig. 1) by measuring the pH decrease according to
Vitale et al. (1999).
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Motor-driven Teflon pestle homogenization
organs: M; DG; G; K

Centrifugation 200@, 10 min, 4 C

S2000 S2000 S2000 S2000
Gand M K, G, and DG M, G, and DG M
CA activity H*-ATPaseactivity
pHmeter Spectrophotometer
Vitale etal., 1999 Chifflet etal., 1988

Centrifugation 1000@, 20 min, 4 C

S10000 S10000

Centrifugation 7560@, 60 min, 4 C

Pellet 75600 Pellet 75600
K, G, and DG M, G, and DG
Ca*-ATPase activity Na'/K*-ATPaseactivity
spectrophotometer spectrophotometer
Chifflet etal., 1988 Chifflet etal., 1988

Fig. 1: Protocol of tissue fraction preparation for enzymes analy<B3fATPas, Na'/K*-

ATPase, H-ATPaseand carbonic anhydrase (CA), in the mantle (M), digestive gland (DG),
gills (G), and kidneys (K) of the fresh water musseanatina
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Thiol rich compound analyses

Manual PottefElvehjemhomogenization
organs: digestive gland; gills

Centrifugation 350@, 10 min, 4 C

53500 & ol DG
G and DG
acidified
Centrifugation Centrifugation
25000g, 30 min, 4 C 13000g, 30 min, 4 C
S25000 S13000
Reduction: DTT/70C/ 20 min Reduction: TCEP/45C/ 10 min
Derivatization mBBr/20° C/15 min Derivatization mBBr/45° C/30 min
S25000 G and DG S13000 G and DG
HPLC analysis HPLC analysis
of metallothionein of phytochelatingnd precursors
RomereRuiz etal., 2008 Minochaetal., 2008

Fig. 2: Protocol of tissue fréion preparation for thiol rich compound analysis, i.e. of
metallothionein (MT), phytochelatins (PC) and precursors in the digestive gland (DG), and
gills (G) of the fresh water muss&l anatina
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The study of phytochelatins #inodonta cygnedead us @ develop and optimise an
HPLC analytical protocol for phytochelatin (PC) quantification in animal tissues, based on the
method for plants developed by Minoclet al. (2008). A protein removal step by
acidification and centrifugation was added (fig. 2) #mel mobile phase gradient profile was
modified as described in articles 3 and 4. PC were quantified in the cytosolic fractions of
deproteinized tissue homogenates and metallothionein (MT) in thedepoteinized
cytosolic fractions, after thiol reductionith tris-(2-carboxyethyphosphine hydrochloride
(TCEP) and 1 4lithiothreitol (DTT), respectively. Monobromobimane (mBBr) was used as a
fluorescent taglnitially non-fluorescentthe dye mBBr becamdluorescent after its binding
to thiol groups underehalogenation. It is selective for thiol groups and allows their
quantification with high sensitivity by fluorimetry. Each sample was spiked with 0.6 prhol L
of each standard Bg to certify PC identity. The quantification limits per 20 pL sample
injected into the HPLC column were 1.5 pmol for BC2.7 pmol for PG, 5 pmol for PG.

3.2 Effects of copper on calcium transporAmodonta anatina

Physiological data

A good physiological knowledge of the biomarkers is important for their
ecotoxicologicalnterpretation.

The present study (article 1 and article 2) allowed us to determine basal levels of the
enzymatic activities of C&ATPase, N&K*-ATPase, and HATPase ofthe plasma
membrane. These enzymes were studied in gills, digestive gland, kidmelymantle, organs
playing an important role in calcium input. The?GATPase controlshie cellular calcium
concentration by active transport. The’Md-ATPase and the HATPase are maintaining
sodium and proton gradients necessary for calciufiQ¢& and H/C&" transporters. H
ATPase and cytoplasmiCA were also studied for theimplication in the biomineralation
process of the shell and in the maturation of glochidia. There is a lack of physiological data in
freshwater bivalves compared to nm&i models such adMytilus edulis or M.
galloprovincialis These data are useful in understanding calcium transport mechanisms since
freshwater bivalves are subject to osrand ioneregulations different from marine mussels.
Enzymatic activity found in thgills of A. anatina(table 1) were consistent to those reported
in the gills ofA. cygnedor Na'/K*-ATPase and C&ATPase 0.13umol P/mg protein/min
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(Lagerspetz and Seniuk979 and0.58 umol B/mg protein/min(Pivovarova and Lagerspetz
1996 respetively, and in the gills ofA. anatinafor CA 2.1U/mg protein(Ngo et al,, 201J).

Table 1: Basal enzymatic activities of plasma membrane ATPase(s) (dmglg?otein/min)

and cytoplasmi€A (U/mg protein) inAnodonta anatina

G DG M K Reference
Ca**-ATPase 0.45 0.095 0.087 Article 1
Na'/K*-ATPase 0.098 0.015 0.042 Article 2
H'-ATPase 0.002 Article 2
CA 2.4 1.76 Article 1
G: gills; DG: digestiveg | an d ; M: mant | e; K: kidneys, CA

determined

The plasma membrane €aATPase (PMCA) activity in the gills (article 1) was feur
fold higher than in the marine bival\Mytilus edulis(Burlandoet al, 2004). This reflects
how important calcium active transport is to the freshwater musseldonta anatina
Calcium concentrations in seawaters are higher than in freshwaters which explains that
calcium absorption is easier fdtytilus edulis PMCA activity is also high in the kidneysd
the digestive gland, favouring calcium absorption from food and calcium reuptake from renal
filtrate. These physiologic data allowed us to understand how PMCA is crucial for calcium
homeostasis in freshwater bivalves compared to marine organisms.\vgionedJnionidae,
calcium plays a direct role in reproduction since glochidia arebgied in the marsupium
(gills) and is therefore important for population growth of mussels!/KNaATPase
maintained the sodium transmembrane cellular gradient necdssacglcium facilitated
diffusion by Nd/C&" antiporters. InAnodonta anatinaNa'/K*-ATPase activity varied in a
consistent manneasfunction ofthe seasons (article 2Yhe enzymatic activitiesf Na'/K*-
ATPase and HATPase were foundo be maximum insummer,the season of shell and
glochidia calcification inAnodontamussels (Taskinen, 1998; Mougd al, 2000). This
seasonal variation is an important aspect which is imperative to consider for data

interpretation in ecotoxicological investigations.
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Copper and enzymatic perturbation

The enzymatic activity ofthe plasma membrane €aATPase was significantly
inhibited in the kidneys of\. anatinaupon 4 days of exposure at all concentratioh€u**
tested in the rage of 0.26 to 1.15 pmdi (article 1). In the kidneys and the gills, a significant
inhibition of C&*-ATPase activitywas observed upon 4 d of exposure at 0.35 pmol L
followed by a recovery at 7 d of exposure. Significart'@d Pase activity inhibition with no
recovery was observed up@b d in the kidneys at the higher concentration of 0.64 pritol L
of Cu**. No significant effect was noted on CA activity in gills and digestive gland.of
anatinaexposed t@Cu** (article 1).

Compared to controls mussethe Nd/K*-ATPase activity wasignificantly inhibited
in the gills (72 % inhibition) and the digestive gland (80 % inhibitionAo&natinaupon 4
days of exposur@t 0.35 pmol L of CU** (article 2). The NHK*-ATPase activity was
inhibited by 26 % in the mantle of mussels exposedl # the same conditions, but not
significantlyrelativeto controls.

No recovery was observed upon th& days of exposure in the gillghich still
showed 54 % of inhibition at the end of test, and a partial recovery was observed at day 7 in
the digestie gland. In the mantle, the"rATPase activity declined continuously but the
decline was not statistically significant due to high variability between mussels (article 2).

Calcium plays a fundamental role in numerous biological processes (energy praductio
cellular metabolism, muscle contraction, reproduction) and has important mechanical
functions (shell, skeleton) in many organisms (Mooren & Kinne, 1998). Contrary to molluscs
from marine ecosystem which are generally hyposmotic and for which calciakeupteasy,
freshwater bivalves are hyperosmotic and require tight regulation of their calcium
metabolism.

Despite some recovery beyond 4 days in the digestive gland, th& NerPase
activity in the gills ofA. anatinawas still significantly inhited upon 15 days of experiment;
an inhibition of C&"-ATPase activity was also observed in the gills and the kidmegsr the
same conditions (article 1 and 2). Inhibition of these enzymes was eonsisth the results
obtained withMytillus galloprovincidis exposed to copper by Viarenga al. (1996) and
Burlendoet al.(2004). Inhibition of N¥K*-ATPase modified the cellular Ngradientwhich
could result in a reduced activity of &Aa’" antiporterthis, in addtion to direct inhibition of
Cd&*-ATPas, may lead to a disturbance of calcium homeostasis. Such a disturbance-of iono
regulations could leatb continuous undesupply of @cium which may also affect Ga
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signalling pathways in addition to biomineralization and shell formation in mussels and
glochidia.

The kidneys have an essential role in filtration and reabsorption of ions, water, and
organic molecules from the ultrafiltrate. As freshwater organisms are hyperosmotic, the
osmotic pressure resulting from the gradient of concentrationsebéptwnternal and
surrounding compartments leads to water uptake by osmosis and ionic loss by diffusion. The
water uptake is compensated by urine production and ilosg is limited by active ion
reabsorption. In freshwater bivalves, the daily output ofeurs high. The kideys play an
essential role in acium homeostasidy limiting ionic loss in urinethrough active C&
reuptake from the filtrate (Turquier, 1994). An inhibition of calcium reabsorption may
therefore dramatically disturb calcium homesss. Because of analytic problems inherent to
the smallbiomass of kidneys, this tissue has been poorly studied in freshwater bivalves. This
organ playsa role in detoxification(Viarengo and Nott, 1993and is essential to iono
regulation. Our results (gcle 1) showed the high sensitivity of €aATPase toCl*" in this
organ.

The Unionidae freshwater bivalve are widely recognized for their capacity to
accumulate a variety of environmental contaminaintstheir tissuesincluding metals
(Bonneriset al, 2005). This narked metal tolerance is effectiey biochemical strategies that
involve metal sequestration. The intracellular sequestration of metals is based on a sequence
of cellular events involving a cascade of different ligands with increasing mietdihdp
strengths. High concentration of metal could also inhibit detoxification mechanisms. In our
results (article 1 and 2), recovery of®GaTPase and N#K*-ATPase advity within 7 days
at the lowCu** concentration (0.35 umol1) indicated adaptivability. This suggested the
mobilisation of detoxification systems efficient at l&®?* concentrations. At higher &l
concentration (0.64 pmold), no recovery was noted. It is interesting to note that recovery
was observed only at 0.35 pmof-La con@ntration environmentally more relevant than the
higher concentration studied (article 1). Therefore, it is important to use environmental
concentrations in ecotoxicological research; extrapolation of the results observed at high
doses to environmental s#tions may be critical and not pertinent due to different

mechanisms addaptation and toxicitgt high and low doses.
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3.3 Metal detoxification mechanism Anodonta cygnea

Aquatic molluscs have a number of properties that make them one of theapolstrp
sentinels for monitoring water quality. The molluscs take up and accumulate high levels of
trace metals, although théody concentrations show wide variability across metals and
invertebrate taxa. The study tife capacityof bivalvesfor assesment of water quality is
primarily linked to their tendency to accumuldtace metalseven at high concentrations
(Doyotteet al, 1997). Tolerance depends on the ability to regulate the metal concestiration
the celsand to accumulate excess megtalnontoxic forms (Viarengo and Nott, 1993).

In our study, the recovery of €aATPase (article 1) and N&*-ATPase (article 2)
activity observed within 7 day®f exposureindicate an induction of detoxification
mechanisra Copper belorgto the transition medls most of which are known to show
various degrees of affinity for thiol groughis property makes chelating ligandarrying
thiol functiors the first mechanism of metal detoxification. In artl@ and 4 the study was
focused on the mechanisms of aletetoxification by thiol rich compousdin most animals,
tolerance tdracemetals depends on the induction of MT, a familytiabl-rich proteins of
low molecular weight. These metaliwoteins are known to play an important role in the
homeostatic canol of essential metalsuch as Cu and Zbut also in the detoxification of
exceswe amounts oessential and neaessential tracenetals. h the tissuge of metalexposed
musselsis a rapid increase of metallothioneins, the soluble proteins involvégnsition
metal detoxificatiorwhich is synergetic with lysosome compartmentalization (Améral.,
2006).

Phytochelatins (PC) are thiol rich oligopeptides which have been characterized in a
wide range of plant species (Grt al, 1985). PC plays a n@jrole in the detoxification of
trace meta in plants by chelating metaigith high affinity. In 2001, two publications
independently described a functional phytochelatin synthagheiimnvertebrate nematode
Caenorhabditis elegan&lemenset al, 2001;Vatamaniuket al, 2001). Brulleet al. (2008)
provided the first evidence of a phytochelatin synthase from the earthizigenia fetida
implicated in doselependent cadmium detoxification. Neitherdstifurnished evidence of
the existence of the peptidRC in the invertebrates and animals. Recent cloning of the gene
encoding phkitochelatin synthase k. fetida (Brulle et al, 2008 Bernardet al, 2010
suggestedhe existence of this detoxification pathway in this species. A superficial view of

the limited selection of species in which such sequences have been identified might suggest
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that invertebrates with an aquatic or soil habitat are more likely to express PC (Cobbett,
2000). The objectives of our study were to determine the abildy ofgneao synthesize PC
(article 3), and to study the possible role played by PC in copper detoxification in this
freshwater bivalve (article 4).

In plants,PC are rapidly induced in cells and tissues exposedramge of transition
metalsand play an important rol@ detoxification.The esults obtained in the present work
(articles 3 and4) showed the presence giiytochelatins in invertebrates; to our knowledge
this is the first time. Basal levels wereeterminedior PG4, y-GluCys, and MTin the gills
and the dyestive gland (table 2Besidesthe interest of these data fdreshwater bivalve
studies, the detection of RE€in the absence of excessigepper and other metals suggest
their role in essential mdthomeostasis. In the gills and the digestive gl&@ was found in
higher concentratia) followed by PG which againwas higherin concentration than RC
PG and PG were foundto betwo or three times higher in the digestive gland than in the

gills.

Table 2: Basal levels of phytochelatinggug PQg tissue wet weight y-GIuCys (ugy-

GluCydg tissuewet weight), and metallothionein (mg MT/g protein)Anodonta cygnea

PC, PC, PC, y-GluCys MT
G 0.88 0.72 0.40 0.52 10.10
DG 2.17 1.10 0.47 0.93 15.11
Reference Article 3 Article 3 Article 3 Article 4 Article 4

G: gills; DG: digestive gland; PC: phytochelatin; MT: metallothionein

In the European continental hydrosysteamffected byagriaultural and / or urban
activities, leves of up t00.6 pmol L™ of CU#* are seasonallfound (Neal and Robson, 2000;
Falfushynskeet al, 2009).In our work (article 1 and 2)nhibition followed byrecovery of
C&*-ATPase and N#K*-ATPase activities werebserved in mussels exposed to 0.35 pmol
L* Cu¥*, an environmentally relevant concentration. Therefame our studieson the
detoxification mechanismby metal bindingCysrich compounds (articke3 and 4),the
mussels were exposenlthe sam€u** con@ntration

A statistical significant P&inductionin the gills ofA. cygneaxposed to of 0.35 pmol

L™t C?* was observedarticle 4) i.e.50 %from 12 h to 4 d exposure, aBf % upon 7 d. In

76



the digestive gland, significant P@duction was observednty at 12 h ofCU** exposure.
Relative to the respective contry-GluCys increasgsignificantlyin the gillswithin 48 h and
7 dexposure anwithin 48 h and 4 d in the digestive gland.

The induction of PG, in A. cygneaexposed toCU** suggeststs key role as metal

chelator in a first line of detoxificatiompgetherwith other compourglsuch as GSH. Higher
sensitivity of PG induction in the gills could be explained by the water route eéxhosure.
The gills may play a more imp@ant role thanthe digestive glandn the uptake of copper
dissolved in the test medidowever beyond 7 d of exposure, P@eclined to control values
within 21 d of exposure This decrease suggedtsat long-term CU?* detoxification was
shifting toother mechanisms.

In Unionidae, MT and insoluble granules are known to playrole in metal
detoxification in the long ternBonneriset al. (2005) showed that cadmium, zjrand copper
concentrations in the gill granule fraction were significantly correlated with environmental
concentrations ofthese metals. The granules are known to be a prdfar site for copper
storage in the gills of Unionidae. Around 65 % of the total copper in the gills was found to be
bound to granules iAnodonta grandis grandjsvere the calcium concretion represented 51
% of the gills dry weight. Similar values wefeund in Anodonta cygne&Bonneriset al,
2005).

No increase of MT was observém the present studypon Cd" exposure for 21 d.
The MT isoform (< 10 kDa) in the mussel extratgntified by HPLCseparation in oustudy
was not induced bgu?*. Detoxificationin A. cygneaby other MT isoforms not detected by
the HPLC method cannot be excluded. Indeggd polymorphismis known to bamportant
in invertebrates Géret et al, 200d; Amiard et al, 2006). A good example of such
polymorphism and functional d&vgences found forMT in the snailHelix pomatia These
snails can tolerate exceptionBl high concentrations of cadmium. Additionally, they
accumulate relatively high amounts of coppeeeded for the biosynthesis of the oxygen
carrier hemocyanin. Thepscific metal accumulation is paralleled by the presence MT forms
which bind specifically one type of metal (Cd or Cu), both containing 18 conserved Cys
residues but differing in other amino acids

Metallothioneins, granulesand antioxidantsystems have been described to be
involved in detoxification mechanisnis freshwater bivalves. Cossti al. (1997) have shown
thatin Unionidae antioxidants and especially Gy major rolesin metal detoxification. In
the gills of Unio tumidus a decrase by 45 % of GSH was found in mussels expesed
metalcontaminated siteA decreasein GSH level in Unionidae exposed to copper was
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confirmed by Doyotteet al. (1997) undercontrolledlaboratory conditions, indicating either
metal blockage by SH grospr theuse of GSH as substrate of antioxidant enzymes. Indeed,

a parallel involvement of antioxidant enzymes had been described with increased activity at
low metal concentration (Vasseur and Leguille, 2004). @8Hplays a role in PC synthesis.

This double role in direct metal detification and as a P@recursor could explain this

decrease (fig. 1).

GsTs US-Xe
. Xe
Cysteine Glvei ~—
¥ slycine
ATP-Mg ADP + Pi ATP-Mg ADP + Pi
Y-glutamylcysteine M’ _G SH
(Y- EC) Gs 7 \F;CS
"-... .-'--J.PJ Cdg-
Tutam: T -EC),-G
Glutamate /:\'l (Y )2 ADP + Pi
l\-_-’r t’__.—-—"____"--.._._“
) Vacuole™.
ATP-Mg

ABC-type / phytochelatins

transporter | i/‘\;-

HMWC

Fig. 3 Phytochelatin and precursor biosynthesis in plants (Mer@6zatl and Moreno

Sanchez, 2006), PCSphytochelatin synthasey-ECS: glutamatecysteineligase, GS:

glutathione synthas&ST: glutathione transferase, Xe: xenobiotBSH: glutathione, GSSG:
glutathione disulfideHMWC: high molecular weight complexes.

3.4 Decline of the Unionidae populations

Over the past 50 yesra worldwide decline of autochthonous freshwater molluscs
has been observed (Lydeatial, 2004). Among the different species, the Unionoida taxon
seems to be particularly endangered. Spesiash as the pearl musselMargaritifera
margaritifera and Margaritifera auricularia are declining dramatically in European rivers.
Other species belonging to the Unionidae family iactuded in the red list of threatened
species established by the World Conservation Union and is the ca&eoidonta anatina

andAnodonta cygnea

78



The Unionidae populations represented the largest part of the total biomass in many
aquatic systems. They take an active part in sedimentation and water purification, modifying
the phytoplankton community, ardedetritivorous invertebras (Aldridge, 2000; Vaughet
al., 2008. Therefore, thelisappearancef Unionidaemay result instructural and functional
perturbationsof aquatic ecosystesnThe competition with invasive bivalvesatsoa matter
of debate Invasivefreshwater bivalveas Corbicula flumineaor Dreissena polymorphaot
belonging to the Unionidae colonise freshwater hydrosystems with detrimental effects to other
invertebrates. These invasive species do not play the same functional role as Unionidae in
ecosysters Their pesence isiypothesizedo contribute to theleclineof the Unionidae.

A combination of various factors may explain the gradual disappearance of
Unionoidean theircompetition with invasive species. Depletion of salmsaghostfish has
also beenmentiored as a possibleause Salmonid fish populationare affected by water
pollution; moreover pollutants may indirectlypromote natural diseasdactors such as
parasitismwhich is known to endanger salmonids (Voutilainehal, 2009), and bivalves
trematale parasitism ofAnodonta population entails complete infertility (Taskinen and
Valtonen, 1995). Other major reasons for the decline are the physical degradation of streams
andtherewaking of river bedsand canalss well aghe degradation of water qusf. Indeed
interactions between pollutantsay disturb these biocoenosegen at low concentratisn
(Vighi et al, 2003) In order b protectthe autochthonous Unionidae it is important to
determine how and to which extent those factorgtribute taher disappearance.

The present work is meant as a contribution tdeustandhe role of metalpollution
in affecting calcium homeostasis in fresh water mussels, likely to be one of the reasons for the
widespread decline of mussel populations in Europe@ansriFrank and Gerstmann 2007).
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4 Conclusion

A macrobentos community is an excellent indicator of water quality (Ippelital,
2010). The objectives of the present work were to saaigetoxic effects ofionic copper
andits detoxification mechanisms in the freshwater musseldontaspecies belonging tine
Unionidae. FirstCU?* as a potential inhibitor of proteins playing a role ifcitan transport
and biomineraliation was assessedith A. anatina Seconly, mechanims of copper
detoxification by MT, PCandy-GluCys were studied iA. cygnea

In the present study, the effects @ exposureon the activities of Ca-ATPase,
Na'/K*-ATPase,and H*-ATPaseof the plasma membrane, aofl cytosolic CA have feen
evaluated in the freshwater bivalkeanatina

Upon 4 dexposureinhibition of C&"-ATPase activity in the gills and the kidneys, and
of the Nd/K*-ATPase activity in th gills and the digestive glamas observed iA. anatina
exposed to 0.35 pmol L. CU?*. A total recovery of Cd-ATPase was observed upon 7 d of
exposure, indicatinghat detoxication mechanissrare activated, excepor the higher Cu**
concentratiorof 0.64 pmol L.

Cd*-ATPase inhibition was particularly sensitive in the kidriéyg organ playing an
important role in calcium reuptake and ieregultion. It would be interesting to study the
long-term consequences on disturbances of osmoregulatory functions in the kidey of
anatinaexposed to 0.64 pmoltCu?™.

The present worksithe first to identify the phytochelatinse. PG, PG, and PG, in
freshwater mussels. IA. cygneaexposed to 0.35 umoltof Ci?*, PG was inducedn the
digestive gland and the giligithin 12 h. The inductiom the gillspersisted for 7 days. The
results suggest @le of PCin essential metal homeostaaisdtheir involvement in firstine
detoxification

Our HPLC results showed no variation bfT levels after CU?* exposure, at least the
MT isoform quantified with our method. Additional MBxpeiments withA. cygneaexposed
to CU?* at the same conditions and employiagspctrometric method which allowthe
guantification of the total MT isoforms would be interestimgorderto compare our results
with those found imA. anatina by Nugroho and-rank (2012. In parallelthe HPLC method
should be optimized tallow thedetecion of other MT isoforms induced by copper.

Copperhasbeen reported as a weak inducemudtal binding thiol peptides (Zenk,
1996). Exposure to a neessential metabeing astrong inducer of PCsuchas cadmium
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could be interesting. Comparison of effects of an essential rietacopper and a non
essential metdlke cadmium could allow to determine the role played by PC in homeostasis
of essential metal and defaation nmechanisrs.

Copper is an inducer of reactive oxygen species (ROS) through Rgpeneactiors.
Theactivity of PCin scavengindROS inA. cygneaxposed to copper would be interesting to
study.

Chemical pollution is one of the environmental factors thaty nmpact bivalve
populations. Toxicity depends not only on the bioavailability of pollstant their intrinsic
toxicity, but also on the efficiency of detoxifying systems in eliminating reactive chemical

species.
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Calcium (Ca®") in body fluids and cellular compartments is maintained
within narrow concentration ranges by various regulatory processes and
enzymes including plasma membrane Ca®>*-ATPase (PMCA) and carbonic
anhydrase (CA). Ca®* has key regulatory functions in cell physiology and
biomineralization, and therefore any disturbance of its homeostasis may
have severe pathobiochemical consequences. Some bivalent heavy metals
may interfere with Ca®>*-homeostasis, one of them being copper. Therefore,
in the freshwater bivalve Anodonta anatina the effects of Cu(ll) at
environmentally relevant concentrations were assessed on PMCA activities
in kidney, gills, and digestive gland, and on CA in gills and mantle.
During the first day of Cu(Il) exposure at 0.35umol L™', PMCA in the
kidney became strongly inhibited, recovering during the following days
of exposure; at 0.64 umol L™, the inhibition persisted for more than
15 days. Recovery of the enzyme function suggests that metal-detoxifica-
tion is induced. In the digestive gland, inhibition was also observed though
non-significantly. CA activities in mantle and gills were not significantly
affected, except in the gills upon 15 days of exposure at 0.35 umol L™
Cu(IT). The high accumulation of Cu(Il) in the kidney and the ensuing
sensitivity of PMCA in this organ may entail disturbance of the renal
electrolyte- and osmo-regulations and Ca®* re-uptake in A. anatina. This
suggests that disruption of CaZ*-homeostasis by Cu(II) may be involved in
the general decline of freshwater mussel populations.

Keywords: freshwater bivalve; calcium homeostasis; copper; plasma mem-
brane Ca’t-ATPasc: carbonic anhydrase; kidney; Anodonta anatina

Introduction

Over the past 50 years, a world-wide dechine of freshwater mussels has been
observed. Among the potential causes, human activities leading to habitat changes
and chemical pollution have been suggested (Aldridge 2000; Kadar et al. 2001).
Bivalves are known to accumulate persistent organic pollutants and metals which
may result in biochemical-toxicological and pathophysiological effects (Rittschof
and McClellan-Green 2005); several of them disturb calcium (Ca®") homeostasis
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which has been hypothesized as a possible cause in the decline of pearl mussel
populations (Frank and Gerstmann 2007). Ca”" plays an important role in the
formation of bivalve shells representing about 80% of the total body store (Wheatly,
Zanotto, and Hubbard 2002). Any disturbance in intracellular Ca®" levels will
mmpair cellular and organelle functions resulting in metabolic stress and eventual cell
death (Ermak and Davies 2001). Ca®" is also essential for development of glochidia
and for shell regeneration.

In the cytosol, Ca®" is maintained at low concentrations by tight regulation
of its transport through the plasmalemma and of its release from the endoplasmic
and sarcoplasmic cisterns. The plasma membranes of the epithelial cells of the
gills and the digestive gland are the first barriers involved in Ca®T-uptake and
homeostasis (Lopes-Lima et al. 2008) (Figure 1). Ca*T may diffuse passively through
the plasma membrane and is actively transported against the electrochemical
gradient by means of plasma membrane Ca®T-ATPase (PMCA) (Ermak and Davies
2001), contributing to the maintenance of low Ca*"-concentrations in the cytosol.
PMCA drives the active Ca®™ absorption from the external surrounding (Senius
and Lagerspetz 1978; Viarengo et al. 1991) and its re-uptake from the primary
ultrafiltrate in the kidney (Figure 1).

Carbonic anhydrase (CA) i1s a ubiquitous enzyme catalyzing the reversible
hydration of carbon dioxide to bicarbonate. It plays important roles in respiration,
acid-base regulation, and mineralization (Henry 1996). In bivalves. it is involved
in the formation of CaCOj for shell formation (Wilbur 1964).

FRESHWATER BIVALVE

HEMOLYMPH

Ca Input:
Digestive gland }; .
Gills, MCE T } n

surrounding m
water ‘QE Mantle 9 ﬁ
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Figure 1. Schematic presentation of the Ca flow through the different compartments of a
freshwater bivalve, and inhibition of PMCA by Cu in kidney and gills. MCE: mantle cavity
epithelium, DG: digestive gland, PMCA: plasma membrane Ca>" ATPase.
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These two enzymes have been studied 1 bivalves and their activities were shown
to be inhibited by heavy metals, such as Cu(II) and cadmium (Viarengo et al. 1993;
Pattnaik, Chainy, and Jena 2007; Ngo, Gerstmann, and Frank 2010), but mostly
at Cu(II) levels higher than typical for surface waters.

Cu(II) 1s introduced to the biosphere in large quantities by industrial activities
including galvanic industries, from agricultural use as fungicide. and by corrosive
release from copper roofing, rain water drainage pipes. and all kinds of electrical
equipments including overland high-voltage power lines. In some countries, its
release may also derive from copper mining or acolic dispersion with dust from mine
tailings. Therefore, the Cu(II) burden of the aquatic environment can be substantial;
concentrations as high as 100 pg L™ (1.5 pmol L™") have been found in freshwaters
affected by agriculture (Neal and Robson 2000) and up to 160 ug L™' (2.5umol L™
in interstitial waters of river sediments (Kalbitz and Wennrich 1998).

In the present study, the effects on the activities of PMCA and CA have been
evaluated with the freshwater bivalve Anodonta anatina exposed to environmentally
relevant copper concentrations. As freshwater bivalves are hyperosmotic, processes
of osmo- and 1ono-regulations are morc critical than for marine bivalves
(Turquier 1994) and therefore the former may be more sensitive to disruption of
Ca’T-homeostasis. Anodonta anatina belongs to the Unionidae, a family widely
distributed in European continental waters; it 1s a filter-feeding and burrowing
species living at the water/sediment interface. As most other freshwater bivalves
(Aldridge 2000). it is included in the red list of threatened species established in
2008 by the World Conservation Union (IUCN). The dose-effect-time response was
investigated over 15 days at copper concentrations ranging from 0.2 to 1.2 umol L™!
(10-75pug L.

PMCA activities were determined in kidney, gills, and digestive gland, organs
mainly involved in calcium uptake and homeostasis (Coimbra et al. 1993), at the
same time prone to heavy metals accumulation (Duquesne and Coll 1995; Winter
1996; Kadar et al. 2001). CA activitics were determined in gills and mantle.

Material and methods
Chemicals

All chemicals used for maintenance and exposure of bivalves, for sample
preparation, and for biochemical assays were of analytical grade or supra pure.

Ethylene glycol-bis(g-aminocthylether)-N.N, N’ . N'-tetraacetic acid (EGTA),
ouabain, phenylmethylsulfonic fluoric acid (PMSF), sodium azide, sodium dodecyl
sulfate (SDS). and tris(hydroxymethyl)-aminomethane phosphate (Tris-phosphate)
were from Fluka (Schnelldorf, Germany). Adenosine-5"-triphosphate (ATP), N-(2-
hydroxyethyl) piperazine N’-(2-cthanesulfonic acid) (HEPES), and tris(hydroxy-
methyl)-aminomethane (Tris) were from Carl Roth (Karlsruhe, Germany). and nitric
acid 65% Merck Suprapur was from VWR (Ismaning, Germany).

Animal maintenance

Adult bivalves (A. anatinag) with shell lengths of 6.5-7.5cm were provided by a
commercial supplier (Zoo-Erlebnis, Grossefehn, Germany). The mussels were
scrubbed clean of epibionts and kept at 17°C in a glass aquarium containing 1.5 L
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per animal of filtered aerated artificial pond water (in mmolL™': 0.40 Ca®",
0.20 Mg?*,0.70 Na*, 0.40K ™, 1.35 C1~. 0.40 SOi_, 0.20 HCO3Y), prepared according
to Smith et al. (2002) and renewed every second day. The bottom of the tank was
covered with a 5cm layer of glass beads (10 mm diameter) so mussels could find
conditions for burying. Bivalves were fed daily with unicellular algae Chlorella
kessleri from a culture on exponential growth phase and added to a final algal
density of 2 x 10° cellsmL™" (1 mL of an algal suspension of 2 x 10® cellsmL~' L™!
of the tanks). Bivalves were allowed to acclimatize to laboratory conditions for
a period of 3 weceks.

Exposure

The experiments were performed in 20 L glass aquaria lined with dye- and pigment-
free high-density polyethylene foils, with a glass beads layer and filled with 1.5L of
artificial pond water per mussel. The bivalves were fed daily as described above.
Air was bubbled continuously to ensure acration and water column homogeneity.
The following parameters were controlled daily: pH 7.2+ 0.1, dissolved oxygen:
8.4mg L', water conductivity: 230 uSem ™", temperature: 17 +0.5°C.

The test media were renewed every day. For exposure, Cu(Il) was added to the
tank water using a CuSOy stock solution (31.3mmol L™"). The Cu(II) concentrations
were regularly determined in water samples collected just after renewal and 24 h later.
Three 50 mL water samples were taken in low-density polyethylene bottles previously
acid-washed (10% nitric acid) for 10 days and rinsed with bi-distilled water. The
samples were acidified to pH 3 with concentrated HNO; (65%. Merck Suprapur)
and frozen at —20°C. Cu(II) concentrations were determined by inductively coupled
plasma mass spectrometry (detection limit 0.5 pg L™", 0.008 umol L™1).

Preliminary experiments were performed with three bivalves cach exposed
to Cu(IT) at concentrations of 0.26, 0.54 and 1.15 umol L™" for 4 days, to find the
relevant concentration range. The main experiment was conducted at 0.35 and
0.64 pmol L™'with groups of 12 randomly assigned bivalves each over a total length
of 15 days. On days 0 (control), 4, 7, and 15, three mussels were randomly taken
and dissected for tissue sample preparation.

Tissue sample preparation for enzymatic analysis

Tissue samples of gills, mantle, and digestive gland were prepared separately for cach
mussel, while the kidney samples were pooled due to the low mass of the organ. The
dissected tissues were suspended in 6 vol ice-cold HEPES buffer (10 mmol L™!
HEPES. 250 mmol L} Sucrose, ] mmol L~} EDTA. 1 mmol L} phenylmethylsulfo-
nic fluoric acid (PMSF) as protease inhibitor, adjusted to pH 7.4 with HCIL,
1 mol L™"). Tissues were homogenized by means of a motor-driven Teflon pestle
homogeniser with 30 up-and-down strokes. The resulting homogenates were
centrifuged at 2000 ¢ (10min, 4°C), the supernatants (S2000) were diluted (12mL
ice-cold HEPES buffer per gram tissue wet weight) and centrifuged at 10,000¢
(20 min, 4°C). The supernatants (S10000) were ultracentrifuged at 75,600 ¢ (60 min,
4°C), and the final pellets were suspended in 6 vol ice-cold Tris-HCI buffer
(25mmol L™! Tris, 1 mmol L~! PMSF, adjusted to pH 7.4 with HCI, 1 mol L™') for
PMCA determination. CA activitics were determined in the S2000 supernatant of
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gills and mantle. All samples were frozen in liquid nitrogen and stored at —80°C until
analyses were carried out, not later than a week after sampling.

Protein was determined according to Bradford (1976), using bovine serum
albumin as standard.

PMCA activity assay

PMCA activity was determined as released inorganic phosphate (Chitflet et al. 1988),
quantified by spectrophotometry of the ammonium molybdate complex at 850 nm
(Spectrophotometer Unicon, Kontron 930). The reaction medium contained
100 mmol L™! NaCl, 20mmol L} KCI, 0.2 mmol ! ouabain, 25mmol L} Tris,
0.5mmolL™" sodium azide as inhibitor of mitochondrial ATPase activitics,
4mmol L' Na,ATP, adjusted to pH 7.4. Samples of the membrane fractions
(suspensions of the 75,600 g pellet) of gills, kidney, and digestive gland (20, 70, and
60 ug protein, respectively) were incubated at 1 mL final volume for 20min in
a shaking water bath at 39°C, with or without addition of Ca®" and EGTA as
Ca-chelating agent (Senius and Lagerspetz 1978). The reaction was stopped by
addition of 400uL sample to 400 uL of a 12% solution of SDS. Blanks were
prepared in the same way except that the tissue samples were added after the SDS-
dilution step. PMCA activity, expressed in micromoles of P; released per milligram
protein and minute, was determined as the difference between the ATPasc activity
in the presence of 10mmol L™" CaCl,, and the ATPase activity without Ca and in the
presence of EGTA (2mmol L ™).

CA assay

CA activity was determined in the S2000 supernatant of gills and mantle by
measuring the decrease in pH (Vitale et al. 1999). The reaction medium consisted
of 10 mmol L' Tris-phosphate, 75 mmolL™" sucrose, 225mmol L™ mannitol,
adjusted to pH 7.4 with HCl (1 molL™!). Enzyme activity was assessed with
7.5mL of reaction medium, 0.1-0.2mL of gill and mantle tissue homogenates, and
I mL COj-saturated distilled water at 2.5°C. The pH drop was followed over 60s
using a pH-meter (Multi 3401, Wissenschaftlich Technische Werkstitten, Weilheim,
Germany). Linear regressions of pH versus time were plotted, the slope representing
the catalyzed reaction rate (bey). The non-catalyzed reaction rate (bpop-car) Was
determined in the same way except that 0.1-0.2 mL HEPES buffer was used instead
of tissue homogenate. The specific CA activity was calculated as (heyi/Proncai—1)
mg ! protein.

Statistical analyses

Data distributions were not normal, so statistical analysis for comparison of the
enzymatic activities between treated and control mussels was done by the non-
parametric Mann-Whitney U test (Statistica, StatSoft France 2001, data analysis
software, version 6, Maison-Alfort, France). All data are reported as mean (n=3) =+
standard error (SE. Differences were considered as significant when p < 0.05.
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Results
The mean PMCA activity (£SE) in control animals (Figure 2) was 0.087 &
0.023 pmol Pymg ™' proteinmin™" in kidney, 0.4540.13 in gills, and 0.095£0.03
in digestive gland. Cu(Il) inhibited the PMCA activities in the kidney significantly
(p<0.05) upon 4 days of exposure at all concentrations tested. i.c. 0.26-
1.15umol L™'. At 0.35umol L', recovery was observed at day 7 and significant
elevation at day 15 (Figure 2a). At 0.64 umolL™!, PMCA activity was inhibited
(p < 0.05) by about 20% over the whole exposure period (Figure 2b).

In the gills. a similar profile of response was observed at 0.35 umol L™' Cu(II)
(Figure 2a), with a significant decrease upon 4 days of exposure and recovery
thereafter. In the digestive gland, PMCA behaved similarly but recovery was faster.

(a) Ca2*-ATPase 0.35 pymol/L Cu exposed
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(b) Ca2*-ATPase 0.64 ymol/L Cu exposed
N e EC s ]‘T%—'——T 3 Gl
N NF o
SN N =
n:o.z— % % é
NS N

K G DG

Figure 2. PMCA activity in kidneys (K), gills (G), and digestive gland (DG) of A. anatina
upon 0 (control), 4, 7, 15 days of exposure to 0.35pumol L~ ! (a) and 0.64 pmol L' Cu (b).
Means of results, (n=3) £ SE, are presented as ratios of enzymatic activity at the respective
Cu concentration and time vs. control (mentioned on the graph).

Notes: For K, the error bars reflect the variability of the analytical determination of the
pooled tissue sample, for G and DG the biological variation between animals.

* = significantly lower than control, A = significantly higher than control (U test p < 0.05).
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At 0.64 pmol L™ Cu(II), the PMCA activities both in the gills and the digestive
gland exhibited a continuously declining trend, although statistically not significant.

CA activity in the gills of controls averaged 2.4 units (U) mg~"' protein, and
1.8 Umg™" protein in the mantle. No significant effect of Cu(Il) was noted, except
for a slight but significant inhibition at 0.35 umol L™' Cu upon 15 days of exposure
(data not shown).

Overall, PMCA of the kidney was affected by Cu(II) at all concentrations tested,
strongest upon 4 days of exposure. Return to basal level within 7 days at the lower
Cu(II) concentration indicated considerable adaptive ability, most likely by means
of a detoxification system efficient at low copper concentrations. At higher Cu(II)
concentration (0.64 pmol L_l)., no recovery was noted.

Discussion

The basal activities of PMCA determined in the gills of A. anatina control animals
were of the same order of magnitude as found for other freshwater bivalves, albeit
being much higher than in marine bivalves (Table 1). Freshwater organisms are
hyperosmotic, and therefore the osmotic pressure resulting from the concentrations
gradient between hemolymph and surrounding aqueous compartment may lead to
water uptake by osmosis ion loss by diffusion (Turquier 1994) which is compensated
by active uptake and renal re-absorption of clectrolytes. So far, no data have been

Table 1. PMCA activities (umol P; L ™" mg ™" proteinmin ") in different tissues of freshwater
and marine organisms.

L2+
Plasma membrane Ca” " -ATPase

Activity
pmol P; L™'mg ™!
Species protein min ! Tissues References
Freshwater bivalve
Lamellidens marginalis 0.41 G Pattnaik, Chainy,
and Jena 2007
Anodonta cygnea 0.58 G Pivovarova and
Lagerspetz 1996
Anodonta anatina 0.45 G Present study
0.095 DG
0.087 K
Marine bivalve
M ytilus galloprovincialis 0.093 G Viarengo et al. 1993
G Burlando et al. 2004
0.1 G Viarengo et al. 1996
G Viarengo ct al. 1991

Freshwater Fish
Oreochromis niloticus 0.08 G Cncr, Orug, and
Sevgiler 2005
0.21 Muscle
Anguilla rostrata 0.76 G Flik, Wendelaar Bonga, and
Fenwick 1983

Note: G: gills, DG: digestive gland, K: kidneys.
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published on PMCA activities in the kidney and in the digestive gland of A. anatina
and other species; it is noteworthy that the basic activities in these organs are only
about one-fifth relative to the gills. Kidneys play an essential role in filtration and
re-absorption of electrolytes, water, and low-molecular weight organic molecules
from the primary ultrafiltrate, as indicated in the scheme (Figure 1). In Anodonta,
the water uptake 1s compensated by a daily output of urine corresponding to about
65% of extracellular fluid, i.c. 24% of musscl weight. Kidneys take a major position
in Ca?™ homeostasis by active re-uptake from the filtrate (Robertson 1964).

In A. anatina, CA activities are about 1.5 to two-fold higher in the gills than in the
mantle, as found by Ngo, Gerstmann, and Frank (2010) (Table 2). They are lower
as compared to marine invertebrates and appear to be particularly active in fish.

The inhibitory effect of Cu(ll) on PMCA activity observed in this study is
consistent with the results of others with marine bivalves. Inhibition of the enzyme
activity in gills and in the digestive gland of Myrilus galloprovincialis by Cu(1l) at
0.6 umol L™ has been described by Viarengo et al. (1996) and Burlando et al. (2004),
followed by a return to baseline level within 7 and 6 days respectively, similar to our
findings.

The Ca’T-ATPase activity was shown to be inhibited in virro by thiol-binding
compounds (Viarengo ct al. 1991). Cu(ll) has high affinity to thiol groups, and its

Table 2. CA activities in freshwater and marine organisms evaluated by measurement of pH
decrease caused by CO, enzymatic hydration.

Carbonic Anhydrase

Activity
Species U mg ™' protein Tissues Fractions References
Freshwater bivalve
2.1 G Cytoplasmic  Ngo, Gerstmann, and
Frank 2009
Anodonta anatina 1.0 M Cytoplasmic
2.4 G S2000 g Present study
1.76 M S2000 g
Marine bivalve
Pinctada 45<«G<173 G S750 ¢ Roussecau et al. 2003
margaritifera
3 M
Marine crustacean
Chasmagnathus 11.8 G posterior  S2000 g Vitale et al. 1999
granulatus
0.5 G anterior Cytosolic Genovese et al. 2005
2 G anterior Microsomal
3.5 G posterior  Cytosolic
2 G posterior  Microsomal
Freshwater fish
Anguilla anguilla 186 G Cytoplasmic  Lionetto et al.1998
55 Intestine Cytoplasmic
15 Intestine Membrane
Marine cnidarian
Aiptasia pulchella 1.8 Whole body  S900g Weis 1991

Note: G: gills, M: mantle; S: supernatant.
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binding to thiol functions in PMCA may be responsible for the mhibition. Yet,
oxidative stress has also been hypothesized as causative mechanism (Viarengo ct al.
1996). Cu(Il) can generate reactive oxygen species, and inhibition of PMCA by free
radical damage has been demonstrated (Rohn, Hinds, and Vincenzi 1993). With
Mytilus sp., 3 days exposure to 40pgL™" Cu(II) (0.63 pmol L") resulted in 65%
metal-binding to cytosolic proteins, such as metallothioneins, the synthesis of which
increased in response to Cu(Il) (Viarengo and Nott 1993). Besides direct PMCA
inhibition, a mechanism which should also be considered to affect enzymatic activity
1s gene down-regulation of PMCA expression. The present study design does not
allow for discrimination between the two mechanisms, but gene down-regulation
of PMCA of the digestive gland of M. galloprovincialis was not observed upon 4 days
of Cu(II) exposure at 0.6 ymol L™ (Burlando et al. 2004).

Small effects on CA activity were observed in the mantle and the gills of
A. anatina exposed to Cu(Il) between 0.26 and 1.15pumolL™'. With cytosolic
fractions of marine invertebrates inhibition of CA activities takes place only at much
higher Cu(Il) concentrations: the 1Csy for CA in cytosolic fraction of gills was
3.8umol L™ in Chasmagnathus granulate (Vitale et al. 1999), no effect being
registered at 0.5 umol L™ Cu(II). In the cytosol from gills of Callinectes sapidus and
Carcinus maenas. 95% inhibition was noted in the range between 16.7 pumol L™ and
5mmol L™ Cu(II) (Skaggs and Henry 2002). It can be expected that also in vivo
exposure of A. anatina to such high Cu(II) concentrations will have an inhibitory
effect on CA activity. On the other hand, an increase in CA activity in the mantle
of Anodonta cygnea exposed in vitro to 100 umol L' Cu (IT) was shown, considered
as sccondary interference resulting from direct inhibition of the transport system
(Antunes ct al. 2002).

In bivalves including Anodonta, the kidney is the main site for accumulation
of the metals Cd, Zn, and Cu (Duquesne and Coll 1995; Winter 1996; Kadar et al.
2001), to reach critical concentrations which may induce injury of epithelial cells.
Metals are first bound to cytosolic proteins and then sequestered into the lysosomal
system. In the kidneys of mussels, lysosomes have a long half life and can accumulate
high concentrations of heavy metals (Viarengo and Nott 1993). This explains the
particular susceptibility of the organ to metal toxicity and alteration of PMCA,
in addition to the relatively low basal activity of the enzyme in the kidneys being
only one-fourth compared to the gills.

A decrease in Ca”™ resorption in the gills and the gastrointestinal tract and
of renal re-uptake due to inhibition of PMCA by Cu(Il) may lead to continuous
under-supply of Ca, which may also affect muscle contraction and nerve conduction,
in addition to biomineralization and shell formation in mussels and glochidia. Such
derangement of homeostasis may also affect other Ca®" signaling pathways.

To conclude, the present study points out that PMCA of the kidney of the
freshwater mussel 4. anatina is inhibited by Cu(II) at environmental levels, in the
gills to a lesser extent. At low level (0.35umol L™!) this disturbance of the PMCA
may be overcome after a few days, but at concentrations of 0.64 pmol L™! and above,
inhibition persists.
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ABSTRACT

Effects of copper on the activities of the cell plasma membkhaTPase and
Na'/K*-ATPase of the freshwater mus#elodonta anatinavereassessed after 4, 7, and 15
days of exposure 67" at the environmentally relevant concentratio®®®5 pmol L. The
H*-ATPase was measured in the mantle, and thékNisATPasein the gills, the digestive
gland and the mantle. The M&*-ATPase activities showesignificant inhibition upon 4
days in the gills (72 %and in thedigestive gland (80 %) relative to control musseisthe
mantle no inhibition of the enzyme activis was notedincipientrecovery of the N&K*-
ATPase activity was registered after 7 and 15 daysergills and the digestive glanety in
the gillsnot returring to basal levelwithin 15 daysH*-ATPase activityemained unaffected

by Cu?* at the tesconcentration.
Key words: calcium homeostasis, copper, N& -ATPase, H-ATPase Anodonta anatina
INTRODUCTION

Na'/K*-ATPase and HATPase are important enzymesainly involved in
osmoregulation and aciohse balance.HATPase plays as proton purajso an essential role

in shell synthesis by pH contra, decisive factor in the biomineradizon process (Machado
etal., 1989). The plasma membrane Ma-ATPase and HATPase maintain thgodium and
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proton gradients necessary fibre calcium antiportesystem. Although a@cium uptake is
mainly achieved by active flux generated by?*@ATPase. Hcilitated diffusion through
Cd*/Na’ or C&£'/H" antiporters arether importantways of entry of calciuninto the cell
(Wheatlyet al, 2002).

Perturbation of caium homeostasibas been hypothesized as a possible cause in the
decline ofthe pearl mussgbopulations (Frank and Gerstmann 200&hother freshwater
mussel belonging tthe Unionoida ordeknown to bioaccumulate copperAsodonta anatina
(Cossuet al, 1997; Nugroho and Frank, 2011)nhibition of C&"-ATPase activityin the
plasma membrane was shownAinanatinaexposed to 0.35 pmoltof copper (Santinét al,
20113.

Both H*-ATPase and N#K'-ATPaseof the plasma membrane are mesansitive
enzymes with functional SH groupfue to its thiol affinity, copper is likely to affect the
activity of these enzymes (Viarenga al, 1991) and calcium homeostasis could thes
indirectly affected by coppgalteration of Naand H gradiens will entail cecreased efficacy
of Ca*/Na’ or C&*/H" antiporters Therefore, i seemed interesting to evalugle activities
of both enzymesn musselsin order to determinghdr sensitivity tothis transition metal
which nowadays is widely found in the environmanelevated levels

Therefore, in the present stuthe effects on the activities of NK*-ATPase and H
ATPase have been evaluated withanatinamussels exposed tmpperions (C/?") at 0.35
pumol LY. The H-ATPase activity was measured in the mantleich plays the dominant role
in the generation, growth and répaf the shell. NYK*-ATPase activity was determined in
the mantle, the gills, and the digestive glanrgans which arenainly involved in calcium
uptake and homeostasis (Coimbtal, 1993).

MATERIAL AND METHODS

Chemicals

All chemicals used for maintenance and exposure of bivalves, for sample preparation
andthebiochemical assays were of analytical grade.

Ethylene glycolbis( faminoethylethekN, N, Ntétraaddiic acid (EGTA), oualm,
phenylmethylsulfonic fluoric acid (PMSF), sodium azide, sodium dodecyl sulphate (SPS), N
ethylmaleimide(NEM), and sodium orthovanadate were from Fluka (Schnelldorf, Germany).
Adenosineb driphosphate (ATP), N2-hy dr o x y et hy | -j2-etipangpl®nicaazid) ne N©O
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(HEPES), and trighydroxymethyljaminomethane (Tris) were from Carl Roth (Karlsruhe,

Germany).
Animal maintenance and copper exposure

Mussel maintenance was described in detail irpra@vious article $antini et al,
20113. Briefly, adultmusselsA. anatinawith shell lengths of 6.57.5 cm were kept at 17° C
in a glass aquarium containing 1.5 L per animal of filtered and aerated artificial pond water
(in mmol LY 0.40 C&", 0.20 Md*, 0.70 N4, 0.05 K, 1.35 Cl, 0.20 SG?, 0.20 HCQ). The
water was renewed every 48 h. The bottom of the tank was covereal Swtim layer of glass
beads(about 10 mm diameteryothe mussels could fingonditions for burying. Theyere
fed daily with unicellular alga€hlorella kesslerifrom a culture m the exponential growth
phase,added to a final algal density of 2x1€ells mL*. Animals were acclimated for 3
weeks in September before any experiment.

For te copper(CU?") exposure, animals were placed in a 20 L aquarimed with
dye- and pigmenfree highdensity polyethylene foils, with a glass beads layer and filled with
1.5 L per mussel of experimental media (pH 7.2 temperature: 17 =+ 0.5° C). The bivalves were
fed daily as described above and the testlia were renewed every day. Concentratid
0.35 pmol ! Cu** was chosen for exposure test. The concentration was controlled by
inductively-coupled fasma mass spectrometry, with a limit of Cu detectiof.bfug L* = 8
nmol L. The test was conducted with 12 mussels randomly assigned igysgob 3 to each
treatment. At the beginning (time 0) a group of 3 mussels unexpos@d’tavas used as
control. Agroup of 3 mussels was taken from the aquariter 4 d, 7 ¢ and 15 d oCU**
exposureMussels used oreeh treatment were dissectegpaatelyfor biochemical analyses,

i.e. 3 replicates per ¢atment
Tissue sample preparation for enzymatic analysis

Tissue samples of the gills, the mantle, and the digestive gland we@rque The
samplesvere suspended in 6 vol. iceld HEPES buffe(10 mmol L* HEPES, 250 mmol t
sucrose, 1 mmol £ EDTA, 1 mmol L* phenylmethylsulfonic fluoric acid (PMSF) as
protease inhibitor, adjusted to pH 7.4 with HCI, 1 md) andhomogenized by means of a
motordriven Teflon pestle homogeniser with 30 -amqmldown strokes. The resulting
homogenates were centrifuged at 2@P@10 min, 4° C), the swgynatants (S2000) were
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diluted with12 mL icecold HEPESouffer per g tissue wet weighnhd centrifuged at 100G))

(20 min, 4° C). The supernatants (S10000) wétracentrifuged at 75600 (60 min, 4° C),
and the final pellets wersuspended in 6 vol. i@®ld Tris-HCI buffer (25 mmol [* Tris, 1
mmol L' PMSF, adjusted to pH 7.4 with HCI, 1 mol*Lfor plasma membrane N&*-
ATPase test. Plasma membraneAT Paseactivity was determined in the S2000 supernatant
used as mantle extract. All samples were frozeigind nitrogen and stored &B0° C until
analyses were carried out, not later than one week after sampling.

Protein concentrations were determined adiogy to Bradford (1976), using bovine

serum albumin as standard.
Plasma membrane H-ATPase and N&/K *-ATPase activity assay

Plasma membrane ‘HATPase and N#K'-ATPase activitieswere determined by
measurement of inorganic phosphate relea&ehifflet et al., 1988) and quantified by
spectrophotometry of the ammonium molybdate complex at 850 nm (Spectrophotometer
Unicon, Kontron 930).

The H-ATPase reaction medium contained (final concentrations) 6 mmMdSOs,

50 mmol L* hepes, 0.5 mmol t sodium othovanadate (®TPase inhibitor), 0.5 mmol t

sodium azide as inhibitor of mitochondrial ATPase activities, 4 miidl&ATP, adjusted to

pH 7.4. The mantle extract (160 pg protein) was incubated at 1 mL final volume for 60 min in
a shaking water bath a6° C, with or without addition of NEM as'HFATPase inhibitor (Lin

and Randall, 1993). The reaction was stopped by addition of 400 pL sample to 400 pL of a 12
% solution of sodium dodecyl sulphate (SDS). Blanks were prepared in the same way except
that the tissue samples were added after the-8ISion step. H-ATPase activity, expressed

in micromoles of Preleased per mg protein and min, was determined as the difference
between the ATPase activity in the presence of 10 miidNEM and the ATPase actty

without NEM.

The Nd/K*-ATPase reaction medium contained (final concentrations) 100 mthol L
NaCl, 0.5 mmol ! EGTA, 5 mmol L} MgCl,, 25 mmol ! Tris, 0.5 mmol [* sodium azide
as inhibitor of mitochondrial ATPase activities, 4 mmot Na,ATP, adjisted to pH 7.4.
Samples of the membrane fractions (suspensions of the 75600 g pellet) of the gills, the
digestive gland, and the mantle (20, 70, 60 pg protein, respectively) were incubated at 1 mL
final volume for 20 min in a shaking water bath at 37° @hwr without addition of K and
ouabain as N#K*-ATPase inhibitor (Lionettcet al, 1998). The reaction was stopped by
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addition of 400 pL sample to 400 uL of a 12 % solution of sodium dodecyl sulphate (SDS).
Blanks were prepared in the same way exceat the tissue samples were added after the
SDSdilution step. N¥K*-ATPase activity, expressed in micromoles pfdteased per mg
protein per min, was determined as the difference between the ATPase activity in the presence
of 20 mmol L* KCI, and the A'Pase activity without KCI and in the presence of ouabain (1

mmol L.
Statistical analyses

Data distributions were not normal, so statistical analysis for comparison of the
enzymatic activities between treated and control mussels, wasudimgghe ron-parametric
MannWhitney test (Statistica, StatSoft France 2001, data analysis software, version 6,
MaisonAlfort, France). All data are reported as mean (n = 3) £ standard deviation (S.D.).

Differences were considered as significant when(p05.

RESULTS

Na'/K*-ATPase, 0.35 pmol/L Cu exposure
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'_\
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Fig. 1: Nd/K*-ATPase activity determination in September in the gills (G), the digestive
gland (DG), and the mantle (M) & anatinaupon 0 (control), 4, 7, 15 days of exposure to
0.35 pmol L* CU?*. Means of results, n = 3 + SD, are @meted as enzymatic activity in pmol
P./mg protein/min. *= gnificantly lower than controfMann-Whitney test two sided tea =
0.05).
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ATPase activities were determined in September for copper exposure test. The mean
Na'/K*-ATPase activity (+ SD) in control animals (fig. 1) was 0.098 *+ 0.006 urioigP
protein/min in the gills, 0.8 £ 0.007 in the digestive gland, and 0.042.809 in the mantle,
and the activity of FATPase 0.002 + 0.0012 in the mantle (fig. 2).

A significant inhibition of Nd/K*-ATPase activities (fig. 1) compared to controls was
observed upon 4 days of exposure to 0.35 unfobLCU?* in the gills (72 % mhibition) and
the digestive gland (80 % inhibition). A same pattern of decrease was observed in the mantle,
but the inhibition recorded at day 4 (26 % inhibition) was not significant compared to
controls. A partial recovery was observed at day 7 in tgestive gland. Despite a trend of
increased activities from 4 d to 15 d, cmmpleterecovery was observed upon the 15 days of
exposure in the gills, which still showed 54 % of inhibition at the end of test.

H*-ATPase, 0.35 pmol/L Cu exposure

0,0040 -

0,0030 -

O Control
M4d
B7d
m15d

0,0020 -
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Activity pmol Pi/mg prot./min

0,0000

Fig. 2: H-ATPase activity determitian in September in mantle (M) &. anatinaupon 0
(control), 4, 7, 15 days of exposure to 0.35 umol@L?*. The Means of results, n = 3 + SD,
are presented as enzymatic activity in um@ig protein/min. *= gynificantly lower than

control(MannWhitney test two sided tea = 0.05).
No significant effect of copper on"HATPase activity was noted (fig. &) the mantle

of mussels upon 15 days of exposure. THeAMIPase activities exhibited a continuously

declining trend, although statistically nogsificant due to high variability between mussels.
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Na'/K*-ATPase
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Fig. 3: Nd/K*-ATPase basal activity in gills (G), the digestive gland (DG), and mantle (M) of
A. anatinain July, September, January, March, and April 2007 / 2008. Means of results, n = 3
+ SD, are presented as enzymatic activities in pmihd? protein/min. # = significantly

higherthan in January, March, and ApfMannWhitney test two sided tea = 0.05).

These basal activities (expressed in micromoles t#l€ased per mg protein per min)
varied in consistent manner in function of seasons. The activities were the highest in July and
September compared to the values measured in January, Mdrépal (fig. 3). In July, the
Na'/K*-ATPase activity expressed as pmehiy/protein/min was 0.107 + 0.027 in the gills,
0.047 + 0.050 in the digestive gland, and 0.053 + 0.025 in the mantle (fig. 3)."7kER4dse
of the mantle did not significantly déred over the study period (from July to April) with
0.0025 + 0.001 pmol Png protein/min in July (fig. 4). Minimal values of NK*-ATPase
and H-ATPase activities were observed in April in every tissue with a strong decrease by
half and ten of the Julyalues, depending argan.
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H*-AT Pase
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Fig. 4: H-ATPase basal activity in mantle &f anatinain July, September, January, March,
and April 2007 / 2008. Means of results, n = 3 + SD, are presented as enzymatic activity in
pmol R/mg protein/min. # = gnificantly higherthan in January, March, and Ap(Mann
Whitney test two sided teoa = 0.05).

DISCUSSION

In the general decline of freshwater bivalve observed (Lydeardl, 2004), the
Unionoida taxon is particularly endangered. Alteration of ionic transport systems/&S-Na
ATPase and HATPase by copper is poorly investigated lie freshwater mussé@lnodonta
anatinabelonging to this taxon. Coppex metal extensiw used in industrybuilding sector,
public energy supply and transportation systems, and agricuasestudied in the present
work as a potential factor implicat@dthis complex phenomenon of decline.

The magnitude of mean basal activities of IK&-ATPase in the different organs
studies were gills > mantle > digestive gland. The high activity measured in the gills reflects
the specialization and implication of $horgan in ionoregulation. The gills are known to play
a major role in active uptake of mineral ions from surrounding water (Turquier, 1994). The
mantle assumes the ionic balance between haemolymph and the extrapallial fluid necessary
for shell growth or alcium body reabsorptiorCpimbraet al, 1993).

The basal activities of N&K*-ATPase determined in the gills of contr) anatina
mussels were ithe same order of magnitude as found by Lagerspetz and Senius (1879) in
cygnea and in the freshwatersh Bidyanus bidyanugAlam and Fankel, 2006) (Thle 1).

The hyperosmotic statud A. anatinaandA. cygneads expressed by the high bhaativities
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of the enzyme. lkomparison, the marinausselMytilus galloprovincialisshowed a NaK™-
ATPase activitythreefold lower thar\. anatina(Viarengoet al, 1996).

Thereis little information inthe scientific literature on thid*-ATPase activity in the
mantle of musselsnvestigations on the enzyme activéypressed as pmol Rg/protein/min
(table 1)werecarried out mostly in the gills of crustace@®23and fish0.003 to 0.041In
the present workhe mean FHATPase activity 0.0025 + 0.00fbund in the mantleof A.
anatinawas lowver.

In this study, sasonal fluctuations of N&K*-ATPase basal activity we observed
with clear and significaht elevated levelsn July and September. It is known théet
freshwater mussel shows seasonal changes in calcificlaskinen, 1998 Our results
correspond to the cycle oélcification found inAnodonta cygnea close species. The growth
of clam shek and the level of glycosaminoglycans know to be important for
biomineralisation, increased both innsmer with a maximunin July and August (Taskinen,
1998; Moura et al, 2000). These fluctuations, parallel to theatfication cycle, suggesin
indirect implication of N&K*-ATPase inthe calcium transport byhe C&*/Na" antiporter.
H*-ATPase activities showed not statistically significemmparableseasonalluctuations

Na'/K*-ATPase of thejills and the digeste gland weretronglyaffected by exposure
to 0.35 pmol [* of CU?* upon 4 days of exposure, to a lesser extent in the mantle. Therefore,
even though our results do not provide direct evidence of th&NGA antiporter inhibition, a
decrease of calciumomic transport can be assath This is consistent with the results
observed by Viarenget al. (1996) inM. galloprovincialisexposed 4 d to 0.6 pmol™Lof
CU*. In A. anatina,inhibition of Na/K*-ATPase modified the cellular Nagradient, which
could result in a reduced activity of €4Na" antiporter and disturbance of calcium
homeostasis. A similar profile of inhibition of the’#ATPase activity was observed in the

mantle, but inteindividual variationsvere too high to bsetatisticaly significant
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Table 1: Plasma membrane W& -ATPase and HATPase activitiesy(mol/L P,/mg

protein/min)in different tissues of freshwater and marine organisms.

Plasma membrane ATPase activity umol L ™ Pi/mg protein/min
Species Na'/K*-ATPase H'-ATPase Tissues References

Freshwater bivalve

Anodonta anatina 0.098 G The present study
0.015 DG
0.042 0.002 M
Anodonta cygnea 0.109 G Lagerspetz and Senius, 1979
Asellus aquaticus 0.018 G Bouskill et al., 2006
Dreissena polymorpha 0.006 G
Marine bivalve
Mytilus galloprovincialis 0.033 G Viarengo et al., 1996
Freshwater crustacean
Dilocarcinus pagei 0.023 G Firmino et al., 2011
Brackishwater crustacean
Acartia tonsa 0.014 total Pedroso et al., 2007
Freshwater fish
Oncorhynchus mykiss 0.025 G Lin and Randall, 1993
Trichogaster microlepis 0.015 0.003 G Huang et al., 2010
Bidyanus bidyanus 0.124 0.041 G Alam and Frankel, 2006
Macquaria ambigua 0.052 0.032 G
Perca flavescens 0.064 G Packer and Garvin, 1998

G: gills, DG: digestive gland, M: mantle.

Some recovery of the N&K'-ATPase was observed inethdigestive gland of.
anatinawithin 7 days ofCU?* exposureViarengoet al. (1996) also showed a return to basal
level of the N&/K*-ATPase activity ifM. galloprovincialisexposed during 7 d to 0.6 pmol L
! of CU#*. This may indicate the occurrence dstoxification systems mobilized in the first
times of exposure to cope with stressors through metal sequestration or binding to
metallothioneins.

Despite a trend indicating partisdcovery beyond 4 days the W& -ATPase activity
in the gills of A. anatna was still significantly inhibited upon 15 days of experiment. An
inhibition of C#£*-ATPase activity was also observed in the gills and the kidney. of
anatina exposed taCU?* in same conditions as in the present stusigntiniet al, 20113.
These vhole results indicate an inhibition of ionic transport ®*, which may perturb

calcium homeostasis and ionoregulation more generally. In the long term, this may lead to
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biomineraliation perturbation (shell slimmer, glochidia viability decrease), anydiplogic

impairments.
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7 Article 3: Phytochelatins in the freshwater bivalve

Anodonta cygnea
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ABSTRACT

Phytochelatins (P¢ are metal binding polypeptide wity-Glu-Cys)-Gly as general
structure, synthesised by phytochelatin synthase (PCS) from glutathiopebeRP@gs to
metal detoxification and homeostasis mechanisms well studied in phaictealgae, some
fungi, and yeast. PCS was found in the invertebr@s=norhabditis elegang&isenia fetida
Phytochelatin synthassoding sequences were found in the genomes of several other
invertebrates including bivalve$he results obtained in thegsent study show, for the first
time, the ability of the freshwater bivalvenodonta cygnedo synthesizePC,. PG, were
analyzed by HPLC with precolumn monobromobimane derivatizaiiba.magnitude oPC
levels was: P&> PG > PC,. Proportions of P€andPG; are two or three times higher time
digestive gland than ithe gills. These results suggest that,R®©uld play a wider role in

heavymetal detoxification in bivalves than previously expected.
Key words: metal homeostasis, freshwater bivalve, pblggatins Anodonta cygnea
INTRODUCTION

Several transition metals (Cr, Mn, Fe, Co Cu, Zn, Maye chemical properties that
make them essential for biological systems but toxic in excess. Essential aadseatial
metals pose the problem of being toxit the micromolar concentration range. For

homeostasis and detoxification of such metals, bacteria, plants, and animals employ a strategy

by synthesizing cysteirgch peptides and proteins with higiffinity metal binding sites in
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the form of thiol group (Clemens, 2006),viz. glutathione, phytochelatins, and
metallothioneins.

Until recently, in animal studies onrace metal detoxification, only reduced
glutathione (GSH) and the family of metallothioneihdT() were taken into consideration.
The ubiquitoustripeptide GSH vy-GluCysGly) is present in most eharyotic cells at
concentrations of about 0.2 to 10 mmot. LMetallothioneins are cysteifreh, ubiquitous
cytosolic proteins of low molecular weights (~ 44 kDa). In addition to GSH andT, in
plants, some fungi, and yeasts, phytochelatins,JR€present a third type of thibkaring
entity (Grill et al, 1985; Clemens, 2006). R@re synthesisedoy phytochelatin synthase
(PCS) which catalyzes the transpeptidation ofy-@&u-Cys moiety of GSH onta second
GSH moiety or with PE(y-Glu-Cys)-Gly (n=2-11) to form PG.1. PG, are rapidly induced in
cells and tissues when exposed to a range of transition metal ions, including the cations Cd,
Ni, Cu, Zn, Ag, Hg, and Pb, and the metalloid arsenic (Clsm2006). Homologous genes
enabling to give a functional PCS were identified in the nema@anorhabditis elegans
(Clemenset al, 2001;Vatamaniuket al, 2001) and more recently in tlligochaeteEisenia
fetida (Brulle et al, 2008). These findings ggest that PCmay play a role in metal
homeostasis also in animals.

Bivalves are known to biaccumulate persistent organic pollutants and metals, which
is one of the reasons suspected of the freshwater bivalve general decline (Franck and
Gerstmann, 20Q7 According to Clemens ané® e r (20000), bivalves also present a
homologous gene of PCR®nodonta cygneds a freshwater bivalve belonging to the
Unionidae, a filteiffeeding and burrowing species living at the water/sediment interface. As
bivalves are irclose contact with the aquatic environment, they are known to bioaccumulate
transition metals (Gundacker, 2000; Nugroho and Frank, 2011). The aimmpe#ant study
was to determinavhether PG are eventuallysynthesisedy A. cygneain the gills andthe

digestive gland. Indeed the presence of R@Gnimals has been established for the first time.

MATERIALS AND METHODS

Chemicals

Phytochelatins standards (R®G, PG, and PG) [PG,, (y-Glu-Cys)-Gly, wheren =

2-5], and monobromobimane (mBBr) wererh Anaspec (San Jose, CA, USA). Acetonitrile



(ACN) was from Carl Roth L@uterbourg, France)Tris-(hydroxymethyljaminomethane
(Tris), 4(2-hydroxyethyl}piperazinel-propane sulfonic acid (HEPPS), methanesulfonic acid
(MSA), diethylenetriamingentaaceti acid (DTPA), y-glutamylcysteine y-GluCys), and
cysteine (Cys) were frorfBigmaAldrich (St. Quentin Fallavier, France). Trifluoroacetic acid
(TFA), tris-(2-carboxyethyBphosphine hydrochloride (TCEPN-acetytcysteine (NAC),
glutathione (GSH), and perchloric acid (KG) were from VWR (Strasbourg, Francdll
chemicals and solvents were of analytical or HPLC reagent grade.

All solvents were filtered through a 0.2 um polypropylene filter (Polypro, Pall Corp.
VWR), Water was purified (18.2 Q2) by a Milli-Q system (Milipore, France).

Animal maintenance

Mussel maintenance is described in detail in a previous article (Senhahj 201®).
Adult musselA. cygneawith shell lengths of 7.5 + 0.5 cm were provided by a commercial
supplier (Amazon fish, Pfaffenhoffen, Fi@e). The mussels were kept in 10 L aquaria under a
photoperiod of 16 h illumination and 8 h darkness. The bottom of the tank was covered with a
layer of glass beads (10 mm diameter) so mussels could find conditions for burying. The
artificial pond water 1.3 L/mussel), composition 0.40 €a0.20 Md*, 0.70 N4, 0.05 K,
1.35 CI, 0.20 SG?, 0.20 HCQ mmol L?, was renewed every day. Bivalves were fed daily
with unicellular algaeChlorella kesslerifrom a culture in the exponential growth phase,
which wee added to a final algal density of 2%1@lls mL*. Air was bubbled continuously
to ensureaeration and water column homogeneifnimals were acclimatized to these

conditions for 2 weeks before any experiment.
Determination of PC, and other cysteinerich metal-binding peptides

PC.s were determined according Minocéal. (2008) with a slight modification in
the protein removal step and in the gradient profile of the mobile phase in HPLC. CGysteine
rich peptides levels were studied in the cytosolicctioms of deproteinized tissue
homogenates after reduction.

Extraction:

All dissection, extraction, and centrifugation steps were carried out atT4fCdlls
andthedigestive gland were carefully dissected, digestive content was removed, and washed

in Tris buffer (Tris 25 mmol !, NaCl 50 mmol [, pH 8.0). Organs from two mussels were
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pooled in order to obtain sufficient mass for analysis. The samples were immediately analysed
after sampling or frozen in liquid Nand stored at 80°C for no more thad weeks until
analysis. To avoid enzymatic degradation or BXdation, tissues were homogenised in acid
buffer (6.3 mmol [* DTPA, 0.1% TFA) with a manual Pott&lvehjem homogenizer with
glass pestle. The homogenization was performed with 500 mg tissdemL buffer. The
homogenate was centrifuged at 3590for 10 min (model *15PK, SigmaAldrich, St.
Quentin Fallavier, FranceThe resulting supernatant (500 uL) was deproteinized by addition
of 125 pL 5 mol ! perchloric acid, and centrifuged again 280009 for 30 min. The
supernatant (500 pL) was neutralised with 100 pL 5 molNaOH, and used for RC
analyses.

Reduction and derivatization:

Just after extraction, 99 pL of tissue extract was mixed with 244 uL of HEPPS buffer
(200 mmol * HEPPS, 8 mmol L* DTPA, pH 8.2), 10 pL TCEP solution (20 mmot'L
TCEP in HEPPS buffer, pH 8.2) as disulfide reductant, and 4 pL of a solution of 0.5 mmol L
NAC as internal standard. Reduction was conducted in a Avatkerat 45°C for 10 min.
Derivatization wascarried out by addition of 4 pL of a solution of 50 mmot mBBr
acetonitrile and incubation in a wadeath at 45°C for 30 min in the dark. The reaction was
stopped by addition of 40 pL of an aqueous solution of MSA 1 nfol L

The highperformance ligu chromatographic analysis was performed with an HPLC
instrument (Gilson, Roissy, France) equipped with a dual solvent pump (model 322),
autosampler (model 234), a 100 uL injection loop, and fluorescence detector (model 122).
The sample injection volume wa20 pL. Fluorescence of mBHabeled compounds was
monitored at an excitation wave length of 382 nm and 470 nm of emission. Derivatized PC
were separated in a reversgthse column (Phenomeng8ynergiHydro RP C18), 100 mm x
4.6 mm, 4 um particle size,rgtected by a C18 guard column, 4 mm x 3 mm, 5 um
(Phenomenex Security guard cartridge). The temperature of the column oven was 40°C. Peak
areas were integrated using proper software (UniPoint system, version 1.90, Gilsonlevillier
Bel, France). The binme derivatives were separated using a gradient of mobile phase A (99.9
vol-% ACN, 0.1 voil% TFA) and B (89.9 veto water, 10 vePo ACN, 0.1 voi% TFA). The
gradient profile was a linear gradient of mobile phase A from 0 to 10.6% run for 11.2 min at 1
mL min. Further, the linear gradient of solvent A was raised 106 to 28.6% in 13.6 min.
Before injecting a new sample, the column was rinsed with 100% of solvent A for 5.5 min at

a flow rate of 2.5 mL mifl. The column was equilibrated with 100% of solv8 for a total
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of 10 min at 1 mL mitt. Total run time for each sample was 40.3 min including column
rinsing and resquilibration.

Purified standards at sevércreasingconcentrationsanging from0.2 to 2 pmol [*
for PGys, and 1 to 10 pmol t for Cys, GSH, ancy-GluCys, were used to plot calibration
curve. In samples thiol compodinconcentration were determinadsing equations of
calibration curve PC content was expressed in pg of PC per disfue wet weightEach

sample was spiked with 0.6 pmof'lof each standard Bgto certify PC identity.

Statistical analyses

Homogeneity of variances and normality of data were not verified (Bartlett and
ShapireWilk tests), so statistical analysis was done using the non parametdcakwallis
and ManAWhitney two sided tests (R Development Core Team, 2010. R Foundation for
Statistical Computing, Vienna, Austria. ISBN-98005207-0, URL http://www.R
project.org). All data means were reported with standard deviations (SD). Differences were

considered as gnificant when p < 0.05.

RESULTS AND DISCUSSION

Table 1: Average retention time in minutes (n = 20) + SD, limit of detection (L&) limit
of quantification LOQ) in pmol per 20 pL injectetbr cysteinerich metatbinding peptides
standards. Standaodirves were run with 7 concentrations: 1 to 10 pmibfdr Cys, GSHy-
GluCys, and 0.2 to 2 pmoltfor PG.s.

Component name  Retention time (min)  LOD pmol / 20 pl LOQ pmol / 20 pl r

Cys 3.14 +0.08 0.21 1.09 0.999
GSH 5.99+0.12 0.24 1.40 0.999
v-GluCys 6.43+0.13 0.37 1.46 0.999
NAC 9.16 + 0.23 T T T

PC, 13.09 +0.33 0.59 1.39 0.999
PC; 16.62 £ 0.28 0.79 1.52 0.998
PC, 18.59+0.25 1.93 2.70 0.991
PCs 19.75+0.18 4.71 5.09 0.961

T Not determinedor the NAC used as an internal standard
r>: Pearson cortation coefficients of standamlirves
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In this study, with preolumn mBBr derivatization and reverspidase HPLC analyses,
an excellen linearity was obtained for the calibration curves as shown by the Pearson
coefficients(table 1) The quantification limits per 20 pL sample injected into the HPLC
column were 1.5 pmol for BG, GSH,y-GluCys, 2.7 pmol for P£ 5 pmol for PG, and 1
pmd for Cys. In the samples a part of mBBr underwent reductive dehalogenation with TCEP

to give tetramethylbimane (MB) (Grahamet al, 2003).

11c



80 e

Me B
>

40

NAC

Fluorescence (mV)

| | | |
1] 5 1n 19 20 23

Elution time (min)

a0 - eeo o

Cys!

40

i
GSH
v-GluCys

NAC

Fluorescence (mV)

10 15 20 25
Elution time (min)

Fig. 1: Chromatogramsf (A) reagents blank with homogenisatibuffer, and (B) mix of the

eight cysteingich peptide standards. The broad peak is tetramethylbiman®8(Me Peak fa
is an unidentified compound originating from the derivatization reaction wibeng.

Standard concentration was 10 pmol* lfor cysténe (Cys), glutathione (GSH)y-
glutamylcysteiney-GluCys), 5 umol [* for the internal standarM-acetytcysteine (NAC),

and 2 pmol L* for phytochelatins 5 (PG.s).

The broad reagent peak observed at approximately 10.5 min (fig. 1 A) in every sample
was identified as M@ by Kawakamiet al. (2006). An unidentified compound originating

from the derivatization reagent (peak a, fig. 1 A) eluted at 17.96 min, just before the elution of
PC.
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Fig. 2: Chromatograms of digestive giasamples obtained with the same extract: alone (A),
and spiked with 0.6 umolt.of each standard BE(B).

Chromatograms of extracts of the digestive gland (fig. 2 A) and the gills (fig. 3 A)
revealed bimantabelled compounds with retention times esponding to P£ PG, and PG
standards. Duplicate samples were spiked at 0.6 pmabfleach P@swith a solution of
standard to confirm the identity of the peaks. Concordances of peakswe@ observed
(figs. 2 B, 3 B); P@was not detected.
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Table 2: PCcontent [ug PC/gissue wet weightin the digestive gland andhe gills of
Anodona cygneameans (n = 6) = SD.

PC, PC, PC, PCs
Digestive gland 2.17 £ 0.59 1.10+£0.12 0.47 £ 0.52 <LOD
Gills 0.88£0.15 0.72 £ 0.57 0.40+£0.44 <LOD

< LOD: below limit of detection

Table 2 shows the RContent inthe gills andthe digestive gland in pg per g tissue
wet weight. The concentrations tine digestive gland anthe gills werethe highest for Pg
i.e. 2.2+ 0.6 and 0.9 + 0.2 ug gwet weightsrespectively. In both organe PG, levels
decreased in the order PEPG > PC.. The concentrations of B@nd PG were two to three
times higher in the digestive gland than in the gills, whereas theld?€ls wee nearly
equivalent in both organs. Wilcoxon, Malvhitney test showed no significant difference in

PG content (fig. 4) and P4 (data not shown) between fresh and frozen tissues.
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Fig. 4. PG content in the digestive gland (DG) and the gills (GAnbdonta cygneameans
(n =6) £ SD. No significant difference was found between fresh (white bars) and frozen (grey
bars) tissues (Wilcoxon, MaAWhitney test).



PC are important for detoxification of theon-essential metaCd in plants and fungi
Clemesa nd P(@009anithGonzalezMendozaet al. (2007) support the hypothesis that
PC have dual functions: metal detoxification and essential metal homeostasis (4n,dCu).
work, before analyses the mussels were kept at least for 2 weeks in apdiihivater (see
animal maintenance) without exposure to #essential metals like Cd or the like, but,BC
could be detected anyway. The presence of,R@thout the animals being exposed to Cd or
other transition metals suggests that PC could haveidmsctomparabléo other cysteine
rich compounds, i.e. for homeostasis of essential trace metals or as reducing agent. The
evidence of homologous genes for functional PCS in animals suggests thatya wider
role in heavymetal detoxification than pveously thought. The results obtained in this study
highlight, for the first time, the ability of the freshwater bivald@odonta cygneao
synthesize PL..

ACKNOWLEDGEMENTS

This research was supported by the Universitiekasfaine (France) and Baytgh

(Germany), the PRST Region Lorraine, and the French Ministry of Research.
REFERENCES

Brulle F., Cocquerelle C., Wamalah A. N., Morgan A. J., Kille P., Leprétre A. and
Vandenbulcke F., 2008. cDNA cloning and expression analydssehia fetida(Anndida:
Oligochaeta phytochelatin synthase under cadmium exposugeotoxicology and

Environmental Safety'1, 47-55.

Clemens S. 2006. Evolution and function of phytochelatin synthaeesnal of Plant
Physiology 163 319332.

Cl emens S. 2009. Mirtigasking phytobhelatin synthasédant Sciencel77,
266-271.

Clemens S., Schroeder J. I. and Degenkolb T. 2@@knorhabditis elegansxpresses a
functional phytochelatin synthadeuropean Journal of Biochemis}i368 36403643.

11¢



Frank, H, and S. Gerstmann. 2007. Declining populations of freshwater pearl mussels
(Margaritifera margaritiferg are burdened with heavy metals and DDT/DBEbio7: 571-
574

GonzalezMendoza D., Moreno A. Q. and Zap&arez O. 2007. Coordinated responses of
phytochelatin synthase and metallothionein genes in black mangkeweennia germinans
exposed to cadmium and copp&quatic Toxicology83, 306314.

Graham D. E., Harich K. C. and White R. H., 2003. Reductive dehalogenation of
monobromobimane by tr@-carboxyethyl)phosphineAnalytical Biochemistry318 325
328.

Grill E., Winnacker E. L. and Zenk M. H. 1985. Phytochelatins: the principal heatgl
complexing peptides of higher plang&cience230 674676.

Gundacker C. 2000. Comparison of heawstah bioaccumulation in freshwater mollusks of

urban river habitats in Vienn&nvironmental Pollution110, 61-71.

Kawakami K. S., Gledhill M., Achterberg E. P. 2006. Determination of phytochelatins and
glutathione in phytoplankton from natural watersngsHPLC with fluorescence detection.
Trends in Analytical Chemistrg5, 133142.

Minocha R., Thangavel P., Dhankher O. P. and Long S. 2008. Separation and quantification
of monothiols and phytochelatins from a wide variety of cell cultures and tistreg® and

other plants using high performance liquid chromatograpbyrnal of Chromatograph,

1207, 72-83.

Nugroho A.P. and Frank H., 201Uptake, distribution, and bioaccumulation of copper in the
freshwater mussélnodonta anatinaToxicologicaland Environmental Chemistr93, 1838
1850

Santini O., Chahban¥., Vasseur P. & Frank H., 2011&ffects of lowlevel copper exposure
on C&"-ATPase and carbonic anhydrase in the freshwater bivAivedonta anatina
Toxicological and Environmental Chestiy, 1-12.



VatamaniukO. K., Bucher E. A., Wardl. T. andReaP. A. 2001.A new pathway for heavy
metal detoxification in animals. Phytochelatin synthase is required for cadmium tolerance in
Caenorhabditis elegandournal of Biological Chemistyy276, 20817-20820.

12C
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ABSTRACT

Phytochelatins (PC) are thiobntaining peptides with general stture ¢ -Glu-Cys)n
Gly synthesised by plants and algae and fungi in response to metal exposure. Recently the
freshwater bivalveAnodonta cygneaevealed the ability to make PC syntheSike aim of
this study was to evaluate effect of copper exposure on PC atallathionein (MT)
synthesise iA. cygneaA clear and significant increase of Pas observed ithegills upon
7 d and inthe digestive gland at 1B of 0.35 pmol L™ CU?* exposureThus, phytochelatins
appears play a role for metal homeostasis andxdeation also in certain animals #s
cygnea The y-GluCys increased significantly itine gills at 48 h and 7d, and in digestive

gland at48 h and 4d exposure. No significant variation in MT level was observed.
Key words: copper, freshwater bivalve, phytochelatiAepdonta cygneanetal tolerance

INT RODUCTION

Copper is extensively used for various technical applications, especially conducting
metal for electragechnical equipment, electrical power lines, as catalyst in the chemical
industry, and in the building industry for water pipes and roofiagenall amount goes into
the use as fungicide by which way it is difgamitted into the environmenfAnnual copper
consumption in Europe alone is 3.5 x®16ns, worldwide about 17 x $@ons (INERIS,
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2010) Another possible source is fly ash from coambustion, containing up to 20 g Cu per
ton coal. Copper isasily foundn aquatic ecosystems (Waeletsal, 2004) since they are the
ultimate way for numerous contaminants.

Copper is an essential trace element for the function of many cellular enayches
proteins. However, copper becortexic when excessive intracellulaccumulation occurs
(Viarengo andNott, 1993. Copper toxicity result®oth from nonspecific metal binding to
proteins, from is involvement ifkenton reactions leading to formation refactive oxygen
species (ROS) and oxidative streBsrough theiimportant filtering activity they satisfy their
respiratory and nutrition needs, by which bivalves have the capacity to accumulate a variety
of environmental contaminants. The freshwatevalie Anodonta cygneabelong to
Unionidae family, and is aspecies well distributed in continental watetionidae are
widely recognised for metal bioaccumulation including copper (Cetaly, 1997) The level
up to which mussels can tolerate trawmsitinetals depends on their ability to regulate the
metal cation concentratian cells.

The proteins of the metallothioneiMT) group, the polypeptides glutathione (GSH)
and phytochelatindP(C) are protective compounds rich in the amino acgtaipe cordining
a thiol group(SH). Cu, as other transitions metals have high affinity for SH groups, making
cysteire rich peptidesthe principal biologica reagents for transition metaequestration
(Viarengo and Nott, 1993, Clemens, 2006PRC bind transition metls with high thiol
complexation constants, reducing the intracalaoncentration of free ions sfich metals in
plants, fungi and microalgae. The general structure®is (2 -Glu-Cysh-Gly (n = 2 to 11),
synthesized by the constitutive enzyme phyétatin synthase, which is activated by the
presence of metal ions with GSH as substrate. (&rdl, 1985). A PC synthase homologous
sequence has been found in the genomes of the invertel@atmwrhabditis elegans
(Clemenset al, 2001; Vatamaniuket al., 2001), Eisenia fetida(Brulle et al, 2008) and
Chironomus (Cobbett, 2000) genomes and more generally througkioe invertebrates
(Clemens and® e r g o h Jn oz préviBus article (Santimital., 2011b) we have shown the
presence oPCin Anodontacygnea It became clear th&C could play a wider role itrace
metal detoxification in animals and are not restricted to plEm. objective in the present
work was to elucidate the implication BC in metal detoxification mechanisms Amodonta

cygne exposedo copper(Cu?Y).
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MATERIAL AND METHODS

Chemicals

Phytochelatin standards (R®G, PG and PG) [PG,, (y-Glu-Cysh-Gly, wheren = 2-
5], and monobromobimane (mBBr) were from Anaspec (San Jose, CA, USA).-giad€
acetonitrile (ACN), and 1dithiothreitol (DTT) were from Carl RothH_&uterbourg, France).
Tris-(hydroxymethyljaminomethane (Tris), -@-hydroxyethyl)piperazinel-propane
sulfonic acid (HEPPS), methanesulfonic acid (MSA), diethylenetriaspémtaacetic acid
(DTPA), y-glutamylcysteine y-GluCys), cysteine (Cys), phenylmethylsulfonyl fluoride
(PMSF), leupeptin, sodium dodecsiilphate(SDS), and(ethylenedinitrilo}tetraacetic acid
(EDTA) were from SigmaAldrich (St. Quentin Fallavier, Frange Trifluoroacetic acid
(TFA), tris-(2-carboxyethyBphosphine hydrochloride (TCEPN-acetytcysteine (NAC),
glutathione (GSH), and perchloric acid (HG)Owvere from VWR (Strasbourg, France).
Rabbit liver metallothionein 1 (MT) was from Enzo Life Sciences (Villeurbanne, France).

Chemicals and solvents were of analytical or HPLC reagent ghdldsolvents were
filtered through a 0.2 um polypropylene filter ({Aaro, Pall Corp. VWR), water was purified
(18.2 NQ) by a Milli-Q system (Millipore, France).

Animal maintenance and copper exposure

Mussel maintenance was described in detail in our previous article (Seintihj
2011a). Briefly adult individuals oA. cygneawith shell lengths of 7.5+0.5 cm were kept in
aguaria at a temperature of 20 £ 0.5° C. The bottom of the tank was covered with a layer of
glass beads so the mussels could find conditions for burying. Artificial pond water 1.5
L/mussel, pH 7.25 9©.10 (in mmol [ 0.40 C&", 0.20 Md", 0.70 N4, 0.05 K, 1.35 C],

0.20 SQ?%, 0.20 HCQ@) was renewed every day. The bivalves were fed daily Ghtlorella
kesslerifrom a culture in the exponential growth phase and added to a final algal density of
2x10° cells mL™. The animals were acclimatized to these conditions for two weeks before any
experiment.

Previous results (Santiret al, 2011a) showed inhibition oenzymesinvolved in
osmoregulatioim A. cygneaexposed to 0.35 pumoltof CU**. A total reovery of Ca*-

ATPaseupon 7d followed, indicating the induction of detoxication mechanisms. In the
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present work 0.35 umol L CW?* (controlled by graphite furnace atomic absorption
spectrometry GFAAS, limit of detection for CuGs5 pg L'* = 8 nmol L) was chosen as
concentration for exposure te3he experiments were performed in aquaria lined with dye
and pigment free highensity polyethylene foil, filled with 1.5 L of experimental medium

(pH 7.25) per mussel. The mussels wkept at 20° C in a theno-regulated room with a
photoperiod of 16 h light and 8 h darkness. The animals were divided in groups of 12 mussels.
These groups were exposed to 880l L* Cu?* for 0 h, 12 h, 48 h, 4 d, 7 d, and 21 d, or
kept for the same duration in aitiall pord water as correspondirtigne controls. Test media

were renewed every day, and the bivalves were fed daily as previously. For sampling, the 12
mussels used on each treatment were dissetieddlls and digestive glands of two mussels
were pooled, whichiges 6 replicates per treatment for analysis.

Determination of PC and other cysteinerich metal-binding peptides

PCwere determined according to Minocha ahd2008) with a slight modification in
the protein removal step and the HPLC mobile phase gragrofile (Santinet al, 2011b).
Cysteinerich peptides were determined in the cytosolic fractions of the deproteinized tissue
homogenates after reduction.

Extraction:

All dissection, extraction, and centrifugation steps were carried out atT4f&Cdlls
and digestive gland were carefully dissected, the digestive content was removed, and the
tissues were washed in Tris buffer (Tris 25 mmd] NaCl 50 mmol [, pH 8.0). The organs
from two mussels were pooled in order to obtain sufficient mass fdyssalhe samples
were immediately analysed after sampling, or frozen in liquicui stored at 80°C until
analysis. For extraction to avoid enzymatic degradation or PC oxidation, the tissues were
homogenised in acid buffer (6,3 mM DTPA, 0,1% TFA) wahmanual PotteElvehjem
homogenizer with glass pestle. The homogenization was performed with 500 mg of tissues in
1 mL of buffer. The homogenate was centrifuged at 3§d0r 10 min (model 115PK,
SigmaAldrich, St. Quentin Fallavier, France)lhe resuihg supernatant (500 pL) was
deproteinized by addition of 125 uL perchloric acid 5 md] &nd centrifuged again at 13000
g for 30 min. The supernatant, 500 pL, was neutralised with 100 uL agueous NaOH 5 mol L

! and used as tissues extractR@analyss.
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Reduction and derivatization:

Just after extraction, 244 pL HEPPS buffer (HEPPS 200 miipDITPA 6.3 mmol
L, pH 8.2) was mixed with 10 uL TCEP (TCEP 20 mmdlih HEPPS buffer, pH 8.2) used
as disulfide reductant, 4 pL of NAC 0.5 mmof s an terna standard, and 99 pL of tissue
extract. Disulfide reduction was conducted in a waggh at 45°C for 10 min. Derivatization
was carried out by addition of 4 pL of mBBr (50 mmét in acetonitrile), and incubated in a
waterbath at 45°C for 30 mim the dark. The reaction was stopped by addition of 40 pL of
an aqueous solution of MSA 1 M.

Analyses were performed using HPLC instrument (Gilson, Roissy, France) equipped
with a dual solvent pump (model 322), an autosampler (model 234), a 100 plomjlecyp,
and a fluorescence detector (model 122). The fluorescence of-taB&ed molecules was
monitored with an excitation wave length of 382 nm and emission at 470 nm. The injection
volume was 20 pL. The derivatizeBC were separated on a reverggth® column
(PhenomenessynergiHydro RP C18), 100 mm x 4.6 mm, 4 um patrticle size, fitted with a C
18 guard column (Phenomenex Securityguard cartridge) 4 mm x 3 mm, 5 um. The
temperature of the column oven was 40°C. Peak areas were integrated using fiwopez so
(UniPoint system version 1.90, Gilson, VilkikrBel, France). The bimane derivatives were
separated using a gradient of mobile phase A (99:9wAICN, 0.1 vol% TFA) and B (89.9
vol-% water, 10 vePo ACN, 0.1 vol% TFA). The gradient profile was linear gradient of
mobile phase A from 0 to 10.6 w& was run for 11.2 min at 1 mL minFurther, the linear
gradient of solvent A was raised from10.6 to 28.6%oin 13.6 min at 1 mL mih Before
injecting a new sample, the column was rinsed with %0of solvent A for 5.5 min at a flow
rate of 2.5 mL mift. The column was equilibrated with 100 % of solvent B for a total of 10
min at 1 mL mifi. Total run time for each sample was 40.3 min, including column rinsing
and reequilibration.

Purified standrds at seveincreasingconcentrationsanging from0.2 to 2 pmol [*
for PGys, and 1 to 10 pmol t for Cys, GSH, an¢-GluCys, were used to plot calibration
curve. In samples thiol compound concentration were determinate using equations of
calibration curvePC content was expressed in pg of PC per disdue wet weightEach
sample was spiked with 0.6 pmol*lof eachstandard P&s to certify PC identity.The
guantification limits per 20 uL sample injected into the HPLC column were 1.5 pmol for PC
3, 2.7 pmol for PG, 5 pmol for PG.
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Determination of metallothionein

The MT content was determined by the methodRomercRuiz et al. (2008). All
steps were carried out at 4°C. Organs from two mussels were pooled in order to obtain
sufficient mass for analysis. The samples were immediately frozen in lig@dd\stored at
80°C until analysisThe glls and digestive lgnd were homogeniseih buffer (0.1 mol [*

Tris, 1 mmol [* DTT, 50 mmol ! PMSF, 6 mmol L[* leupeptin, pH 9.5) at a ratio of 5 mL

g' with a manual PotteElvehjem homogenizer with glass pestle. The homogenate was
centrifuged at 350Q for 10 min. Theresulting supernatant was centrifuged again at 25000
for 30 min, and the supernatant was used as extract for MT analyses.

Tissue extract, 125 uL was mixed with 30 pl of Tris buffer, 0.23 mlpH 9.5, 10
uL, DTT 0.3 M, added to 5 pL EDTA, 0.1 moli.pH 7, and 63 pL of 12 % SDS aqueous
solution.Reduction and denaturation was conducted in a viatr at 70°C for 20 minFor
derivatization,16.7 pL of mBBr solution in ACN, 0.18 molt, was added and the sample
was incubated for 15 min at room tempeara away from light.

The derivatized samples were chromatographically analyzed/XR reverseephase
column (LiChrocart LiChrospherdRP C18, Strasbourg, France) 250 mm x 4 mm, 5 um
particle size, fitted to a-@8 guard column, 4 mm x 3 mm, 5 um (Phenome®ecurityguard
cartridge).Thefluorescence detectparameters were the same thanAQranalyses.

MT was separated using a gradient of mobile phase A (99-%VvACN, 0.1 voi%

TFA) and B (99.9 vebe water, 0.1 vebb TFA). After injection, the mobile @se A was kept

for 10 min at 30 %, and changed by 1 min linear rise to 70 % of phase A. These conditions
were maintained for 10 min, before the initial conditions (30 % phase A) westaklished

by 1min linear decrease. Before injecting a new sample, cblumn was rinsed and
equilibrated at the initial conditions for 8 min. T flow was kept at 1 mL nifroughout
analysis. The injection volume was 20 pL.

A plot of peak area versus purified standard contesms$ established using seven
increasing concerdtions from0.4 to 1 umol L* rabbit liver MT-I. The equatiorobtained
from this calibration linevas used for MT quantification in the samples. The MT content was
expressed in mg per g of proteRrotein was determined according to Bradford (1976) using

bovine serum albumin as standard.
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Statistical analyses

As homogeneity of variances and normality of data were not verified (Bartlett and
ShapireWilk tests), statistical analysis was done using the non parametiskakitvallis and
MannWhitney two sided tests (R Development Core Team (2010). R Foundation for
Statistical Computing, Vienna, Austria. ISBN-98005107-0, URL http://www.R
project.org). All data were reported as means + standard deviations (SD). Differences were

considered as significant wh p < 0.05.

RESULTS

A broad peak of tetramethylbimane resulting from the reaction between mBBr and
TCEP eluted approximately at 10.5 min (fig. 1 A). At 17.96 min an unidentified compound
(peak fAao) from reagent s eHephytachkelatin mean auticmn d ar d
times, were: PG at 13.09 min, P€at 16.62 min, Pgat 18.59 min, and Rt 19.75 min.
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Fig. 1: Chromatogramsf (A) reagentblank with homogenisation buffer, and (B) mix of the

eight cysteingich peptide standards. The broad peak is tetramethylbiman®(Me Peak fa
is an unidentified compound originating from the derivatization reaction wibeng.

Standard concentration was 10 pmol* lfor cysteine (Cys), glutathione (GSHy-
glutamylcysteine y-GluCys), 5 pmol E for the internal standarb-acetytcysteine (NAC),

and 2 pmol L for phytochelatins 5 (PG.s).
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Fig. 2: Chromatograms of gills samples: mussaiposed for 4 days to 0.35 pmof' ICu**

(A), mussel contral 4 days (B), mussel control 4 days spiked with 0.6 pmblok each
standard P&s (C), a.u.: area unit

Exact ceelution of the peaks in the na@piked samples and those spiked WG
standards were observed, allowing there tergaidentification in the gills and digestive
gland; PG was under detection limit. Concordance of,R@eaks is showed (fig. 2) in the
chromatograms of samples obtained fritmagills between: mussekxposed to copper for 4
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days (fig. 2 A), control musséig. 2 B), and control mussel spiked with RGtandards (fig.
2 C).
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Fig. 3 PG content in the digestive glan®(G) and the gills (G) oA. cygneaexposed to @5
umol L Cu?* for O h, 12 h, 48 h, 4 d, 7 d, and 21 d. Means of t®egal = 6) + SD. *=
significant difference between exposed group and its respective contrekdkWallis and

MannWhitney two sided test (n = o = 0.05))

PG levelswereclearly and significantly increased in the gills of mussels exposed to
0.35 umol * of CU** (fig. 3). Relative to the respective consoh 50 % increasewas
observed from 12 h to 4 af CU** exposure, and 30 %increaseupon? d. Upon 21 d P
declinedback to control valuesn digestive glandfig. 3), except for the 12 h of Cu exposure,
no significant variation oPC, was seen. The mean P@vel in control mussels was nearly

three times higher in the digestive gland thanhe gills. ThePC levels determinate in both
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organs varied as follows: BG PG > PG, no significant induction of P£; was observed.

The quantities of P£, found in digestive gland were higher than in ditlata not shown).

In the gills of musselsxposed toCU** upon 48 h and 7, y-GluCys levels(table 1)

are significantly superior to the respective contry-GluCys increase as weil the digestive

glandof bivalves a#8 h and 4 d of exposure.

Table 1:y-GluCys and MT contestin the digestie gland and the gills &A. cygneaexposed
to 0.35 umol [* Cu?* for 0 h, 12 h, 48 h, 4 d, 7 d, and 21 d. Means of results (n = 6) + SD. *=

significant difference between exposed gapd their respective control (Krskal-Wallis

and ManAWhitney two sidd test (n = 6o = 0.05))

Time 7-GluCys pglg wet weight MT mg/g protein
Exposure Digestive gland Gills Digestive gland Gills
Control Exposed Control Exposed Control Exposed Control Exposed

0h 0.77+0.09 - 0.52+0.12 - 1511+ 3.85 - 10.10+ 358 -

12h 1.06£0.07 0.99+0.22 0.48+0.05 0481001 15474397 1547+3.85 11.33+190 9.75:2.70
48 h 093+0.15 1.14+0.08 * 0.39+001 0471004 * 13.75+155 12.73+2.61 8.89+315 941+179
4d 085:0.09 115%0.22 4 090+045 081+0.23 1334+210 13.46+3.82 11614241 9.40+2.95
7d 0.93:0.13 0.9710.04 062+004 070008 * 1312+373 13.93+291 11.49+243 9841147
21d 099:+011 0.9810.23 0.66+0.05 0.65+0.03 14.86+2.83 1512+2.54 8.92+2.07 11.66%2.05

- Not determinate

No significant variations of MT levels were observed

gland of mussels upon 21 d of copper exposure.

DISCUSSION

in the gills and the digestive

Anodonta cygneavas used to investigate whether phytochelatiese induced upon

water exposure to 0.35 pmol'lCU?*. y-GluCys, the precursor of glutathione and indirectly of

the PC, increased from 48 h to 7@LF* exposure in comparison to the contamd in parallel

to PG increases. Thig-GluCys increasecould be causedybneasynthesis necessary as

indirect requirement for PC synthesis.

No induction of MT was observed up@?* exposure for 21 d, eesultsimilarly to

the one foundin A. cygnea(Amiard et al, 2006). MT polymorphism appears to be

particularly important innvertebrates compared to mammals. Different isoforms of MT play
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different physiological roles (Amiaret al, 2006). In the present work, MT identification and
guantification was carried out with purified rabbit liver MTstandard. After HPLC
separationthe MT in the mussel extract eldtat the same time as the rabbit liver standard,
i.e. have a molecular weight and cysteine content similar td dfinammals Alhamaet al,
2006). ThisMT isoform from A. cygneadoes notappearto be induced by coppe€u**
induction ofMT in A. anatinawas shown using a spegpthotometric method which allowed
total MT isoform quantification (Nugroho arferank, 2012

Since the discovery of the PC synthase gene, able to give a functional PC synthase in
invertebrates, # question of the implication &fCin metal detoxification and homeostasis in
animals has arisen. The present study shows a cleanB@ction in freshwater mussels
underCU?* exposure, indicating a key role of this cysteine rich polypeptidmetal chator.
PG increased in the gills from 12 h to 7 d, so it may serve as first line defense, with other
compounds such as GSH. The,RI&cline to control values upon 2ilsuggests that at later
time copper is takein charge by other detoxication mechanissnsh asMT and insoluble
granules(Viarengo and Nott, 1993. Sequestration of 65 % of the intracellular copper in
granules was shown in the gillsldhionidae bivalves (Bonneret al, 2005).

In the digestive gland, RGncreased significantly only up tt2 h of Cu** exposure.
The water media route of @xposure could be the reason of higher sensitivity of PC
induction in the gills, which may play @more importantrole than digestive gland, ithe
uptake of copper dissolved the surroundingvater.Moreover, PC inductiondepend on the
metal species, Cu havirlgeen reported as a weak inducempared to Cd (Zenk, 1996).
Further studies with Cd would be ingésting, in order to determiwhether PG4, may be
efficient in detoxification of such a neesserial metal. Additional investigations are

necessary to assess the relevand@Qds potential biomarker for metal exposure of molluscs.
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Annexe

Annexe 1: Copper quadfitation in water media by ICPMS and GFAAS

Concentration of copper determinated by ICPMS in water media

Nominal in ug L™

Nominal in umol L™

Mesured in umol L™

0.00 0.00 0.017 + 0.007
16.00 0.25 0.262 + 0.008
22.24 0.35 0.351 + 0.003
35.00 0.55 0.537 £ 0.001
41.30 0.65 0.638 + 0.027
76.25 1.20 1.146 + 0.026

Controlled by inductively coupled plasma mass spectrometry (ICPMS) (detectionQunmyt:

0.5 pg L* = 0.008 nmol [}), means (n = 3) + standard deviations (SD)

Concentration of copper determinated by GFAAS in water media

Nominal in ug L™

Nominal in umol L™

Mesured in umol L™

0.00

0.00

0.016 + 0.001

22.24

0.35

0.347 +£0.009

Controlled by graphite furnace atomicsabption spectrometry (GFAAS) (detection limit Cu

=0.5 pg L' = 8 nmol LY), means (n = 3) + standard deviations (SD)
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Annexe 2: Algae culture medium

Solution 1:

KNO3

NaHPQ, (H20)
NaxHPO;, (2H,0)
Distillate water until
Solution 2:

MgSQ; (7H:0)
Distillate water until
Solution 3:

CaCl (2H,0)
Distillate water until
Solution 4:

H3BO3

MnSQO, (H20)
CuSQ (5H,0)
ZnSQ, (7H,0)
(NH4)6M07024 (4H,0)
Distillate water until
Solution 5:
NaEDTA (2H;0)
FeSQ (7H,0)
Distillate water until
Culture medium:
Solution 1

Solution 2

Solution 3

Solution 4

Solution 5

Distillate water until

101.1 g
62.1g
894
1000ml

49.2 ¢
100 ml

7.35¢
100 ml

0.06104g
0.1690 g
0.0024 g
0.2870 g
0.0123 g
100 ml

0.930 g
0.690 g
100 ml

5 mi
0.5 ml
0.5 ml
0.5 ml
0.5 ml
1000 mi
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Annexe 3:Pictures of micrealgae Chlorella kessleli culture

Bach culture under CQich aeration andontinuous stirring.
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Annexe 4: Pictures of mussel maintenance and exposure

Anodonta cygnen acclimatization aquarium

Anodonta cygneeopper exposure iaquaria lined with polyethylene foih a therme
regulated room
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Summary: Copper (Cu) is one of the metals contaminating European fresh water ecosystems. Filter
feeding bivalves have high bioaccumulation potential for transition metals as Cu. While Cu is an
essential micronutrient for living organisms, it causes serious metabolic and physiological impairments
when in excess. The objectives of this thesis are to get knowledge on toxic effects and detoxification
mechanisms of copper in Anodonta cygnea and Anodonta anatina, two mussel species widely
distributed in continental waters. Because Calcium (Ca) plays a fundamental role in shell formation
and in numerous biological processes, Cu®* effects on cellular plasma membrane Ca transport were
studied first. In the second step, the investigations focused on Cu®* detoxification mechanisms
involving Cys-rich compounds known to play a major role in homeostasis of essential trace metals and
in cellular metal detoxification. Under our experimental conditions, Cu®* inhibition of Ca*-ATPase
activity was observed in the gills and the kidneys, and inhibition of Na'/K*-ATPase in the gills and the
digestive gland upon 4 d of exposure. At dag 7 of exposure to 0,35 umol L™ Cu®: total recovery was
observed in the kidneys and the gills for Ca“*-ATPase activity, and in the digestive gland for Na'/K"-
ATPase, but not at high doses. Ca and Na transport inhibition may entail disturbance of osmo-
regulation and lead to continuous under-supply of Ca. Recoveries of Na'/K'-ATPase and Ca*'-
ATPase enzymes function suggest that metal-detoxification is induced. Phytochelatins (PC) are Cys-
rich oligopeptides synthesised by phytochelatin synthase from glutathione in plants and fungi.
Phytochelatin synthase genes have recently been identified in invertebrates; this allows us to
hypothesize a role of PC in metal detoxification in animals. In the second part of this work, PC and
their precursors as well as metallothionein were analyzed in the gills and in the digestive gland of A.
cygnea exposed to Cu®. Our results showed for the first time the presence of PC,_, in invertebrates.
PC were detected in control mussels not exposed to metal, suggesting a role in essential metal
homeostasis. Compared to control, PC, induction was observed during the first 12 h of Cu®* exposure.
Those results confirm the role of PC as a first line detoxification mechanism in A. cygnea.

Key words: calcium homeostasis, copper, Anodonta freshwater bivalve, phytochelatins

Résumé : Le cuivre (Cu) est l@un des métaux contaminants les écosystéemes dulcicoles Européens.
Les bivalves filtreurs ont une grande capacité de bioaccumulation des métaux de transitions tel que le
Cu. Le Cu est un oligo-élément essentiel pour les organismes vivants, mais en exces il provoque de
graves perturbations métaboliques et physiologiques. L@bjectif de cette thése est d@cquérir des
connaissances sur les effets toxiques et les mécanismes de détoxification du cuivre chez Anodonta
cygnea et Anodonta anatina, deux espéces de bivalves largement distribuées dans les eaux
continentales. Parce que le Calcium (Ca) joue un réle fondamental dans la composition de la coquille
et pour de nombreux processus biologiques, les effets du Cu®* ont été étudiés d@bord sur le transport
cellulaire du Ca au niveau de la membrane Elasmique. Dans un deuxieme temps, l@tude a été axée
sur les mécanismes de détoxification du Cu®" impliquant des composés riches en Cys, connus pour
jouer un réle majeur dans Ihhoméostasie des métaux traces essentiels et dans la détoxification des
métaux dans les cellules. Dans nos conditions expérimentales, ldnhibition de la Ca®*-ATPase par le
Cu®* a été observée dans les branchies et les reins, et lénhibition de la Na'/K*-ATPase dans les
branchies et la glande digestive, aprés 4 Jours déxposition & concentrations environnementales. Au
dela de 7 jours dé&xposition a 0,35 pumol L™ Cu, une récupération totale de l@ctivité enzymatique a été
observée dans les reins et les branchies pour Ca**-ATPase, et dans la glande digestive pour la
Na'/K'-ATPase. A dose élevée ldnhibition persiste. Lanhibition du transport du Ca et du Na peut
entrainer des perturbations de l@smorégulation et conduire a des carences en Ca. La récupération de
I@ctivité enzymatique de la Ca”*-ATPase et de la Na'/K*-ATPase suggeére une induction de fonctions
de détoxification des métaux. Les phytochélatines (PC) sont des oligopeptides riches en Cys
synthétisés par la phytochélatine synthase a partir du glutathion, chez les plantes et les champignons.
Des genes codant pour des phytochélatine synthases fonctionnelles ont étés identifiés chez des
invertébrés. Dans la seconde partie de ce travail, les PC et leurs précurseurs, ainsi que les
métallothioneines ont été étudiés dans les branchies et la glande digestive d®. cygnea exposé au
Cu”. Nos résultats ont montré pour la premiére fois, la présence de PC,., chez les invertébrés. Les
PC ont été détectés dans des moules témoins non exposées aux meétaux, ceci suggére une fonction
dans Ilhhoméostasie des métaux essentiels. Une induction de PC, a été observée dés les 12 premiéres
heures dé@xposition au Cu**, comparé aux bivalves témoins. Ces résultats confirment le réle du PC en
tant que mécanisme de premiére ligne de détoxification des métaux chez A. cygnea.

Mots clés : homéostasie du calcium, cuivre, bivalves dulcicoles Anodonta, phytochélatines
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