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Résumeé

On considere généralement les biofiims comme ddisateurs biologiques d’alerte,
les organismes les composant ayant des temps éeatjén relativement courts et présentant
une grande diversité dpreferendaenvironnementaux et de sensibilité aux altérations
anthropiques. Dans ces travaux, les effets dequdesti sur les biofilms de riviere ont été
étudiés a différentes échelles de représentatiiiiEnt de mélanges complexes a faible dose
en utilisant des extraits d’échantillonneur paBsIfCIS (Polar Organic Chemical Integrative
Sampler) a des molécules testées seules, en passal@s melanges simples.

L’exposition chronique et a faible dose aux exsraié POCIS a révélé des impacts au niveau
de la croissance, de la structure (assemblagemtteanges) et du fonctionnement du biofilm
en lien avec son exposition passée. De plus lesriexes utilisant des molécules testées
seules (pesticides et métabolites) et les mélasiggdes ont permis de caractériser la toxicité
relative des composeés présents dans les extraROAHS en lien avec leur mode d’action et
d’explorer la réponse de descripteurs encore pdisést en écotoxicologie comme la
construction de Rapid Light Curves (RLCSs).

Ce travail confirme la pertinence de [l'utilisatiates extraits d’échantillonneurs passifs
comme le POCIS pour mieux appréhender les effetpdsticides en mélanges sur le biofilm
de riviere ainsi que l'intérét des RLCs en tant a@@scripteur précoce d’exposition aux

pesticides.
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Abstract

Biofilms can be regarded as biological warningteys, because they are generally
composed of short generation time organisms preget large range of environmental
preferendaand various sensibilities to anthropogenic disaade. In the present study, effects
of pesticides on river biofilms have been studieditierent levels of representativeness, from
complex mixtures at low dose represented by exratthe passive sampler POCIS (Polar
Organic Chemical Integrative Sampler) to molectéssed alone, via simple mixtures.
Chronic exposure to low dose of POCIS extracts akede impacts on growth related,
structural (diatom assemblages) and functionalrpaters related to biofilm exposure history.
Moreover experiments using single molecules anglgmixtures allowed to characterised
the relative toxicity of compounds present in tH@@S extracts in link with their specific
mode of action and explore the response of descsiparely used in ecotoxicology field like
the construction of Rapid Light Curves (RLCs).

This work confirms the relevance of the use of passampler extracts as POCIS in order to
better understand the effects of pesticides inunebn river biofilms as well as the interest

of RLCs as early descriptors of pesticides exposure
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Chapitre | : Introduction

La premiére trace de [l'utilisation de pesticidesedde la Gréce antique, avec
notamment ['utilisation du soufre comme agent denifation. Les premiers pesticides de
synthese quant a eux ont fait leur apparition daasannées 1930, avec le développement
d’'une part de la chimie organique et d’autre partadrecherche sur les armes chimiques au
cours de la Premiére Guerre mondiale. En pardislgratiques agricoles se transforment a
partir du milieu du XIX™ siécle, avec I'émergence de la mécanisation gt deotection
chimique pour améliorer la productivité des culdurBans un premier temps, on assiste au
développement de l'utilisation de composés inorgaes comme le soufre ou le sulfate de
cuivre, puis les composés organiques de synthésegént avec la commercialisation du
DDT (insecticide) en 1943 ou du 2,4-D (herbicide) ¥46. De nos jours l'utilisation de

pesticides a grande échelle est devenue la nornsel'dgriculture.

Cependant cette utilisation massive de produits tqdayitaires entraine une
contamination de I'environnement et en particutiercompartiment aquatique. Les pesticides
et leurs produits de dégradation peuvent alordeinalre des concentrations susceptibles de
provoquer des effets toxiques chez les organismésint exposés et une dégradation de la

gualité de la ressource en eau.

Cette thése s'inscrit en grande partie dans leecddrprogramme ANR PoToMAC
(Potentiel Toxiqgue dans les Milieux Aquatiques Quentaux: échantillonnage passif des
pesticides et relations exposition/impacts surbiedilms, 2012-2015) et plus précisément
dans la tache 4 du projet: Apport des techniquéshdntillonnage passif a I'étude du
potentiel toxique des pesticides sur des commusagégphytiques en laboratoire.

L’objectif de cette thése était donc d’évaluerdéfets de pesticides en mélange a faible dose
sur les biofilms de riviere, en particulier en igéiht I'échantillonneur passif POCIS (Polar
Organic Chemical Integrative Sampler) et ainsi mouvproposer des pistes pour le

développement d’indicateurs permettant de mettr@vetence les pollutions de type toxique.

L’évaluation du risque environnemental est basédasdétermination de la toxicité
(généralement aigué) de substances seules surgkssmes modeéles. Cette démarche est
cependant tres éloignée des conditions pouvantrétreontrées par les organismes dans
'environnement puisque les espéces y vivent egraigtion les unes avec les autres et que les

molécules y sont présents sous forme de cocktas. impacts de mélanges complexes de
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Chapitre | : Introduction

molécules peuvent étre étudiés via l'utilisatiorexdiaits d’échantillonneurs passifs, cette
démarche a I'avantage de prendre en compte le$épnabques des effets de mélange et des
produits de dégradation. La grande majorité desatra disponibles dans la littérature
utilisant cette approche sont réalisés sous foreéests de toxicité aigué. En revanche tres
peu d’études se sont penchées sur les effets dextrests d’échantillonneurs passifs a long
terme et a faible dose, qui pourtant permettracappréhender les effets chroniques de

mélange de contaminants.

Lors de cette thése, I'outil POCIS a été utilisésdan premier temps sur la riviere
Morcille dont le profil de contamination est bieonou et ce grace a plusieurs projets menés
sur le bassin versant et impliquant entre autrgedr(programmes de recherche Cemagref «
PestExpo » et Onema-Cemagref action 26 « Remédlialo I'effet de pesticides » ayant
précéde 'ANR PoToMAC). Lors de cette étude leshodes classiquement utilisées dans
notre laboratoire ont été appliquées pour I'évadumaties effets des extraits de POCIS sur le
biofilm. Apres avoir considéré les extraits de PSO@bmme une « boite noire » dans un
contexte de contamination bien connu, nous nousnNEENINtEressés aux COMpPOSEs
échantillonnés par l'outil et plus précisément #obdcité relative des polluants ; en particulier
en ce qui concerne les métabolites et composésitparBour finir nous nous sommes
interrogés sur la représentativité de la fractichaétillonnée par le POCIS, et ce dans le
cadre d’un bassin versant encore peu étudié aurdl@bassin versant du Trec-Canaule) ce
qui en parallele permettra de tester la validité RIDOCIS pour différents contextes de
contamination.

Tout au long de cette these nous avons travaik€ ales paramétres classiquement utilisés
pour évaluer les effets de toxiques (pesticideamiggies, métaux, produits pharmaceutiques)
sur du biofilm (densités de diatomées, analysesn@axiques, mesures de fluorescence,
biomasse, activités enzymatiques antioxydantes)s ravons également évalué l'intérét de
descripteurs peu utilisés a ce jour dans le cadréédotoxicologie (RLCs: Rapid Light

Curves) et enfin nous avons cherché a développeodtls adaptés au modele biologique

diatomée (biologie moléculaire).

Cette these est donc organisée en 8 chapitres, fdiinpartie cette introduction
(chapitre 1). Le chapitre suivant (chapitre 1) peéte des éléments de contexte. Les sources,
la présence dans I'environnement et les technigiiésshantillonnage des pesticides seront

abordées, suivis de la démarche actuelle d’évaluatu risque environnemental, des études

24



Chapitre | : Introduction

ecotoxicologiques et de I'état des connaissancetesteffets de pesticides sur le biofilm de
riviere ainsi que sur le couplage des tests biglogs avec les échantillonneurs passifs. Le
chapitre Il expose les matériels et méthodesseéslitout au long de la thése. Les chapitres
suivants développent les résultats obtenus aurtrades différentes expériences visant a
caractériser les effets d’'un mélange « réaliste peakbticides sur des biofilms de riviere aux
histoires d’exposition différentes (chapitre IV)camparer les impacts aigus de pesticides et
d’un produit de dégradation utilisés seuls et com@bi(chapitre V) et évaluer les effets a long
terme de pesticides et d’'un produit de dégradgtbapitre VI) et enfin a s’interroger sur la
représentativité de la fraction échantillonnée lgaPOCIS en comparant les effets d’'une
exposition chronique a un extrait d’échantillonnpassif et d’'un mélange reconstitué sur du
biofilm de riviere (chapitre VII). Le chapitre VIHA pour but de dresser un bilan général de ces
différents résultats et de proposer des pistesedeerche pour le développement ultérieur
d’outils dans le cadre de I'évaluation de la geéalie I'eau face a des pollutions toxiques
complexes. Les annexes présentent les travauxfseli développement des outils de

biologie moléculaire adaptés aux diatomées.
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Chapitre 1l : Généralités

2.1L’eau : une ressource a protéger

L’eau recouvre 72% de la surface de la Terre, maigement 2,5% de I'ensemble de
la ressource serait de l'eau douce (Rodda et Shihov 2003). Le développement
démographique, économique et social des populatiangines et de leurs activités exerce
des pressions sur les ressources en eau. L'agrnewdst de loin le plus grand consommateur
d’eau douce, environ 70% de I'ensemble des prélem&snd’eau douce sont destinés a
lirrigation pour Il'agriculture. Cette demande gdigsante pour les ressources en eau
représente un challenge, non seulement du poviielguantitatif mais aussi qualitatif.

Le milieu aquatique est susceptible d’étre affqudé un éventail trés large de pollutions,

gu'elles soient de nature physique, chimique ologigue (Tableau 1).

Rejets d’eau chaude Centrales thermiques, nucléaires
Physique
MES Rejets urbains, érosion des sols
Matiére organique Effluents domestiques. agricoles, agroalimentaires
Fertilisants (nitrate, phosphate) Agriculture, lessives
Meétaux Industries, agriculture, déchets
Pesticides (herbicides, fongicides, . .
. . L Industries, agriculture
. msecticides...)
Chimique
Organochlorés (PCB, solvants) Industries
Composés organiques de synthése Industries
Détergents Effluents domestiques
Hydrocarbures Industrie pétroliére. transports
Biologique Bactéries, virus, champignons. .. Effluents urbains, agricoles

Tableau 1: Origine et nature des différents typesel pollution (d'aprés Chouteau 2004)

Dans le cadre de la mise en place de la DirectagdreCsur 'Eau (DCE), un premier état des
lieux a été réalisé par les agences de I'Eau.tldaiae masse d’eau de surface s’apprécie sur
deux aspects :

- état (ou potentiel) écologique : sur 6 classs « trés bon » a « mauvais » ou
« indéterminé » ;

- état chimique : sur 3 classes, « bon », « @&uwy ou « indéterminé ».
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Le bon état écologiqgue prend en compte la qualéél'dnsemble des compartiments
écologiques : eau, faune, flore, habitat. Pournesses d'eau artificielles ou fortement
modifiées, on parle de bon potentiel. Les valewesréférence sont dans ce cas moins
exigeantes. L’état chimique est quant a lui évané&onction des concentrations mesurées
pour 41 substances identifiées qui ne doivent pgsasbker les normes en vigueur dites
« normes de qualité environnementales ».

L'état des lieux de 2009 indique que 41,5% des esagd®au de surface sont en bon ou tres
bon état (ou potentiel) écologique et que 43,2%ndasses d'eau de surface atteignent le bon
état chimique.

Sur les 41 substances faisant I'objet d’'une normeuhlité environnementale, 18 sont des

produits phytosanitaires.

2.2Les pesticides

221 Familles et propriétés

Il existe deux grandes classifications des pesfidrganiques de synthese ; ces
composeés peuvent étre regroupés par famille chenmu par cible. La classification en
famille rassemble des produits ayant des groupesfenttionnels identiques. On distingue
ainsi parmi les grandes familles chimiques les mogahosphorés, les organochlorés, les
carbamates et thiocarbamates et les pyréthroidegndeese.
Une classification peut également étre établiecfide. Les pesticides se répartissent alors en
trois catégories principales : les herbicides,ftewjicides et les insecticides qui s’attaquent
respectivement aux « mauvaises herbes », aux chaons et aux insectes. Nous pouvons
€galement noter I'existence d’autres catégories neentes rodonticides (rongeurs), les

nématicides (nématodes), les molluscicides (limaessargots) ou les corvicides (corbeaux).

2.2.2 Statistiques des usages

Malgré la baisse constante du tonnage des substactiges vendues entre 1999 et
2011, la France reste le premier consommateur steciges au niveau européen avec plus de
62 000 tonnes de substances actives vendues en(@AR, 2012). La grande majorité des
substances actives vendues en France sont destprddusynthése avec 48 800 tonnes en
2011 contre 13 900 pour les produits inorganiquaw/(e et soufre) (Figure 1).
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Figure 1: Tonnages des substances actives venduesl®98 a 2011 (en tonnes) (d'apreés le rapport
d'activité 2011-2012 de I'union des industries dalprotection des plantes, UIPP 2012)

Le chiffre d’affaires du secteur des produits pegiutaires a travers le monde représentait en
2011 un total de plus de 44 milliards de dollar&urope arrive en téte avec 27,7 % de ce
chiffre d’affaires suivie par I'Asie (26,4 %), I'Aérique latine (22,9 %), ’Amérique du Nord
(19,1 %) et I'Afrique (4,0 %).

2.2.3 Présence dans I'environnement

D’aprés le rapport 2013 du service de I'observaBbmles statistiques (SOeS 2013),
des pesticides ont été décelés sur plus de 90 8 pdents de mesure du réseau
hydrographique francais en 2011. Une majorité dentpoprésente des concentrations
moyennes annuelles en pesticides inférieures a@)5(seuil pour la somme des molécules
phytosanitaires lors d’'un prélevement a ne passsgpaour de I'eau potable, Décret n°2001-
1220 2001). Les points au-dela de ce seuil se rditdans les régions cérealieres, de
maisiculture ou de viticulture, notamment dans dssin parisien, en Adour-Garonne et le
long du Rhéne, ou a tradition maraichére, comm#lariinique et Guadeloupe. Les fortes
valeurs relevées sur ces deux iles sont surtost@iseprésence de chlordécone.
Dix-sept points présentent une moyenne annuellérsye a 5 pg/l. La plupart de ces points
se situent dans les zones de grande culture dudedal France, du bassin parisien et du Sud-
QOuest (Figure 2).
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Figure 2: Concentration totale moyenne en pesticideen 2011 (d'apres le rapport 2013 du service de
I'observation et des statistiques, SOeS 2013)

La Figure 3 présente les 15 pesticides les plusitiiés dans les cours d’eau de France
meétropolitaine en 2011. Ces composeés sont en r&jdes herbicides ou leurs produits de
dégradation, deux sont des métabolites et troisdaBisubstances interdites d’utilisation.
L’AMPA, métabolite de I'herbicide glyphosate, estcelé sur prés de la moitié des analyses
ou il est recherché et occupe la 1lere place ddassament, juste devant sa molécule mére,
présente sur le tiers de ces recherches.

L’atrazine prouve sa forte persistance dans leemiket sa lente dégradation depuis son
interdiction fin 2003. Mais sa présence semble wiirar ces derniéres années au profit de son
métabolite la déséthyl atrazine. Le diuron, makp# interdiction d’'usage entrée en vigueur

fin 2008, est toujours tres quantifié dans les saleau.
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Figure 3 : Les pesticides les plus quantifiés en &nce métropolitaine en 2011 (d’apreés le rapport 2@Ldu
service de I'observation et des statistiques, SO2813)

Dix des quinze pesticides les plus quantifiés soicbre autorisés ; parmi eux on retrouve des
herbicides a usages proches : le chlortoluronigbdroturon sont en effet principalement
associés aux grandes cultures (blé tendre, orgeedjh D’autres ont des champs d’action
plus vastes comme le glyphosate, le 2,4-D (traitesneggénéraux) ou le propyzamide

(utilisable en grandes cultures mais aussi enulitice, en arboriculture et en maraichage).

Les données présentées ci-dessus ont été acquées ayl'échantillonnage ponctuel basse
fréquence (généralement trimestrielle), qui es goar la stratégie utilisée en routine dans les

réseaux de surveillance nationaux.

224 L’échantillonnage passif pour caractériser I'exfiosi aux pesticides dans

les milieux aquatiques

Dans le cadre de la détermination des niveaux deponation des masses d’eau, il
existe deux grandes techniques d’échantillonnatgchantillonnage actif (ponctuel ou
moyenné) et I'échantillonnage passif intégratifédhiantillonnage actif ponctuel offre une
image de la contamination environnementale a uambhsionné. Il se révele donc insuffisant
pour assurer un suivi précis de la contaminatios mhasses d’eau, notamment lors de
fluctuations rapides des niveaux de contaminaticas (des pesticides). L'échantillonnage
actif ponctuel haute fréquence ou intégratif est afternative d’intérét tout particulier du
point de vue de la représentativité de l'informatecquise ; cependant cette solution n’est
pas geénéralisable au niveau national de par ledscefigendrés (multiplication des

échantillons, des analyses, logistigue complexeUnkg alternative réside dans [l'utilisation
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de I'échantillonnage passif. L'avantage de telleshhiques repose sur leur caractére
intégratif. Ici I'outil va échantillonner en continles contaminants présents dans le milieu,
linformation obtenue se traduit alors par des emti@tions pondérées dans le temps. La
Figure 4 illustre cette représentativité temporelés échantillonnages ponctuels et passifs.
Outre sa meilleure représentativité concernanpbsition réelle de I'écosystéeme aquatique,
I'échantillonnage passif permet d’abaisser de nmrangggnificative les seuils de détection

grace a la préconcentration des analytestu.

Echantillonnage ponctuel
Echantillonnage passif
Contamination reelle

w
¥

Concentrationdans l'eau

Temps

Figure 4: Représentativité temporelle des échantdhnages ponctuels et intégratifs (d'aprés Fauvel012)

Parmi les produits phytosanitaires susceptibleiadiare I'environnement aquatique, ceux
appartenant a la catégorie des pesticides polaogesles plus préoccupants puisqu’ils font
partie des pesticides les plus fréquemment retwans les rivieres. Le Polar Organic
Chemical Integrative Sampler (POCIS) a été déveldpp a une dizaine d’années (Alvarez
1999, Alvarez et al. 2004) pour échantillonner deni@re passive les composés organiques
polaires. Il est constitué d'un adsorbant micropgremprisonné entre deux membranes de
polyethersulfone (PES, diamétre des pores 0,1pamjut étant retenu par deux anneaux en

inox (Figure 5).
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Figure 5: Polar Organic Chemical Integrative Sample (POCIS) (d'aprés Fauvelle 2012)

Parmi les configurations commerciales, il a été imoque le POCIS « pharmaceutique » était
le plus adapté a I'échantillonnage des pesticiagaines (Mazzella et al. 2007), ce dernier
contient de la phase adsorbante Oasis HLB (copakrhgdrophile-hydrophobe). Cet outil
peut potentiellement échantillonner les moléculeatde log Ko, (coefficient de partage
octanol-eau) est compris entre 0 et 4. Le (Tabaprésente la capacité du POCIS a
échantillonner différentes familles chimiques dstjé&des en fonction de leur polarité. Ainsi
le POCIS est particulierement adapté a I'échamtilbge des composés appartenant a la
famille des chloroacetanilides comme le métolaghlon I'acétochlore. Au contraire I'outil
ne permet pas d’échantillonner de maniére effidasearyloxyacides (lodow <1) comme
l'acide 2,4-dichloro phénoxyacétique (2,4-D) ou t@ganophosphorés dont le 1&g, est
supérieur a 3 comme le chlorpyriphos.
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Polarité herbicides

fongicides

insecticides

Log Kow <1 ==

Aryloxyacides
sulfonylurées
Tricétones

(Mazzella et al. 2007,
Fauvelle et al. 2012)

1<l og Kow <3 ++

Triazines

Phenylurées

(Alvarez et al. 2004,

Mazzella et al. 2007,

Lissalde et al. 2011,

Ibrahim et al. 2013,

Martinez Bueno et al.
2009)

Log Kow >3 ++

Chloroacetanilides

(Mazzella et al. 2007,
Lissalde et al. 2011,
Ibrahim et al. 2013,

Vercraene-Eairmal et al.

2010, Fox et al. 2010)

Dinitroanilines
Diphenylethers
(Mazzella et al. 2007)

++
Morpholines
Strobilurines

(Lissalde et al. 2011,
Assoumani et al. 2013)

+

Triazoles

(Charlestra et al. 2012 ,
Ibrahim et al. 2013)

+

Carbamates

(Lissalde et al. 2011,
Martinez Bueno et al.
2009)

Organophosphorés

(Alvarez et al. 2004,
Lissalde et al. 2011)

Organophosphorés
(Lissalde et al. 2011)

Tableau 2: Capacité du POCIS a échantillonner difféentes familles chimiques de pesticides en fonction
de leur polarité (++ : composé trés bien échantillmé par le POCIS, + : composé convenablement
échantillonné par le POCIS, - : composé trés mal Bantillonné par le POCIS).
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Figure 6: Accumulation des contaminants dans un éelmtillonneur passif (d'aprés Vrana et al. 2005)

L’accumulation des composés se fait par diffusiepuds le milieu vers la phase réceptrice
selon une cinétique de premier ordre. Cette cinétigomprend deux composantes : une
premiere phase intégrative pendant laquelle lefmaie concentration est proportionnel a la
durée d’expositiont(< ti), puis un régime d’équilibre ou le facteur de anmtcation tend
vers un équilibre échantillonneur-eakis() et devient indépendant du temps >f ti)
(Figure 6). Les composeés d’intérét sont préalabierdelonnés au laboratoire de maniere a
déterminer la constantg, Ka constante de la pente d’accumulation). Pourvpin retrouver

les concentrations du milieu, il est donc néceesddr se placer dans la partie intégratrice de
la cinétigue. Dans ce cas, la capacité de la piégsptrice (adsorbant dans le cas du POCIS)
est loin de la saturation et la relation suivardérivée des lois de diffusion de Fick-

s’applique alors :

Cw =Cpocis/ (kux 1)

Ou C, et Cpocis représentent la concentration danalyte dans l'edule POCIS
respectivement, kla constante de la pente d’accumulation a I'oBgir< t;/,) et t le temps
d’exposition. Si on introduit la masse de I'adsottdpoc)s I'équation peut étre réarrangée
de la maniére suivante afin d’obtenir une relatsimple dans laquelle intervient le taux

d’échantillonnagé=s:
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Cw = (CrocisX Mpocig / (Rs x t)

La relation peut alors étre simplifiée comme suit :

Cw =Npocis / Rs X t)

Ou Npocisreprésente la masse d’analyte dans le POCIS.

Cependant I'accumulation des composés dépend dasgtes physico chimiques du milieu
(vitesse de courant, température,...), les const®bsterminées au laboratoire ne sont alors
plus applicables directement. L'utilisation de carsgs de référence et de performance (PRC)
a été proposée (Booij et al. 1998, Huckins et @022 Mazzella et al. 2007) pour prendre en
compte ce phénomeéne. Les PRC sont introduits daobahtillonneur passif avant son
exposition dans le milieu, ce sont des moléculegélées dont les constantes de désorption
(préalablement étudiées au laboratoire) serverdriager la mesure des concentrations des

composés accumul@s situ.

2.3 Evaluation du risque environnemental et réglemantat
Le document d’assistance technique sur I'évaluadesmrisques (EC 2003) définit les
guatre étapes sur lesquelles se base I'évaluatioisgue environnemental :
- l'identification du danger
- I'établissement de la relation effet-concentmatio
- I'évaluation de I'exposition
- la caractérisation du risque
Ces différentes étapes sont réalisées par substanmaur chacun des trois compartiments
continentaux (I'environnement aquatique, I'envirenrent terrestre et I'air) ainsi que pour

I'environnement marin.
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Au moins une valeur de L(E)Cs, pour chacun des trois

niveaux trophiques (poisson, Daphnia et algue) L

Une NOEC (poisson ou Daphnia) 100

Deux NOECs pour des especes représentant deux

niveaux trophiques (poisson et/ou Daphnia et/ou 50

algue)

Des NOECs pour au moins trois espéces (normalement

poisson, Daphnia et algue) représentant trois niveaux 10
trophiques

Meéthode de modele de distribution de sensibilité des 5-1
especes (SSD) (A justifier au cas par cas)
Données de terrain ou modeles environnementaux Révisé cas par cas

Tableau 3: Facteurs de sécurité pour le calcul ddBNEC,quatique POUr les substances individuelles,
appliqués aux espéeces les plus sensibles disporshmodifié d’aprés EC 2003)

L'évaluation de I'exposition environnementale pesgt faire a partir de données prédites
(modélisées) ou directement mesurées dans 'emément. Ces données permettent alors le
calcul d’une concentration prédite dans I'enviraneet, la PEC (Predicted Environmental
Concentration). La partie concernant I'évaluatias @ffets a quant a elle pour objectif le
calcul d’'une concentration prédite sans effet, MEE (Predicted No Effect Concentration).
Cette PNEC est calculée pour chaque substanceiades données issues de tests de toxicité
auxquelles est appliqué un facteur de sécuritéfaCeur prend en compte les incertitudes
lites entre autres a la variabilité intra et imérsfique (variabilité biologique), a
I'extrapolation de la toxicité a court terme a dxitité a long terme et a I'extrapolation des
données de laboratoire aux impacts sur le ter@omme présenté dans la Tableau 3, le
nombre et de la nature des données conditionneiat ldovaleur de ce facteur. Par exemple si
au moins une valeur de L(Ey§XConcentration nécessaire pour induire 50% deatit@ri(L :
lethal) ou d’effet (E : efficace) par rapport adxnioins) est disponible pour chacun des trois
niveaux trophiques (poissoMaphnia et algue), le facteur de sécurité de 1000 sens alo
appligué a la plus faible des trois valeurs de Cgg)A I'opposé ce facteur peut étre réduit a
une valeur comprise entre 5 et 1 si un modele steilalition de sensibilité des especes (SSD)

a été réalisé.
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Comme présenté sur la Figure 7, une fois les valdarPEC et PNEC obtenues pour une
substance particuliere, le rapport PEC/PNEC estutial deux cas de figure se présentent
alors. Si ce rapport est inférieur a 1 des testsodeité supplémentaires ainsi que des
mesures de réduction du risque pour cette substensent pas nécessaires. En revanche si le
rapport PEC/PNEC est supérieur a 1, des démarcmesestreprises pour faire diminuer ce
ratio en réalisant de nouvelles études sur la anobst ou en adoptant des mesures de

réduction du risque.

‘ Hazard Identification ‘

|
v

Determination of PEC

v

Determination of PNEC

Can
further information/
further testing lower
the PEC/PNEC

ratio

At present no need for
further testing or risk
reduction measures

Risk reduction
measures

Yes
v v ¥
Performing long- Obtain additional Initiating
term tests or information on maonitoring
bicaccumulation test, exposure, emissions, programs to
resp. tests with fate parameters, evaluate

species from trophic

measured
concentrations

environmental
concentrations

levels not yet tested
At present no need for

Yes /\
- PEC/PNEC No| further testing or risk

=1 reduction measures

Figure 7: Procédure générale dans I'évaluation duisque environnemental (d’apres EC 2003)

D’autre part, les normes de qualité environnementdlQE) ont été mises en place dans le
cadre de la Directive Cadre européenne sur 'E&QOQBO0/EC) pour 33 substances ou
groupes de substances prioritaires plus huit snbstasupplémentaires. Dix-huit de ces 41
substances sont des produits phytosanitaires. UQE Keprésente la concentration d’un
polluant ou d’'un groupe de polluants qui ne dod ptre dépassée afin de protéger la santé

humaine et les écosystémes et est basée sur g descPNEC.
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Il est postulé que le non dépassement des PNEGeatsyprotection du compartiment
aguatique dans son ensemble, cependant comme’avossl vu ces PNEC sont basées sur
des tests de toxicité monospécifiques et sontiétblubstance par substance : ce sont la les
incertitudes et les limites liées a cette démarElmeeffet cette derniere est pauvre du point de
vue de la représentativité environnementale puisegiespeces vivent en interaction les unes
avec les autres et que les composés sont présents forme de cocktail dans
'environnement aquatique. Les effets de mélangesant en particulier donc pas pris en
compte dans I'évaluation du risque environnemeattalelle.

Les tests de toxicité monospécifiques établis suost par substance sont donc peu réalistes,
cependant nous allons voir que les études écotogicpies peuvent couvrir un large panel

d’échelles de représentativite.

2.4Les études écotoxicologiques : un équilibre eréadisme et réductionnisme

Truhaut a été le premier a donner une définition 'deotoxicologie (1977).
L’écotoxicologie est alors définie comme la bramde la toxicologie concernant I'étude des
effets toxiques causés par les substances natucelles composés d’origine synthétique sur
les constituants des écosystémes animaux (incllemthumains), végétaux et micro-
organismes, dans un contexte intégré. Pour étdbliplan d’expérience d'une étude
ecotoxicologique, il convient de trouver un équiikentre réalisme et réductionnisme, pour

cela I'expérimentateur peut jouer sur difféerentedsefles de représentativite :

v' Echelle temporelle dans le domaine de I'écotoxicologie, deux gramasdeles

d’expérience existent : les tests d’exposition @iguchronique. Les premiers visent a
déterminer des relations dose-effet de composéglemdes organismes sont exposés
a des doses croissantes de toxiques pendant undegéreve (de quelques heures a
guelques jours) (Sprague 1969). Ces tests permeftdtenir des parametres comme
la CEx (concentration inhibant X% du parametre étudiérppport aux témoins), la
NOEC (concentration ne provoquant pas d'effet olZgeou encore la LOEC (plus
faible concentration provoquant un effet mesuratidgwman et Unger 2003). Ces
tests sont rapides, peu colteux et robustes. Capeiid n’'offrent pas une grande
représentativité du point de vue écologique puisiggeorganismes sont rarement
exposes a des doses de contaminants telles ges aélisées pour ces tests, de plus
seuls les effets aigus sont visibles dans ce geargests. Au contraire les tests de

contamination chronique offrent une plus granderésgntativité du point de vue
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écologique, dans ces tests les organismes peutente@osés a de plus faibles
concentrations de contaminants pendant de longéesdes de temps (de quelques
jours a quelques semaines) (Suter 1993). Cesriéstessitent cependant des moyens

humains, financiers et techniques importants.

Echelle spatiale Il est possible de distinguer les étudesitu et les études menées

dans des conditions controlées de laboratoire pt&miéres permettent d’appréhender
les phénomenes d’'une maniére extrémement réaligtesgue les réponses des
organismes sont directement étudiées dans le nmfi&urel. Cependant trés peu voire
aucun parameétre n'est contrblé par l'expérimentatées parameétres abiotiques
comme la température, la vitesse de courant, 'agdpeuvent grandement influer
sur les réponses des organismes, la difficultét étln pouvoir différencier la
variabilité naturelle de celle liée a la contamimat Dans ce cas, il peut donc étre
difficile de relier contamination et effets obsesvdes études en conditions semi
contrlées existent, avec par exemple l'utilisatam rivieres pilotes ; il est alors
possible de contrbler certains parameétres commevitEsse du courant ou la
concentration en nutriments, il devient alors ghmsle d’attribuer les effets observés
a un contaminant.

Les expériences en conditions controlées de laliogapermettent quant a elles de
faire plus facilement le lien entre contaminatianeffets toxiques, puisqu’il est
possible dans de telles expositions de contrblergiand nombre de paramétres
(luminosité, vitesse du courant, température, asinggon en nutriments, niveaux de
contamination,...) (Forbes et al. 1997). Les essaislaboratoire permettent de
simplifier au maximum les conditions d’expositials, peuvent étre réalisés dans un
espace réduit avec peu de matériel et sont reptibthsc.. mais pauvres du point de
vue de la représentativité spatiale puisque daphifzart des cas ils sont réalisés dans
des unités expérimentales de type bécher, erlemmepes a essai,...

Un bon compromis entre les étudessitu et les essais en laboratoire réside dans
I'utilisation de canaux artificiels. En effet, cegstémes expérimentaux modeélisant
une riviere a dimensions réduites permettent letréan d'un grand nombre de
paramétres tout en offrant une certaine représeitéaspatiale, ils peuvent de plus
étre implantés soit directement sur le terrain stlisés au laboratoire (Gulp et al.
1996).
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v' Echelle organisationnelte les réponses vis-a-vis d'un toxique peuvent étre
appréhendées a différents niveaux d'organisatioolofigue, de la cellule a
'écosystéme en passant par la population et lanoamauté. Les tests mono
spécifigues sont souvent utilisés dans le cadreladéggislation, ils présentent
'avantage d’étre rapides, peu colteux et robustependant ils n’offrent pas une
grande représentativité écologique puisque la bitsipeut varier tres fortement
d’'un organisme a un autre et ce méme au sein dhéme classe algale. A 'oppose,
les tests plurispécifiques offrent un meilleur igak écologique puisqu’ils integrent
des organismes pouvant avoir deeferendaenvironnementaux et des sensibilités
aux toxiques variées. L'utilisation des communautgtsd’ailleurs mise en avant pour
etudier les effets des contaminants (Clements ér R609). Dans ce contexte les
biofilms de riviere sont particulierement intéregtsapuisqu’ils integrent une grande
diversité d'espéces formant une communauté, ilg¢ sdailleurs de plus en plus
préconisés pour I'évaluation d’effets de polluardgés (Sabater et al. 2007).

v Echelle d’exposition aux toxigued’expérimentateur peut choisir d’étudier lesetsf

d'un seul toxique jusqu’aux effets d'un mélange immnemental complexe et
inconnu en passant par tous les mélanges simplesibpes. Selon le rapport de
'agence américaine de protection de I'environneni{els EPA 1987), un mélange
simple est un mélange contenant deux composésfidbles ou plus, mais assez peu
pour gque la toxicité du mélange puisse étre corensnt caractérisée. Un mélange
complexe est quant & lui défini comme un mélangaprenant un tel nombre de
composeés qu’une estimation de sa toxicité indop o'incertitudes et d’erreurs pour
étre utile. En général, les études d’effets de yitedchimiques seuls visent a
comprendre les mécanismes de toxicité et/ou ardéter la toxicité relative d’un
produit (notamment dans le cadre de la législati@®s tests sont peu colteux et
simples & mettre en ceuvre ; cependant ils sontrgaudu point de vue de la
représentativité de la I'exposition « réelle » deganismes car les contaminants sont
rarement présents seuls dans I'environnement maisoatraire se retrouvent sous
forme de mélanges complexes.

Les premiéres études s'intéressant aux effets denges ont défini quatre types de
mécanismes pour l'action conjointe des toxiquedséBIL939, Hewlett et Plackett
1964). Deux de ces mécanismes postulent la noragtien des toxiques du mélange

et prédisent ainsi des effets additifs (similaiteirmlépendant). Lorsque les effets
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observés sont différents de ceux prédits par ces deodeles, on parle alors de
synergie ou d’antagonisme, qui représentent le aasles effets observés sont
respectivement plus et moins importants que letsefttendus dans le modele additif.
Ces études permettent de comprendre les mécanisawti®n de substances modeles
et ainsi de prédire les effets de mélanges assdeaigs le cas de mélanges simples
(généralement au plus une dizaine de molécules).

Un niveau important de représentativité de contation environnementale est atteint
avec l'utilisation d’extraits d’échantillonneursgsifs ou bien encore avec I'exposition
a des échantillons environnementaux (par exemglituent complexe prélevé sur le
terrain).

Le niveau de représentativité vis a vis de I'exposi aux toxiques peut donc étre
appréhendé par le nombre de composés pris en compis aussi par les
concentrations considérées. En effet, les impacts deul toxique, d’'un mélange
simple ou d’'un mélange complexe peuvent étre é&udiées concentrations tres
élevées ou bien a des concentrations réalistesrgaport a la contamination
environnementale. Dans le premier cas, c’est lergl toxique du composé ou du
groupe de composés qui est appréhendé puisquentdesoeffets aigus qui sont
observés. Au contraire les expositions a des caratéms proches de celles mesurées
dans I'environnement permettent de faire le liemeele potentiel toxique (déterminé a

des concentrations élevées) et les effets obsesialditu.

Le choix entre ces différentes échelles de reptéseité dépend des objectifs de
'expérience (veut-on appréhender la toxicité d’'orelange réaliste de pesticides ou
comprendre les mécanismes de toxicité de mélangetamts de contaminant modeles a
modes d’action différents ?) et des moyens dispesilfhumains, financiers, techniques,

organisationnels).

L'approche visant a utiliser des extraits d’échimmineur passif a faibles concentrations sur
du biofilm de riviere atteint un niveau de repréa@wité €levé puisque I'expérimentateur
travaille ici avec des communautés biologiques retmelange toxique environnemental
complexe et réaliste. Cette démarche permet eicypléet de travailler sana priori sur la
nature des toxiques présents dans l'extrait eté&ljirer les effets de mélange.

Cependant elle a aussi des limites puisque c’estapproche au cas par cas et qui n’identifie

pas le/les contaminant(s) responsable(s) de laitéxabservée puisque les extraits de POCIS
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sont regardés comme une « boite noire ». Ainsies&ultoxicité globale de I'extrait est
appréhendée.

2.5 Utilisation des biofilms comme communauté modéle

251 Définitions

Le terme biofilm périphytique ou périphyton désigad’origine I'ensemble de la
microflore (microalgues, bactéries, champignonsyéeeloppant sur tout type de substrat
immerge, qu’il soit vivant ou inerte (Wetzel 1983)es protozoaires, les organismes
zooplanctoniques et les macroinvertébrés se dépaltipégalement a la surface du substrat
ne sont donc pas considérés comme faisant patdéigrante du biofilm dans cette définition.
Ces différents organismes sont enrobés dans ungcenabmposée d’exo polysaccharides
sécrétés par les composantes algale et bactél{Eiguee 8). Cette matrice assure la cohésion

du biofilm et joue un rble dans la protection face facteurs environnementaux.

colonne d'eau

,X ; \F
g matrice
7* —;K. o
* matrice bactéries
* organique
X = "4 enzymes
débris
organiques
+ E : micro-algues
substrat

Figure 8: Représentation schématique des différensecomposantes d’un biofilm périphytique (d’aprés
Morin 2006)

Le périphyton est désigné sous différentes terragies selon le substrat sur lequel il se
développe :

v' L'épiphytoncolonise les végétaux (macrophytes, lentilleswi’ed.

v L’épilithon colonise les supports minéraux grossiers (caillooshers, galets,...).

v L'épipéloncolonise la vase.

v L'épipsammorcolonise le sable.

Dans cette these, les difféerentes études ont portde périphyton colonisant les supports
minéraux grossiers c'est-a-dire I'épilithon. Lesrtes périphyton et biofilm seront utilisés

indifféremment pour désigner I'épilithon dans cenomecrit.
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25.2 Dynamique de colonisation

Dans un premier temps, le dépét d’'une couche de&mabrganique et de bactéries
facilite l'installation de petites especes de diades adhérentes et mobiles, ce sont les
especes pionnieres. Les especes érigées se dé@miagiprs avec I'apparition d’especes a
court pédoncule puis moins attachées au substranfat les espéces filamenteuses se
développent a leur tour. Au fur et a mesure dert@ssance du biofilm, I'architecture
tridimensionnelle se complexifie donc pour formanaturité un biofilm dont I'épaisseur est
conditionnée par le pool d’espéces présentes @éamdlieu, le type de substrat mais aussi les
conditions environnementales (comme la lumiére, cleurant, le broutage, ou les

concentrations en nutriments et en toxiques) duesngtades de colonisation (Figure 9).

M biofilm fin
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_UE') espéces adhérentes, fortement
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7] espéces érigées
n
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= # colonies filamenteuses
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Figure 9: Architecture tridimensionnelle d'un biofilm (d’aprés Morin 2006 )

2.5.3 Réle écologique dans les cours d’eau

Le biofilm joue un rdle essentiel dans le fonctiement des écosystémes aquatiques,
et particulierement dans les systemes lotiques eléeptaille, les organismes qui S’y
développent sont responsables de la majorité geolduction énergétique via la production
primaire et le cycle des nutriments (Battin e2&l03).
Le biofilm est ainsi le siege de processus authédtrotrophes intervenant dans les cycles
bio-géochimiques majeurs (Costerton et al. 1994). gein du biofilm, les bactéries
hétérotrophes sont capables de métaboliser la matiganique dissoute (MOD), rendant
ainsi possible son transfert vers les niveaux fiqpes supérieurs (Romani et al. 2004). Les
biofilms sont des sites majeurs d’assimilationeestbckage du carbone organique dissous, ils
contribuent ainsi au cycle du carbone mais aussiux de I'azote ou du phosphore. Ils sont
aussi a la base de la chaine alimentaire ou ilgeserde source de nourriture pour de

nombreux organismes brouteurs (gastéropodes aircegoissons).
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Parmi les composantes de ce biofilm, les diatoreéesutilisées de maniére privilégiée dans
le cadre de la bioindication et des études écodtogiques. Ces algues brunes unicellulaires
dont la taille varie de quelques um a plus de 50@ossedent une paroi siliceuse qui se
compose de deux unités imbriquées : I'épivalve ’Bypbvalve. Les formes et les
ornementations caractéristiques des valves sdigéets pour l'identification jusqu’au niveau
de I'espéce lors de I'examen microscopique. Letodiaes sont des organismes ubiquistes,
possédant un temps de génération court ; les eliffés especes présentant par ailleurs des
preferendaenvironnementaux et des sensibilités aux toxiousegees. Ces caractéristiques
ont conduit a leur utilisation actuelle dans plusseindices rendant compte de la qualité
générale des eaux comme I'Indice Biologique Diatesn@oste et al. 2009). D’autre part, de
récentes études ont pu montrer leur potentiel d#&vwaluation des pollutions toxiques,

notamment dans le cas des contaminations métasligmerin 2006, Arini 2011).
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Figure 10: Différentes espéces de diatomées sousties solitaires et coloniales (photographies de Jars
Oyadomari, source :http://www.bio.mtu.edu/, dans Morin, 2006)

2.5.4 Des biofilms sensibles aux pesticides
Les pesticides peuvent avoir de multiples effetslswbiofilm de riviere, que ce soit

sur la croissance, au niveau structurel ou fonnoghn

v" Croissance du biofilm
La grande majorité des études, qu’elles soientséxd au laboratoire ano situ, ont
mis en évidence des effets négatifs de pesticidetascroissance du biofilm et ce a

différentes échelles d’organisation. Des impacts pno étre observés sur la
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composante algale dans son ensemble ou encorensiwelasse algale en particulier.
Debenest et al. (2009) ont pu observer une dindnutde concentration en

chlorophylle a aprés avoir exposé du biofilm pemndénjours a 5 et 30ug/l

d’isoproturon; reflétant ainsi I'impact de I'herfe sur la croissance de la
composante algale globale. Certaines études seatachées a déterminer I'impact
des pesticides sur le groupe des diatomées emydaati: Péres et al. (1996) ont ainsi
mis en évidence une réduction marquée de la deesitdiatomées apres 34 jours

d’exposition a 5ug/l d’isoproturon.

v' Structure du biofilm
Les impacts au niveau structurel peuvent étre ésgala différentes échelles de
complexité et par diverses méthodes, les étudesniisies dans la littérature se sont
penchées sur la détermination relative des groalgesix (généralement algues vertes,
diatomées et cyanobactéries), la caractérisatida deversité procaryote et eucaryote

ou encore la structure des communautés de diatomées

Ainsi Schmitt-Jansen et Altenburger (2005) ont pontrer une évolution de la
structure du biofilm avec un changement de domi@ahcgroupe algal des diatomées

vers celui des chlorophytes suite a I'expositidiisaproturon pendant deux semaines.

Dans une étudim situ, Dorigo et al. (2010) ont quant a eux pu mettré&wddence des

profils de communautés procaryotes et eucaryofé&elits en fonction du niveau de
contamination en pesticides des différentes statidfili et al. (2008) ont également
observé des changements dans les profils de conut@snprocaryotes et eucaryotes
au terme d'une expérience de contamination chrenigu de pics de diuron en

microcosmes.

Un effort particulier a été mis sur la caractérmaides effets des toxiques (dont des
pesticides) sur le groupe des diatomées de paruldigation actuelle et en routine
dans le biomonitoring. Morin et al. (2010a) ontdiule potentiel de récupération de
communautés periphytiques sur une riviere impaptfeun bassin versant viticole ;
les auteurs ont mis en évidence un changement m@asition spécifique chez les
diatomées pour trois stations situées sur la Bvigorcille étant soumises a des

niveaux croissants de pression pesticide avec demdances relatives plus
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importantes de certaines especes comfwhnanthidium minutissimunKitzing)
Czarnecki, Eolimna minima (Grunow) Lange-Bertalot ouNavicula lanceolata
(Agardh) Ehrenberg au niveau de la station de eéfég par rapport aux stations
contaminées. Lors d’'une autre étudesitu, Ricart et al. (2010a) ont montré une
relation entre des pesticides de type triazindesetistributions de communautés de
diatomées. Cependaii, situ il reste encore difficile de séparer les effetslaiables
aux pesticides et ceux dus aux facteurs environnwue (température, lumiere,
vitesse de courant, taux d’oxygene dissous, trymti@ux autres pollutions toxiques
telles que les contaminations métalligues par eXmpceux-ci peuvent donc
représenter des facteurs de confusion importants Haterprétation de la réponse
biologique attribuable a la pression pesticide. Basdes au laboratoire sont donc
indispensables pour comprendre les modificationduites par les produits
phytosanitaires sur le biofilm, et pour pouvoirsiiétre capable d’appréhender et de
reconnaitre les effets attribuables a une containiman pesticides dans le milieu
naturel. Certaines études se sont donc intéressiesffets de ces composeés sur les
assemblages de diatomées en conditions controkdabdratoire : Roubeix et al.
(2011) ont par exemple observé des différences alapaosition spécifique de
diatomées avec un développement plus important etéaices espéces comme
Planothidium frequentissimum(Lange-Bertalot) Lange-Bertalot Planothidium
lanceolatum(Brébisson ex Kitzing) Lange-Bertaldialamphora montanéKrasske)
Levkov, Surirella brebissoniiKrammer & Lange-Bertalot eiNitzschia gracilis

Hantzsch suite a une exposition au métolachlore.

v" Impacts physiologiques
Dans la littérature, des impacts a divers niveawsiplogiques ont été étudiés suite a
I'exposition de biofilms a des pesticides.
De nombreuses études se sont intéressées aux ddfefsesticides sur les capacités
photosynthétiques de la composante algale du mipfdes dernieres peuvent étre
mesurées via les mesures de fluorescence chlofgpmg en lumieére modulée
(PAM : pulse amplitude modulation) qui sont de phrs plus utilisées grace aux
récents développements et démocratisation des&ilspde mesure. Une diminution
des capacités photosynthétiques du biofilm lortedes d’exposition aigué a I'atrazine
(Guasch et al. 1997), a I'isoproturon (Schmitt-&anst Altenburger 2007, Laviale et
al. 2010) ou encore au diuron et a ses métab@htesce et al. 2006) a été décrite.
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Les pesticides peuvent induire un stress oxydantavproduction d’espéces réactives
de I'oxygéne toxiques pour la cellule, cette demi@ispose de différents moyens de
régulation du stress oxydant dont I'activation dymes antioxydantes comme la
catalase, I'ascorbate péroxydase, la glutathionatdde ou la glutathion-S-transférase.
Récemment les activités enzymatiques antioxydaf@dsAs) ont été proposées
comme marqueurs du stress oxydant induit par kagues pour le biofilm de riviere
(Bonnineau et al. 2013). Les auteurs ont notamrpentnontrer lors d’'un test de
toxicité aigué a l'oxyfluorfene une plus importardetivité de la catalase pour des
biofilms chroniqguement exposés a cet herbicide nagport a des biofilms non
préalablement exposés. Dans une autre étude, Bzmngt al. (2012) ont observé une
augmentation de l'activité de I'ascorbate péroxgdasite a I'exposition a ce méme

herbicide.

v' Tolérance acquise des communautés
D’autres études utilisent le concept PICT ou lasijn de tolérance induite
proposée par Blanck et al. (1988) pour évaluerdant des pesticides sur le biofilm de
riviere. Le concept PICT est basé sur la théorlensiaquelle si une substance est
toxique, elle va exercer une pression de séledisna communauté, entrainant une
tolérance plus importante de cette communauté -vis-@le cette substance comme
illustré dans la Figure 11. Il est donc possiblentittre en évidence une exposition
passée a des pesticides en évaluant la sensidilitéiofiim en I'exposant a des
concentrations en toxique croissantes. Deux paramebnt couramment utilisés lors
de la construction des ces courbes dose-réporsecapacites de photosynthese et de
respiration. Plusieurs travaux ont révélé la pertce de cette méthode face a des
contaminations au diuron et a ses métabolitesi (@lilal. 2011, Pesce et al. 2010b,
Dorigo et al. 2010) ou a la prométryne (herbicRetter et al. 2011).
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MILIEU

REFERENCE POLLUE
 Communauté micrabienne ~ Communauté microbienne
"L d’un périphyton 4 ~ d'unpériphyton 7

Sélection
(intra et inter spécifique)

Acquisition de tolérance

Mesures de sensibilités (CEx)

« Changement de sensihilité »

[Toxique] croissante [Toxique] croissante

Analyses taxonomiques
« Changement de structure »
Figure 11 : Le concept PICT (d’aprés Pesce et al028)

2.6 L'utilisation d’extraits d’échantillonneurs passifour les études écotoxicologiques

Comme vu précédemment, les échantillonneurs passifsté initialement développés
dans le but d’intégrer de maniere continue la cotmadon de molécules dans le milieu grace
a des dispositifs sélectifs d’'une catégorie de ams@p chimiques. lls ont aussi été utilisés en
combinaison avec des tests biologiques dans ledlagipréhender une certaine « toxicité
environnementale ». Ce type d’approche permet eticpier d’'intégrer les problématiques
lies aux effets de mélange et de pouvoir travasas connaitre au préalable la composition
de I'extrait. Concernant le milieu aquatique, it psssible d’utiliser divers échantillonneurs
passifs en fonction de la polarité des substanuospestées ; le POCIS est par exemple
particulierement adapté pour échantillonner les tigides et les PPCP (produit
pharmaceutique et de soin personnel), le DGT (B Gradient in Thin-Films, Davison et
Zhang 1994, Zhang et Davison 1995) pour les comants métalliques, le MESCO
(Membrane-Enclosed Silicone Collector, Paschkel.eR@06) et le SR (Silicone Rubber,
Rusina et al. 2010) pour les PCB (polychlorobiphé&sly ou encore le SPMD (Semi-
Permeable Membrane Devices, Huckins et al. 199®seimembranes LDPE (Low-Density
Polyethylene, Miller et al. 2001) pour les hydrbbcames aromatiques polycycliques (HAP)
(Figure 12).
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Figure 12: Domaine d’application des principaux échntillonneurs passifs (en bleu) et gamme de polaét
de quelques familles de contaminants organiques (gmis). Applicabilité du Diffusive Gradient in Thin -
film (DGT) spécifiée pour les composés inorganiquds’apres Fauvelle 2012)

Le couplage des extraits d’échantillonneurs passifgles études écotoxicologiques peut
permettre d'une part d’appréhender le potentieligwx d’'un mélange environnemental

complexe lorsque les effets des extraits sont égafudes concentrations aigués et d’autre
part d’étudier des impacts plus réalistes avembsition a des concentrations de l'ordre de

grandeur de celles mesurées dans le milieu.

2.6.1 Toxicité aigué des extraits d’échantillonneurs gass

La grande majorité des études appréhendant laittdxies extraits d’échantillonneurs
passifs a été conduite sous la forme de bioessarsralement, les extraits peu ou pas dilués
(c'est-a-dire contenant des composés dont les otratiens sont tres largement supérieures
aux concentrations pouvant étre rencontrées dansitonnement) sont utilisés lors de tests

in vitro ouin vivo.

Cette approche a été largement utilisée dans lkexiende la problématique des perturbateurs
endocriniens, notamment en utilisant le test Y&astogen Screen (YES). Vermeirssen et al.
(2005) ont ainsi pu mettre en évidence I'activigragénique d’extraits de POCIS provenant
d’'un site en aval d'une station d’épuration. D’agtétudes ont également utilisé ce test pour

mettre en évidence une activité cestrogénique dixtle POCIS provenant de sites impactés
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par des stations d’épuration (Balaam et al. 20isxid et al. 2009) ou des activités d’élevage
(Matthiessen et al. 2006).

L'utilisation d’extraits d’échantillonneurs passit®uplés aux tests biologiques a aussi éte
utilisée pour d'autres types de contamination conpaweexemple les cas de pollutions aux
pesticides, aux polychlorobiphényles (PCB) ou emcaux hydrocarbures aromatiques
polycycliques (HAP). Allan et al. (2012) ont ainsbservé ['apparition d’anomalies
morphologiques sur des embryons de poisson z&aeidq rerio) exposes a des extraits de
LDPE modifié (Lipid-free tubing) immergés dans wome portuaire ou les concentrations en
HAPs sont particulierement importantes. Roig et(2D07) ont pu mettre en évidence les
effets de métaux lourds et de composés organiquegmosant des bactéridslfrio fischer)

et des algues verteBgeudokirschneriella subcapitagta des extraits de DGTs et de SPMDs.

Deux études se sont penchées sur les effets deigesten mélange sur les biofilms de
riviere en utilisant des extraits de POCIS : Pe=ical. (2011b) et Morin et al. (2012b) ont
ainsi observé des impacts des extraits sur lescitépaphotosynthétiques du biofilm en

relation avec lI'exposition passée des communalltésrant ainsi le concept PICT.

La toxicité a laquelle sont exposés les organisamgstiques dans le milieu naturel a été
appréhendée en utilisant un couplage de diversnéttbaneurs et tests biologiques en
fonction du type de contamination suspectée. Ce Wjapproche permet en particulier
d’intégrer les problématiques liées aux effets déange et de pouvoir travailler saagriori

sur la composition de l'extrait. Cependant en plesces études sur les effets aigus des
extraits, les travaux s'intéressant aux effets &ldadose et a long terme sont
complémentaires car plus réalistes d’'un point derennemental. Ce changement d’échelle
temporelle (de I'exposition aigué vers I'expositiohronique) et d’échelle d’exposition aux
toxiques (des concentrations aigués vers des ctratiens réalistes du point de vue de la
contamination environnementale) pourraient permeté mieux prendre en compte les effets
chroniques des toxiques sur les organismes ageatiglans I'évaluation du risque

environnemental.

2.6.2 Toxicité des extraits a concentrations environndaies
A ce jour tres peu de travaux ont été réalisés pawactériser spécifiquement les

effets toxiques a faible dose et a long terme détamges complexes de contaminants,
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incluant ceux extraits d’échantillonneurs passiiagipalement a cause des codts engendrés
par les expériences conduites sur plusieurs semairies difficultés techniques associées. A

notre connaissance seules deux études ont suigid@mnarche, I'une en utilisant des extraits

de SPMDs et l'autre de POCIS.

Petty et al. (2000) ont déployé des SPMDs sur tenlscalisé a proximité d’'une usine de
traitement des eaux fortement contaminé aux HAMB Btesticides organochlorés puis ont
expose des truites arc en ci€@ncorhynchus mykissaux extraits pendant 11 jours. Les
auteurs ont ainsi pu mettre en évidence une augtn@mide I'activité enzymatique au niveau
du foie, une perturbation des systémes de neusstrigsion et une perturbation potentielle du

systeme endocrinien chez les poissons exposésxaak®

Une étude s’est intéressée aux effets de pestieildanélange a faible dose et a long terme
sur le biofilm de riviére : Morin et al. (2012b) tomtilisé des canaux artificiels pour exposer
des communautés périphytiques a des extraits ddFQEs résultats n’ont pas montré de
changement sur la structure des communautés maesndant une diminution globale de la
tolérance avec une diminution de la pression ddacoination. Cette étude a permis de
souligner limportance de maintenir les niveaux dentamination dans les systéemes
expérimentaux et a mis en évidence l'intérét quevpid apporter une telle démarche de
maniére a mieux prendre en compte les effets atpesi de toxiques dans I'évaluation du

risque environnemental.
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3.1Sites d’étude
Deux sites d’étude aux profils de contaminatiompesticides différents ont été choisis
lors de ce travail de these : le bassin versama diéorcille située dans le Beaujolais et celui

du Trec-Canaule situé dans le Lot et Garonne.

3.1.1 Lariviére Morcille

Le bassin versant de I'Ardieres-Morcille situé démslaut-Beaujolais couvre environ
220 knf, ce site est étudié depuis de nombreuses anrges |d cadre de différents
programmes de recherche (programme de rechercheagfefx PestExpo », Onema-
Cemagref action 26 « Remédiation de l'effet de ipelss », Zone Atelier du Bassin du
Rhéne (ZABR)) qui ont permis, entre autres, de maeth évidence une forte contamination
du milieu aquatique par des produits phytosangait@ Morcille (8km) est un petit affluent
de I'Ardiéres caractérisé par son bassin versapki¥) fortement viticole, essentiellement
forestier en amont et planté de vignes en aval(Eid3).
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Figure 13: Assolement du bassin versant de la Moiltg (Source : Marquier 2007)

Il en résulte un gradient de pression viticole atvayval le long de la riviere Morcille (6,7% ;
51,6% et 79% de la surface du sous-bassin occupdesavignes; respectivement pour les
stations St Joseph, Les Versauds et St Ennemomnd)apecompagne d’un gradient croissant
des teneurs en pesticides retrouvées dans le daas (pesticides majoritairement & action
herbicide mais aussi quelques fongicides : Morguetlal. 2010). La contamination persiste
toute lI'année mais on observe un pic au printempspendant une partie de I'été
(généralement de fin mars a début aodt). Les hHdasicsont plutdt utilisés au printemps
(avant la croissance des plantes) alors que legdioles le sont plut6t durant I'éte.

Les concentrations peuvent atteindre des niveayoritants (de 'ordre de plusieurs pgl/l,
Montuelle et al. 2010, Morin et al. 2012b, Rabieak 2010) notamment lors des épisodes

pluvieux et des crues.
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D’autre part, un gradient amont-aval est égalernbeérvé avec des métaux comme l'arsenic
et le cuivre (Rabiet et al. 2008), le carbone oigyaa dissous et les composés inorganiques
azotés et phosphorés (Dorigo et al. 2007), commest Souvent le cas dans les bassins

versants agricoles.

3.1.2 Lariviére Trec

Le bassin versant du Trec-Canaule (202)Kait partie de la petite région agricole des
« Coteaux Nord du Lot-et-Garonne ». Il est étudipuis quelques années dans le cadre du
Programme d’Action Territoriale (PAT) Trec et Caleaqui a débuté en fin d’année 2008. Ce
programme a pour objectif I'amélioration de la dpgatle I'eau et du réseau hydrographique,
il comporte une trentaine d’actions dont le suiila qualité des rivieres. Il a permis d’établir
une cartographie de l'occupation des sols ainsi deegénérer des données sur la
contamination en produits phytosanitaires desnégé€Figure 14).

Figure 14: Localisation des riviéres le Trec et I&€anaule appartenant au bassin versant du Trec-Canael
ainsi que du point de préléevement « Trec » (carte éportail)

L’ensemble du bassin versant subit une pressidnagparticulierement marquée puisque la
Surface Agricole Utile (SAU) représente prés de &#4a superficie totale du bassin versant.

Les grandes cultures (blé et mais) y représerdamijorité des activités agricoles (67% de la
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SAU), on y trouve aussi des surfaces fourrager8%o(tle la SAU) ainsi que des cultures
spécialisées comme les cultures maraicheres, tiatoire ou la viticulture (7, 4 et 1% de la
SAU respectivement).

Ce bassin versant englobe deux cours d’eau : ke dirla Canaule. Le Trec est un affluent en
rive droite de la Garonne, gqu'il rejoint a Marmaragges un parcours de 24,4km.

Des concentrations particulierement élevées ericis ont été mesurées a la station Trec
aval Longueville située aprés la confluence erdrérec et la Canaule avec une moyenne de
8,59 ug/l en pesticides totaux pour I'année 2009.s&in des molécules les plus souvent
détectées pour cette année, nous retrouvons 15cidedy 2 produits de dégradation, 1
fongicide et 1 insecticide. Parmi ces 15 herbicidasplupart sont essentiellement utilisés
pour le désherbage des grandes cultures. Le ZReibicide), la bentazone (herbicide), la
diméthénamide (herbicide), le métolachlore (hedaiki I'imidaclopride (insecticide) et le
déséthyl atrazine (produit de dégradation de Pt sont les molécules avec la fréquence

de détection la plus élevée (Duprat 2010).

3.2Echantillonnage des communautés naturelles etektxiges

3.2.1 Echantillonnage des communautés naturelles

Lors de cette théese, deux techniques ont été adslispour échantillonner les
communautés naturelles : la pose de substrati@ftfet le grattage de supports naturels.
Dans le premier cas, des lames de verre placéggéii¢ur de cagettes en plastique ont été

utilisées comme support de colonisation pour lefillyis (Figure 15).

Figure 15: Supports artificiels pour la colonisation des biofilms.

Les cagettes ont été immergées pendant 28 jourdesudifférents sites d'étude, puis
transportées au laboratoire dans l'eau du siteespondant. Les lames ont ensuite été
conservées dans l'eau du site enrichie avec lesmarits du milieu WC (Guillard et
Lorenzen 1972) et soumises a une photopériode 2B8h#118°C jusqu’a utilisation lors des

expérimentations en conditions contrdlées de ldbwea(sous 7 jours).
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L’échantillonnage sur supports naturels a étéséglar grattage de cailloux issus du site, les
biofilms ont alors été remis en suspension daraul@u site de prélevement, soumis a une
photopériode 12h/12H a 18°C jusqu’a utilisationbilofilm lors des expériences d’exposition

aux pesticides.

3.2.2 Echantillonnage des pesticides

Les pesticides ont été échantillonnés a l'aide dspasitif POCIS présenté
précédemment et par des prélevements d’eau posctuel
La préparation des POCIS ainsi que leur analyse aéalisée par le laboratoire de chimie
d’Irstea Bordeaux selon le protocole développé lpasalde et al. (2011). Deux types de
POCIS ont été utilisés lors de cette thése, lesIBQ&Quantitatifs » et « accumulatifs ». Les
premiers contiennent un composé de référence epeattormance (PRC), la DIA-d5
(désisopropyl-atrazine deutérée) (Mazzella et GD72, ils sont utilisés pour obtenir une
estimation moyenne des concentrations en pesticidass les eaux. Les POCIS
«accumulatifs» sont quant a eux destinés aux destsxicité qui seront réalisés au laboratoire
et ne renferment pas de PRC. Les échantillonneassifs ont été placés a lintérieur de
cagettes en plastique et immergés pour une duréxte (POCIS « quantitatifs ») ou 28
jours (POCIS « accumulatifs ») sur les sites d'étpdis conservés a 4°C jusqu'a I'étape
d’extraction permettant de récupérer les contaniinprésents dans la phase pour le dosage
ou les tests de toxicité. Pour les POCIS « qudifsita, la phase (200mg) est alors récupérée
dans des tubes d’extraction sur phase solide (88B)nl, I'élution est réalisée avec 6 ml de
méthanol puis 6 ml d’'un mélange méthanol/acétadthgile (75/25). L'éluat est alors évaporé
a 60°C en chaleur continue puis repris dans 1ndédcaitrile pour le dosage.
La phase (600mg) des POCIS « accumulatifs » espétée dans des tubes SPE de 6ml,
I'élution est alors réalisée avec 10 ml de méthanig 10 ml d’'un mélange méthanol/acétate
d’éthyle (75/25), I'éluat est évaporé a sec etisegpans 10ml d’eau minérale. L'opération est
répétée pour tous les POCIS « accumulatifs », ddstisns sont alors rassemblées pour
constituer la solution de contamination qui serpoar les tests de toxicité. Cette solution
sera ensuite diluée selon les concentrations @&sioés des expériences.
Les calculs sont basés sur la détermination dunveliotal échantillonné () calculé a partir
du volume journalier théorique échantillonné paP@CIS « accumulatif » (e.g. 200mL/jour
pour 600mg de phase) g¥cis ), du nombrer{) et de la durée d’expositiot) des POCIS sur
le terrain par la relation :

Vit = VpocisthX N Xt
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Ainsi pour étre concentré d’un factebrpar rapport a la concentration environnementale
. " , 1
moyenne recherchée, le nomhrde POCIS devra étre repris dans le volunlge)(x Viot.

Pour obtenir une concentration équivalente a la@oimation environnementale moyenne, |l
faudra donc reprendre lePOCIS dans un volume égal ay:avecF = 1, par exemple pour
réaliser une exposition a des concentrations téalipar rapport a la contamination
environnementale). Au contraire pour réaliser uxosition & des concentrations élevées, les
n POCIS devront étre repris dans un volume beaucooins important. Pour obtenir par
exemple une solution en moyenne 300 fois plus aunge par rapport a la concentration

environnementale, alos = 300 et lesn POCIS devront étre repris dans un volume égal a

1
T Y X Vg,
(3oc) o

Une solution « Témoin solvant » sera égalementséél lors des tests de toxicité. Cette
solution est obtenue selon le méme protocole quelps POCIS « accumulatifs » en ajoutant
de la phase HLB vierge (en méme quantité) dansadsuches d’'élution.

Des analyses sur les échantillons d’eau ont égaleété réalisées de maniere a quantifier les
pesticides non échantillonnés par le POCIS ou d®rRs n'est pas déterminé. La phase
d’extraction sur phase solide a été réalisée aescslstemes Visiprep™ et Visidry™
(Supelco) : 100 ml d’échantillon sont filtrés siltrés GF/F (0,7 um, Whatman), le pH est
ajusté a 7 puis 10 pl d’'une solution d’étalonsrimés sont ajoutés avant I'étape d’extraction.
Les cartouches sont conditionnées avec 5 ml deamétlet 5 ml d’eau ultra pure. 50 mi
d’échantillon d’eau sont alors passés sur cartowth® ml d’eau ultra pure (avec 5% de
meéthanol) sont utilisés pour rincer la cartouches tartouches sont alors séchées 15 min sous
jet d’azote et stockées a 4°C avant I'étape d@futiL’élution est réalisée avec 3 ml de
méthanol puis 3 ml d'un mélange méthanol/acétad¢hglle (75/25). Finalement, 10 pl d’'un
mélange contenant les standards analytiques smrtéajavant évaporation a sec. L'extrait est

alors reconstitué avec 1 ml de I'éluant initial HPP{acétonitrile/eau ultra pure 90/10).

3.3Expérimentations en conditions contrélées de ldboea
3.3.1 Conditions générales d’exposition
Les conditions d’exposition et les différents systg expérimentaux utilisés lors de

cette thése seront détaillés dans la partie « Miéet Méthodes » spécifique a chacun des
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chapitres suivants. Brievement, les expositiondidéims aux extraits de POCIS ont été
réalisées en canaux artificiels alors que les atipns aux molécules seules ou en mélange
simple ont été réalisées soit en microplaquesdsmis des unités expérimentales type flacons

en verre.

3.3.2 Parameétres physicochimiques

Les parameétres physicochimiques tels que le pldotaluctivité, la concentration en
oxygene dissous et la température ont été suivioars des différentes expériences a l'aide
du pH-métre pH 3110 (WTW), du conductimetre LF 3MTW) et de 'oxymétre Oxi 340i
(WTW). La température a été déterminée en moyentegntaleurs données par les trois
appareils. Les concentrations en nitrates, orthgpinates et silice ont été déterminées par le
laboratoire de chimie des eaux d’Irstea Bordeaipndes normes NF EN ISO 13395 10/96 a
l'aide de I'Auto-analyser Evolution Il Alliance poles nitrates et selon les normes NF T90-
023 09/82 et NF T 90-007 02/01 pour les orthophatgshet la silice respectivement et en
utilisant le spectrometre Lambda 2 Perkin Elmer.

3.3.3 Dosage des pesticides

Le dosage des pesticides dans les extraits issBOGES et SPE (eaux) provenant de
la Morcille, du Trec et des expérimentations enacana été effectué par les laboratoires de
chimie d’'lrstea Bordeaux (UR REBX) et Irstea LyddR MALY), d’apres la méthode
développée par Lissalde et al. (2011). Les échamsilont été analysés par chromatographie
liquide couplée a un spectrométre de masse enrta(ldELC—ESI-MS/MS) au moyen d’'une
chaine HPLC Ultimate 3000 (Dionex) équipée avecanienne Gemini NX C18, 10 mm x 2
mm, 3 um (Phenomenex) et un triple quadrupole ABO02(AB Sciex), ainsi que par
chromatographie gazeuse couplée a un spectrometneadse en tandem (GC-MS/MS) du
type Quantum GC (Thermo) équipé avec une colonnés®S 30 m x 0.25 mm x 0.25 pm
(Restek). Les concentrations en pesticides dangdax de la Morcille ont été également
déterminées aprés extractions SPE sur cartouchais BBB a I'lrstea de Lyon, suivies par
une analyse HPLC-ESI-MS/MS avec une chaine HPLQO 1(®gilent) et un triple
guadrupole API 4000 (AB Sciex). La séparation chatographique a été réalisée avec une
colonne analytique Atlantis T3, 3um, 2.1 mm x 10 fWaters, France) (Assoumani et al.
2013).
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Les méthodes analytiques ont été validées en tedmdéinéarité de la fonction d’étalonnage,
de spécificité, du taux de récupération de I'extoacet de la limite de quantification selon la
norme frangaise NF T90-210.

De plus, des blancs laboratoire (SPE et POCISretih (POCIS uniquement) ont été réalisés
régulierement, ainsi que des controles qualité tws séquences d’'analyse ou des étapes

d’extractions (eau minérale dopée).

3.3.4 Evaluation de la croissance des communautés
3.3.4.1Estimation de la densité de diatomées

Le comptage des diatomées est réalisé a partir édbantillons formolés sous
grossissement x400 grace a un microscope photorifii€Z a I'aide d'une cellule de
comptage de type Nageotte (Marienfeld, Germany}. éehantillons sont passés au vortex
puis homogénéisés par pipetages successifs etuéllentent dilués au besoin selon leur
concentration. Un aliquote de 200uL est déposé emire de la cellule de comptage et
recouvert par une lamelle planée. Les cellulesntes et mortes sont dénombrées dans 10
champs de la zone quadrillée (145 chacune, 0,5 mm de profondeur). La distinctiotreen
les cellules vivantes et mortes a été estimée Ipsgroation de la turgescence et de la couleur
des chloroplastes.
La densité des diatomées exprimée en individuxpér est alors calculée selon la formule

Suivante :
N =((Ax B)/ (10 x 1,25.18)) / (C/S)

N = densité moyenne en cellules pafcm

A = nombre de cellules dénombrées dans 10 champs
B = facteur de dilution

S = Surface grattée en ¢m

C = Volume de reprise en mi

10 = nombre de champs comptés

1,25.10° = volume d’un champ en mL

3.3.4.2Mesure de la concentration en chlorophylle a
La concentration en chlorophylle a est estiméelpaechnique de fluorescence en

lumiere modulée a l'aide du fluorimétre Phyto-PAMe(nz Walz GmbH, Germany). Dans
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une large gamme de teneur en chlorophylle, I'intérde fluorescence est proportionnelle a la
concentration en chlorophylle. Les mesures onté&dBsées avec la calibration par défaut de

I'appareil.

3.3.4.3Mesure de la biomasse

Le poids sec (PS) et la matiére séche sans ceM@BEQC) ont été déterminés suivant
la norme NF EN 872. Les filtres en fibre de vetedlle des pores : 1,2 um ; GF/C Whatman),
sont passés a I'étuve a une température de 100i@apeune heure. lls sont ensuite pesés
apres équilibration a température ambiante dardessiccateur pendant au moins 15 minutes
(détermination de m.). Les échantillons sont alors filtrés sous videsges a I'étuve a 105°C
pendant une heure, puis pesés apres équilibratempgérature ambiante dans un dessiccateur
pendant au moins 15 minutes (détermination dednLes échantillons sont alors passés une
heure au four a 500°C puis pesés apres eéequilibraaicdempérature ambiante dans un
dessicateur pendant au moins 15 minutes (déteriomnae Ni.r).
Le PS etla MSSC sont déterminés selon les fosreue/antes :

PS (mg/cm?) = (Ruve Mitre) / S
et
MSSC (mg/cm?) = PS X (1-((80r - Mittre)/( Metuve- Mittre))

Mgswve = Masse du filtre apres filtration et passageét@ve en mg
Miire = Masse du filtre avant filtration en mg
Meour = Masse du filtre aprés passage au four en mg

S = surface grattée en cm?

3.3.5 Analyse qualitative et quantitative de la structdes communautés
3.3.5.1Groupes algaux

Les groupes algaux sont déterminés par la technitudluorescence en lumiére
modulée a l'aide du fluorimetre Phyto-PAM (Heinz W&mbH, Germany). La distinction
entre les différents groupes algaux est baséeasurelsure de la fluorescence émise apres
excitation a différentes longueurs d’ondes. Lestrgulngueurs d’ondes utilisées (470, 520,
645 et 665 nm) sont choisies de maniere a permattee différenciation optimale entre
cyanobactéries, algues vertes et diatomées. En péfer un échantillon ne contenant que des

cyanobactéries presque aucun signal ne sera déiemté@ine longueur d’excitation de 470nm
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(pas de chlorophylle b) alors qu’un large signaasketecté pour une longueur d’excitation de
645nm (due a I'absorption de l'allophycocyanineh &chantillon d’algues vertes montrera
guant a lui un large signal a une longueur d’ondxditation de 470nm (présence de
chlorophylle b) et un faible signal avec une longud’onde d’excitation de 520nm. Au

contraire les diatomées montreront un signal natesgent a 470nm mais aussi a 520nm

d’excitation due a I'absorption de la chlorophylade la fucoxanthine et des caroténoides.

3.3.5.2Détermination de la composition spécifique des comamtés de
diatomées

Ces analyses ont été effectuées par le laborateihyto-écologie d’Irstea Bordeaux
(UR REBX).
L’identification des diatomées présentes dans tdmmdtillons de périphyton (préalablement
fixés) est réalisée d'aprés I'examen microscopidaeleur squelette siliceux. Le protocole
normalisé AFNOR (NF EN 13946) consiste en une pteenétape de digestion de la matiére
organique par un traitement des échantillons ail@eygénée (bD,, 30%) bouillante de 10
minutes. Un deuxiéme traitement, a I'acide chlorigue (HCI, 35%) bouillant pendant 5
minutes est parfois nécessaire pour obtenir uyege satisfaisant des frustules. Ensuite, les
résidus d’eau oxygénée et d’acide sont éliminéslparcycles successifs de centrifugations (5
minutes a 25009g) et de rincages a l'eau distilldee partie aliquote est déposée sur une
lamelle propre et déshydratée par séchage. Lalamesi ensuite retournée sur une goutte de
résine réfringente, le Naphrax® (Brunel Microscoptey UK), déposée au préalable sur une
lame, le chauffage permet de chasser les bulles ef'a’aboutir & la fabrication de lames
permanentes.
L’identification des diatomées se fait par I'obs®ion en microscopie photonique (au
grossissement x1000) des lames préparées, setumree NF EN 14407 (2004). L'effort de

détermination porte sur 400 valves au minimum.

3.3.6 Analyse du fonctionnement des communautés
3.3.6.1Activités enzymatiques antioxydantes
Les enzymatiques antioxydantes sont utilisées cotmpraarqueur du stress oxydant
du biofilm (Bonnineau 2011). Quand la balance redsixdéséquilibrée, différentes enzymes
interviennent pour réguler la production des espé&éactives de I'oxygene (EROs) (Figure
16).
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Figure 16: Systéme de détoxification du radical swgroxyde (O,)) et du peroxyde d’hydrogéne (HO,) par
les activités enzymatiques antioxydantes: superodg dismutase (SOD), catalase (CAT), ascorbate
peroxydase (APX) et glutathion réductase (GR). Auis abréviations: As., ascorbate; MDA,
monodéhydroascorbate; MDAR, MDA réductase; DHA, dégdroascorbate; DHAR, DHA réductase;
GSH, glutathion; GSSG, glutathion oxydé (dans Bonmieau 2011, modifié d'aprés Noctor et Foyer 1998)

Le dosage des activités enzymatiques antioxydasgesealisé pour la catalase (CAT), la
glutathion réductase (GR), la glutathion-S-trare$ér(GST) et I'ascorbate péroxydase (APX)
selon le protocole développé par I'équipe de litostd’Ecologie Aquatique de I'Université
de Girona en Espagne (Bonnineau et al. 2013, Bairadt 2013).

Apres échantillonnage, les biofilms sont centrii@2300 g pendant 5 min pour éliminer
'excés d'eau, immédiatement plongés dans I'azaqtéde puis conservés dans I'azote liquide
jusqu’a I'étape d’extraction.

Les enzymes étant des protéines trés sensibleschalaur, les échantillons doivent étre
conservés le plus possible dans la glace pendatdstdes étapes, de I'extraction jusqu’au

dosage enzymatique.

v Extraction des protéines totales
200uL de tampon d'extraction (100 mM N&OQJ/KH,PQ,, pH 7,4, 100 mM KCI, 1 mM
EDTA) sont ajoutés pour chaque 100 mg d'échanttiomide, deux pulses de 30s avec une
minute d’intervalle dans la glace sont alors apmi aux échantillons a laide d'un
homogéniseur (PT 1600E, Kinematica). Les échansllsont ensuite vortexés trois fois 30s
avec deux min d'intervalle dans la glace aprésuitajle billes de verre dans une proportion de

100mg de billes pour 100mg de biofilm (masse hujnides échantillons sont alors
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centrifugés pendant 30 min a 10 000 g et le suar@geontenant I'extrait de protéines

récupéré.

v' Dosage des protéines totales
Le dosage des protéines totales a été réalisé laviecteur Synergy4 (BioTek®) selon la
méthode de Bradford (1976). Trois réplicats angls sont réalisés pour chaque
échantillon. 5ul de surnageant et 200ul de rédetiBradford (Bio-Rad Laboratories GmbH,
Germany) sont introduits dans chaque puits de aapiaque. Le sérum d’albumine bovine
est utilisé comme standard analytique. L'absorbahcBleu de Coomassie est modifiee par
les liaisons avec l'arginine et les acides amingdrdphobes présents dans les protéines. La
teinte passe du rouge (absorbance a 470nm) au(ddbsorbance a 595nm) en présence de

protéines.

v' Détermination des activités enzymatiques antioxiela(AEAS)
Les mesures d’AEAs ont été réalisées en microplR@u¥/-Star 96 well plate, Greiner®),
'évolution de l'absorbance a été suivie a l'aide gpectrometre Synergy4 (BioTek®).
Chaque dosage enzymatique a été réalisé avec 2pgtéees. Les AEAs étant dépendantes
de la concentration en substrat, une étape d’ogditioin est nécessaire pour chaque biofilm
d’origine et/ou d’exposition aux pesticides diffét® Plusieurs concentrations en substrat ont

donc été testées pour chaque activité enzymatigpeue les différents biofilms.

- L'activité de la catalase (CA® été mesurée en suivant la décomposition & Bl 240 nm

et 25°C pendant 2 min (Aebi 1984). La concentratiptimale en substrat a été déterminée en
testant les concentrations suivantes: 10, 15, @@t 30 mM de bD,. La réaction est réalisée
dans un volume final de 250ul, chaque puits conhtientrait enzymatique (2pg prot), un
tampon NaHPOW/KH,PQO, (pH 7,0) (80 mM concentration finale) et®}. La réaction est
initiée avec I'ajout de pD,. L'activité de la catalase est calculéepeml H,O, pg prot'min™

(coefficient d’extinctiore = 0,039 cm#mol™Y).

- L’activité_de la glutathion réductase (GR) été déterminée en suivant I'oxydation de
NADPH a 340 nm et 25°C pendant 2 min (SchaedleasssiBam 1977). La concentration
optimale en substrat a été déterminée en tegtamoincentrations: 0,10 ; 0,15 ; 0,20 ; 0,25 et

0,30 mM de NADPH. La réaction est réalisée dansalame final de 200ul, chaque puits
contient I'extrait enzymatique (2ug prot), un tamporis-HCI (pH 7,5) 100 mM, EDTA
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1mM, 1 mM de glutathion oxydé (GSSG) et NADPH. Eagation est initiée avec I'ajout de
NADPH. L’activit¢ de la GR est calculée emol NADPH pg prot'min™ (coefficient
d’extinctione = 6,22 cmyumol™?).

-L’activité de la glutathion-S-transférase (GSd)été mesurée en suivant la formation du
conjugué CDNB-glutathion a 340 nm et 25°C pendantnia (Grant et al. 1989). La
glutathion-S-transférase combine le CDNB avec lgaghion oxydé (GSSG) pour former un
conjugué CDNB-glutathion qui absorbe a 340 nm. kgjugué peut aussi se former par voie
non-enzymatique il est donc important de mesurabsibrbance de blanc (sans extrait
enzymatique). La concentration optimale en substrat été déterminée en testant les
concentrations: 0,875 ; 3,5; 7; 8,75; 12,25%73 mM de GSH. La réaction est réalisée
dans un tampon K#POJ/K-HPO, (pH 7,4), 100mM, CDNB et dans un volume final d® 2
uL. La réaction est initiée avec I'ajout de GSH. dtigité de la GST est calculée @mol

GST pg prot'min™ (coefficient d’extinctiore = 9.6 cmZumol™).

-L’activité de I'ascorbate péroxydase (APX)été mesurée en suivant la décomposition de

H>0, a 290 nm et 25°C pendant 1,5 min (Nakano et A$4884). La concentration optimale
en substrat & été déterminée en testant les coatiens suivantes: 1, 2, 3, 4 et 5 mM de
H.0,. La réaction est réalisée dans un volume fina2si@ul, chaque puit contient I'extrait
enzymatique (2ug prot), du tampon ;NROJ/KH,PO, (pH 7,0) (80 mM concentration
finale), Na-Ascorbate (150 uM) et,8, pour initier la réaction. L’activité de I'ascorleat
péroxydase est calculée gmol H,0, pg prot’min™ (coefficient d’extinctions = 2,8 cm?
umol™).

3.3.6.2Mesure de la fluorescence chlorophyllienne en luenmdodulée
Les organismes photosynthétiqgues sont capablesmertir 'énergie lumineuse en
énergie chimique. Les photons sont capturés auaunivées antennes collectrices des
photosystemes, I'énergie d’excitation est alorsndmaise aux centres réactionnels ou
s’effectue la conversion de I'énergie lumineuseérargie chimique. Lorsqu’une molécule de
chlorophylle recoit de I'énergie lumineuse, ellesgm alors dans un état excité instable qui
correspond a un niveau énergétique supérieur. €attgie est alors transmise de proche en
proche jusqu’au cceur du centre réactionnel cogspar des chlorophylles a spéciales que
'on appelle P680. Lorsque la P680 est excitées p#ut transmettre un électron via une

phéophytine a une quinone fortement liée au caet®AU(Qn), puis a une plastoquinone qui
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s’attache temporairement au PSIIgfQP680 oxydée récupere alors son électron d'une
tyrosine de la protéine D1.

La lumiére absorbée par I'appareil photosynthétiglest pas totalement transformée en
énergie chimique, elle peut étre dissipée sousdatenchaleur ou bien réémise sous forme de
fluorescence. Le transfert d’énergie d'une moléadée chlorophylle excitée a une autre
molécule de chlorophylle se fait en “f0secondes, les phénoménes qui conduisent & la
dissipation de I'énergie sous forme de chaleur @fiubrescence ont lieu quant a eux eff 10
secondes. La probabilité de transfert de I'exatath une autre molécule de chlorophylle est
donc beaucoup plus grande que celle d’'une dissipale I'énergie sous forme de chaleur ou
de fluorescence.

Ces trois voies sont compétitives, ainsi a tral’/étade de I'une d’entre elles (la fluorescence

dans notre cas) nous allons pouvoir obtenir degnmdtions sur les deux autres.

Les mesures de fluorescence en lumiere moduléétémtéalisées a I'aide d’'un fluorimétre
Phyto-PAM (Heinz Walz GmbH, Germany). Le flux luraix émis par fluorescence dépend
de la lumiere absorbée par le PSIl, ce qui renficilif les mesures dans le cas ou la
luminosité varie (en plein champ par exemple). iisdtion d’'une lumiere modulée permet
de pallier ce probléme : en effet I'application méulumiére modulée provoque I'émission
d’une florescence modulée. La lumiere moduléesdidipour les mesures est produite par une
diode et filtrée pour couper les longueurs d’ondedassus de 680nm, seule la florescence

modulée selon les mémes caractéristiques estalgifiée (Figure 17).

Amplificateur ﬂ

A>700nm

Détecteur

Lumiére
moduléeA<680

Source de lumiére
sursaturante

Fluorescence

/ modulée

Fluorescence non modulée —

Source de lumiére actinique

Feuille ¥ Lumiére actinique

Figure 17: Schéma de la technique de mesure de I'&@sion de la fluorescence modulée de la chlorophgll
d’'une feuille. La lumiére modulée est émise par uneED a une longueur d’'onde inférieure a 680 nm. llui
correspond une fluorescence modulée qui, seule, eshplifiée par un amplificateur sélectif accordé sula
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fréquence de modulation de la lumiére modulée. Laumiére actinique produit aussi une émission de
fluorescence par la feuille. Cette émission n'estag amplifiée. Une source de lumiére sursaturante no

modulée ferme tous les centres et produit aussi da fluorescence non modulée qui n’est donc pas
amplifiée. La lumiére sursaturante est aussi une haiére actinique. (d’aprés Cornic 2007)

Le fluorimetre Phyto-PAM permet de mesurer le renelet quantique de la photochimie du
photosysteme Il qui représente la probabilité mppuune excitation induite par un photon se
désactive par la voie photochimique. Si I'échamtillest adapté a I'obscurité, on mesure le
rendement quantigue maximal de la photochimie dul PS/F,), chez les plantes
supérieures il est compris entre 0,84 et 0,80eShhesures sont réalisées sous la lumiére on
mesure alors le rendement quantique efficace dehtdochimie du PSIl®ps)) dans la
plupart des cas A, est supérieur @pg, cependant il existe des exceptions chez les
diatomées. Les mesures de fluorescence permetissi de calculer la vitesse relative de
transfert des électrons au niveau du PSII (rETR).

La variation de la vitesse relative de transfers é&ectrons au niveau du PSIl (rETR) en
fonction de l'irradiance est étudiée pour estinesr dapacités photosynthétiques ainsi que les

parameétres de saturation lumineuse d’un échantillon

Echanlillon adaplé Echantillon adapté
a I'obscurité a (a lumiére
Fm r

d

flash
______________ saturant
T flash
saturant
0 — T Lumiére modulée
T lumiére +
moduice Lumiére actinique

Figure 18: Principe de la technique de mesure de fauorescence chlorophyllienne en lumiére modulée
(d’aprés Gévaert 2001)
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En pratique ces parametres sont mesurés comme suit

v' Le rendement quantique optimal du PSWKR) :

L’adaptation de I'échantillon a I'obscurité perntetretour a un état ouvert de tous les centres
réactionnels (accepteurs primaires @xydés). Une lumiere modulée (ML) d’intensité
constante et faible, et qui ne permet pas la rms@ete des mécanismes photochimiques, est
appliguée sur I'échantillon. Cette lumiére produie émission de fluorescence de baseéF
nous appliquons alors un flash de lumiére sursaterd.SS) tous les centres réactionnels se
ferment, la voie photochimique est ainsi blogué.dissipation de I'énergie en exces sous
forme de chaleur quand a elle est négligeable ke lente a se mettre en place : nous
mesurons alors la fluorescence maximalg Ee rendement quantique optimal de la
photochimie du PSII (-, est alors calculé de la maniere suivante :

F/Fn=(Fn—FR)/ Fn

v' Le rendement quantique efficace du P8i4|) :

Lorsqu’on échantillon est exposé a une lumierenagpie (LA), les processus photochimiques
se mettent en route, aprés plusieurs minutes daatdtion a cette lumiere un équilibre
s’établit entre le nombre de centres réactionnal®xs et fermés. Si nous appliquons alors un
flash de lumiere sursaturante, les centres réamlenouverts se ferment: nous mesurons
alors by et Ry, correspondant respectivement a I'émission derdkoence juste avant et
pendant I'application du flash lumineux.
Le rendement quantique efficace de la photochimieP8Il @Pps)) est alors calculé de la
maniére suivante :

®psi = (Fw — Fy) / Fwr

v La vitesse relative de transfert des électronsean du PSII (rETR)

Ce parametre est couramment utilisé pour estinaetivité photosynthétique, il est définit
par I'équation suivante :
rETR =®pg; x I Xx 0,5 x 0,84

ou | et ®pg) correspondent respectivement a la valeur de diiarzce incidente et au
rendement photosynthétique efficace comme défiditgdemment. Le facteur 0,5 est lié a
'hypothése selon laquelle I'énergie lumineuseégtiement répartie entre le photosysteme |
et le photosystéme Il, alors que seule la contvbude la fluorescence émise par le PSII est
prise en compte lors des mesures (Maxwell et JohrZ00). En effet, & température

ambiante I'émission de fluorescence chlorophyllemmovient essentiellement de I'antenne
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collectrice du photosystéme Il (PSII), I'émissiom ftiorescence par le photosysteme | (PSI)
est faible par rapport a celle émise par le PSHeeteprésente au plus que de 10 a 20% de
I'émission totale. Le facteur 0,84 correspond &dation de lumiere absorbée (Bjorkman et
Demmig 1987).

60 -
rETRmax -
*
507 K o o ° o
o (o]
o o
40 | K o
£ 30 -
- - o
m o
*
20 el
o o
10 o
1
*
0 9 @ / ‘ ilk ‘ ‘
0 100 200 300 400 500 600 700
PAR

Figure 19: Exemple de courbe étudiant la variatiordu rETR en fonction de l'irradiance et de ses
parameétres photosynthétiques associés

La réalisation de courbes étudiant la variatiomElR en fonction de I'irradiance (Figure 19)
permet d’extraire différents paramétres :
- La pente initiale de la courbe)(représente I'efficacité photosynthétique a
faible irradiance.
- L’intensité lumineuse a partir de laquelle laatedn n’est plus linéaire ).
- La valeur maximale du rETR représente I'actiyitdtosynthétique maximale
(rEETRmay.

3.4 Analyses statistiques
Différentes analyses statistiques ont été réaliaédemvers les expériences meneées tout
au long de cette thése, elles seront spécifiées @apartie « Matériels et méthodes » de

chacun des chapitres suivants.
Afin de révéler les différences statistiques emtrbantillons les analyses ANOVA ont été

utilisées suivies d’'un test post-hoc HSD de TucKegpur les données normalement
distribuées) a l'aide du logiciel STATISTICA 6.1t§&soft). Dans le cas de la distribution non
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normale des données les tests non paramétriquésudiall Wallis et de comparaison 2 a 2

de Mann Whitney ont été appliqués.

Les courbes dose-réponse ainsi que leg,HEGs et EGp ont été calculées en utilisant la
macro REGTOX EV 7.0.5. (Vindimian 2003) sur Excelaefonctiondrm de la librairiedrc
pour R (Ritz et Streibig 2005).

Les différences entre échantillons au regard dmhdance relative des especes de diatomées
ont été décrites a I'aide d’analyses en composaniasipales (ACP) et de dendrogrammes.
Les ACP ont également été utilisées pour mettrévatence les différences entre échantillons
a partir de jeux de données contenant des varidiitdsgiques comme le biovolume, la
densité cellulaire, le poids sec, la matiere seshes cendre ou encore le rendement
photosynthétique. Les ACP et les dendrogrammesétintréalisés a l'aide des fonctions

dudi.pcaethclustrespectivement de la librairfde4pour R (Dray et Dufour 2007).
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Figure 24 : Mean relative abundances of the 21 dantispecies (i.e. representing more than
2% relative abundance in at least one sample)ya®da) and day 13 (b). ....ccooeeeeeeeeeenen. 210
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A ce jour, deux grands types d'approches ont éigést pour décrire les impacts de mélanges
de contaminants a des concentrations réalistes lesupériphyton. Les approches de
translocation offrent une représentativité impaegouisque les organismes sont directement
soumis a la contaminatidn situ. Cependant il peut parfois étre difficile de coergire les
relations de causalité entre la présence de cemmorants et les réponses des biofilms
puisqu’un grand nombre de parametres n’est pasucdaiexpérimentateur. Au contraire les
expositions au laboratoire permettent de contr@lertains de ces parametres (lumiére,
température, vitesse du courant, concentratiorte»@gues,...). Néanmoins les études menées

jusque la ne se sont intéressées, au mieux, guackiail restreint de contaminants.

Le premier objectif de ce travail de these consiséealuer les réponses de biofilms de riviere
aux histoires d’exposition différentes face a uiamge complexe de pesticides constitué par
des extraits de POCIS.

Pour cela une expérience en conditions controlé$aldoratoire a été réalisée. Dans un
premier temps des supports artificiels ont été pass la riviere Morcille (site présenté au
chapitre 1ll) au printemps 2011 pour permettredborisation par les biofilms naturels. Deux
sites aux concentrations en pesticides contrast#testé choisis : la station St Joseph (située
en amont) peut étre considérée comme un site dgergfe, au contraire le site de St
Ennemond (située en aval) subit des contaminatibreniques en pesticides. En paralléle les
POCIS ont été exposés sur le site contaminé auxeméates.

Les biofilms ont alors été exposés en canaux @difi aux extraits de POCIS. Plusieurs
modalités ont été réalisées, les biofilms origemide St Joseph ont été exposés aux extraits
de POCIS ou maintenus dans de l'eau sans pestpode modéliser l'apparition d'une
contamination aux pesticides ou non. Les biofilresSt Ennemond ont, quand a eux, été
exposés aux extraits de POCIS ou placés dans de $ans pesticides pour modéliser un

maintien ou une levée de pression toxique resproent.

Différents parametres ont été suivis tout au loag @3 jours d’exposition en canaux. Tout
d’abord la tolérance acquise des biofilmsitu a été évaluée via des tests d'inhibition a court
terme basés sur l'activité photosynthétique eisésalavec les extraits de POCIS.

Les impacts au cours du temps des extraits de PO@I&s biofilms soumis aux différents

traitements ont été évalués par des mesures deabsamnde fluorescence en lumiére modulée
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(détermination des groupes algaux et rendemenbphiathétique), de densités de diatomées

et par des analyses taxonomiques.

Les résultats obtenus montrent que la sensibilité extraits de POCIS des biofilms de
I'amont est supérieure a celle des biofilms dedlarevélant I'histoire d’expositiom situ des
biofilms aux pesticides et soulignant ainsi le @ptcPICT (ou l'acquisition de tolérance
induite proposée par Blanck et al. 1988). L’expositchronique aux extraits de POCIS en
canaux artificiels a mis en évidence des effetsifsogtifs sur la croissance au regard de la
biomasse (PS et MSSC) et de la densité en diatomigssque sur la structure du biofilm
avec des impacts sur les niveaux de fluorescenda ebmposition des assemblages de
diatomées. La réponse de certains de ces paramlries en fonction de l'origine des
biofilms, mettant ainsi en évidence le role cruclalleur exposition passée. De plus, au vu
des résultats obtenus lors de cette expériencst iagparu que I'utilisation des niveaux de
fluorescence pour mesurer la croissance globaldidiiim et le pourcentage relatif des
différents groupes algaux doit étre considérée gwécaution dans les études s’intéressant
aux inhibiteurs du PSII. Nous avons aussi soulign€e les conclusions a propos des
assemblages de diatomées doivent considérer letisiééedes échantillonneurs passifs d'une
part, et le réle de I'immigration d'espéeces d'apad.

Notre étude montre I'importance de la prise en dendges effets chroniques de pesticides en
mélange dans les études sur le risque environnaimehnta pertinence de l'utilisation des

extraits d’échantillonneurs passifs (comme le PQ@s cette approche.
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Abstract

Impact of the changes in toxicant pressure to lagtdenicrobial communities from different
origins is generally assessed using translocatiperaments. Nevertheless these approaches
do not allow to clearly identify to what extent thaxicant of interest is responsible for the
observed effects on biofilms, since abiotic (ligletnperature, current velocity...) and biotic
(species drift) parameters are not controlled anttimmontaminations often occur. This study
deals with the use of Polar Organic Chemical Irattge Sampler (POCIS) extracts to assess
the impact of low-dose pesticide mixtures on nathrafilm communities originating either
from a chronically contaminated or a referencedfisite. To investigate how biofilm
communities from the wild, pre-exposed to pestigidie situ or not might respond to
environmentally realistic changes in pesticide gues, they were exposed to either clean
water or to POCIS extracts in order to represerictpressure with a realistic pesticide
mixture directly isolated from the field. Chronidfexts of low-dose of pesticides were
assessed after 0, 3, 7 and 13 days of exposumifini@ channels. Diatom growth kinetics,
dry weight, ash-free dry mass, algal fluorescemtated parameters, effective quantum yield
of Photosystem Il and diatom community structureevdetermined. The use of POCIS
extracts allowed us to highlight chronic impactsla# doses of a mixture of pesticides on
natural communities with regard to biofilm exposhigtory.

Key words

Pesticides, periphyton, passive samplers, diat@@nalslages, low-dose exposure, mixture

effects, environmental risk assessment.
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1. Introduction

The European Union’s Water Framework Directive lsas the target to achieve good
ecological status for all aquatic environments urdpe by 2015. In this context, there is an
increasing need to develop appropriate diagnosiidstfor water quality assessment. In
France, in collaboration with Water Agencies andiEmment Ministry services, Irstea (ex
Cemagref) has developed several diatom indicesstimate global water quality like the
“Indice de Polluosensibilité Spécifique” (IPS, Ceref 1982) or the Biological Diatom
Index (BDI, Coste et al. 2009), both routinely uded monitoring applications in several
European countries. Nevertheless, the indices milyraused for general water quality
assessment - including the IPS and BDI - were asigthed to assess specific toxic alterations
(metals, synthetic organic pollutants) and arereatly suitable for a sensitive diagnosis of
this type of pollution. Thus, pesticides are oftjgaitar concern because of the established
contamination of European water systems (Herrenm&tedez et al. 2013, Dubois et al. 2010)
and the potential toxic effects they can producaaumtic organisms (DeLorenzo et al. 2001).
Diatoms and biofilms have shown their potentialitytifor bioindication with regard to
pesticide pollution. For example, Roubeix et al01®2) observed structural impact at the
community level and morphological abnormalities eaftexposure in microcosms to
metolachlor (a herbicide belonging to the chlordac#ide group). Other studies have
assessed the effects of pesticides on functiorsdrightors such as photosynthetic (Laviale et
al. 2011) or antioxidant enzyme activities (Bonminet al. 2013).

The traditional approach to environmental risk assent consists of evaluating the toxicity
of a single compound on single species. But thesoring leads to a lack of ecological
relevance because organisms belong to complexdialocommunities and chemicals are
present in mixtures in the environment. The devalemt of new tools is thus needed to reach
a more environmentally realistic and integrativprapch in risk assessment studies. Attached
microbial communities could respond to such needthay play a fundamental role in the
ecological functioning of river systems, owing teeir key position in the trophic web and
their important contribution to primary productioMoreover, such communities interact
strongly with dissolved substances such as pesticigtesent in water and are likely to
respond quickly to contaminant pressures makingr fivofilms useful early warning systems
for the detection of the effects of toxicants witgh variety of methods. In general,
physiological approaches may be appropriate for dbtection of acute effects whereas

persistent or chronic effects should affect othiefilm indicators, for example growth or
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biomass-related factors, or community composition garticular the diatom community)
(Sabater et al. 2007).

In order to assess impact of changes of toxic pressn biofilms most of the studies have
been using translocation approaches (Morin et0a, Arini et al. 2012a). In a general way,
reference biofilms transferred to contaminatedssieesented characteristics of communities
originated from polluted sites after some weeksthin other way, recovery of communities
after translocation from a contaminated to a lesgaminated site has been observed from
weeks to months. Nevertheless in thssitu studies, impacts of toxicants are often difficult
to separate from abiotic and biotic factors. Is@ésnecessary to complatesitu studies with
laboratory experiments.

Passive sampling devices like the Polar Organicn@te Integrative Sampler (POCIS) are
useful tools for monitoring trace levels of chenscan aquatic environments since they
concentrate several organic chemicals from lardames of water (Mazzella et al. 2010).
This high concentration of compounds makes the BOg&Ipowerful instrument for the
assessment of the extract toxicity via biologiesting. The use of the POCIS in combination
with bioassays has the advantage of being moreareidrom an ecotoxicological perspective
because of the pollutant mixtures it provides. MoBz, this approach gives an estimation of
an integrative measure of the toxic potential ajraup of compounds including unknown
toxicants (a nom priori approach). For these reasons, most studies haltewdth biological
testing of POCIS extracts, more often establisldnge response curves (evaluation of the
acute toxicity). While POCIS extracts in combinatiovith bioassays have been well
documented with compounds like endocrine disruptors photosystem Il inhibitors
(Vermeirssen et al. 2010, Matthiessen et al. 2Baaam et al. 2010), evaluation of potential
extract toxicity in long-term studies is still itsiinfancy. The first and only study dealing with
chronic low-dose effects of passive sampler exdract biofilms was conducted by Morin et
al. (2012b). The experiment was a first attemptet@luate whether chronic effects of
pesticides in a mixture could be approached by uke of POCIS extracts. The study
highlighted the methodological issues of dealinghwow contaminant doses in long-term
experiments, particularly the difficulty of contlioly the concentration of contaminants in
large volume of water; but nevertheless reportedpitomising perspectives of the approach
for further ecotoxicology studies. Taking into agnb the issues pointed out and the
knowledge acquired by Morin et al. (2012b), thespra study investigated how changes in

pesticide pressure may be approached by the us¥OQflS extracts in chronic exposure
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conditions close to situ levels and discussed future possible applicatidrssich approaches
to better include chronic exposure in EnvironmeRiak Assessment procedures.

To assess the effects of pesticides in mixtureudeeof PE in channels is so representing an
intermediate situation between field studies wheoafusion factors are numerous and

laboratory experiments where the realism regarthegoxicant exposure is low.

2. Material and methods

2.1. Study site and sampling procedure

The study was carried out on the Morcille Rivedited in the Beaujolais vineyard area of
eastern France. The Morcille River has been extelysstudied over the past decades (Rabiet
et al. 2010, Montuelle et al. 2010, Dorigo et &@0?2). The area is subjected to strong
agricultural pressure - essentially exerted by yamds - and is characterized by an increasing
multi-contaminant gradient. Pesticides overall anda lesser extent metal and nutrient
concentrations increase from upstream to downstream

Glass slides fixed in perforated plastic boxes wesed as artificial substrates to allow biofilm
colonisation for 4 weeks (#4May-21" June 2011) at the 2 stations located upstream
(reference site) and downstream (the more contdedrste).

“Quantitative” POCIS were used for pesticide quasdtion of the majority of the
compounds found in the water (Mazzella et al. 20li8salde et al. 2011), while grab
sampling was used to determine concentration ofpoamds that were not calibrated by
POCIS in the present study (average of the 5 gaatpkes taken from F4May-21" June
2011).

Performance and Reference Compound (PRC) was uteadin “Quantitative” POCIS. The
devices were immersed in the current at upstreahdawnstream stations for two weeks and
then replaced by new ones for two extra weeks festipide quantification and the
characterisation of biofilmm situ past exposureAfter collection, all POCIS were lkap#d°C
until extraction and chemical analysis.

“Accumulative” POCIS used for the toxicity tests¢hh et al. 2012b) were immersed at the
downstream station during the biofilm colonisateriod to concentrate pesticides. After 4
weeks in the river, the glass slides and POCIS weoeght back into the laboratory. The
biofilms were put in aquariums filled with watewoin their respectively sites supplemented
by sufficient nutrients to allow growth for one vkebefore the beginning of the channel
experiment.

2.2. Laboratory experimental conditions
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2.2.1. Acute toxicity testing

In order to characterize the initial tolerance qistieam and downstream biofilms to
pesticides, acute toxicity tests were carried ofteéraone week in the lab. Short-term
photosynthetic bioassays were performed in tripdicasing measurement of the optimal
guantum vyield (FFy) as endpoint (defined in 2.4.1) on upstream angndtream biofilms.
Biofilms were exposed to semi-logarithmic series diutions of the pre-concentrated
extracts. For each replicate, 140 “crof biofim were scraped from glass sides and
resuspended in 28 mL of mineral water; then 1.4ahbiofilm were exposed to 1.4 mL of
toxicant (2.8 mL final volume) to reach the samé&uate in every assay. Six concentrations of
POCIS extracts (from dO to d5), a control (ultrapwater) and an extraction blank obtained
with the same extraction procedure as for POCl%aetion (Blank) were tested. Only pure
Blank was tested corresponding to the highest exposoncentration (d0). Biofilms were
exposed for 24h at 19-20°C under artificial ligBo (umol.n?.s%). After 30 minutes in the
dark, fluorescence A, emitted by the plant component of the biofilm surgiens was

measured by fluorimetry.

2.2.2. Channel experiments

After one week in the lab in aguariums filled witlater from their respectively originated
site, upstream and downstream biofilms were exptsd&dOCIS extracts (PE) for 13 days in
artificial glass channels in WC culture medium (Gud and Lorenzen 1972). The colonised
glass slides were laid directly on the bottom oé thrtificial channels. Upstream (not
contaminated) biofilms were exposed to PE at lowceatrations in the range of those
measured in the contaminated downstream sectidheoMorcille river (and in the range of
that applied for the more dilute solutions d4 aidird the acute toxicity testing) in order to
model toxic pressure appliance (Upstream with PEplaced into clean water in order to
represent reference conditions (Upstream withogt BBwnstream biofilms were exposed to
PE in order to model toxic pressure maintenancemidtream with PE) or replaced into
clean water in order to mimic removal of toxic me® (Downstream without PE). Each
condition was performed in triplicate. Experimentahannels were maintained at a
temperature of 19 to 20°C during the 13 days ofosype with a photon flux density of 30
pumol.m?s?, a 12:12 h light:dark cycle and under continuoasanflow.

In order to fix the contamination level and to al/diecrease drop in pesticide concentrations
(Morin et al. 2012b), 4 POCIS-equivalent extraceravused for spiking the channel volume

(9L) one day before the beginning of the experim&hen, the channels were spiked again on
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days 3 and 6 with one POCIS-equivalent to ensunetacaination levels in channels
throughout the experiment (13 days). Nutrients wenlded on day 6 to ensure sufficient
concentrations to allow biofilm growth. Nutrientoncentrations and physicochemical
conditions were monitored throughout the experiment

Biofilm samples were collected by scraping glagtesl with a razor blade and resuspended in
a known volume of mineral water for further anal/s@amples were collected in triplicate on
days 0, 3, 7 and 13 for diatom densities, effeajuantum yield of PSlidps;), fluorescence

of Chl a measured at 665nm g, fluorescence signals linked to cyanobacteria)Fs
diatom (Fsg;), and green algae (&% group determination. Taxonomic composition was
determined on days 0 and 13; dry weight (DW) and-fe=e dry mass (AFDM) were
determined on day 13. pH, temperature, conductiakygen, nitrates, orthophosphates and
silica concentrations were recorded in water chisnrieroughout the 13 days of the

experiment.

2.3.Physico-chemical parameters and pesticide/sisal
The method developed by Lissalde et al. (2011) wsasl for the analysis of POCIS extracts.

The solid receiving phase contained in the POCI&s(®© HLB sorbent, Waters) was
recovered in ultrapure water. Then all samples weayzed by HPLC-ESI-MS/MS (HPLC
Ultimate 3000, Dionex, equipped with a Gemini NX8dolumn, 10 mm x 2 mm, 3 um,
Phenomenex, and APl 2000 triple quadrupole, AB SCHfuipped with an electrospray
ionization source) and GC-MS/MS (Quantum GC, Thermguipped with a Rxi-5MS
column 30 m x 0.25 mm x 0.25 um, Restek). Pesticadeentrations in the water phase were
determined from spot samples by solid-phase extracin Oasis HLB cartridges followed by
liquid chromatography tandem mass spectrometry NISIMS APl 4000, Applied
Biosystem, France). Chromatographic separation asefitlantis T3 analytical column, 3um
particle size, 2.1 mm x 100 mm from Waters (Franaep flow rate of 300 uL mihwith a
mobile phase consisting of acidified acetonitriled avater. Injection volume was 20 pL
(Assoumani et al. 2013).

Analytical methods were validated in terms of aalilon linearity, specificity, extraction
recovery, and quantification limit according to fiieench standard NF T90-210. Additionally,
SPE and POCIS blanks were run, and the recovefieésaolevels of spiked mineral water
(e.g. 0.02 and 0.2ug/L for LC-MS/MS analysis) were evaluated for edshtch. Two
calibrating standards (e.g. 5 and 25 ug/L, everysafples) and analytical blanks were

periodically checked.
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pH meter (pH 3110, WTW), conductimeter (LF 340, W)ravid oxymeter (Oxi 340i, WTW)

were used to determine pH, conductivity and oxygemcentration respectively. The
temperature was obtained by averaging the valuesrded by the 3 devices. Nitrate
concentration was calculated according to Frenahdstrd (NF EN ISO 13395 10/96) using
Auto-analyser Evolution Il Alliance. Orthophosphated silica were determined following
standard procedures (NF T90-023 09/82 and NF T(0d2/01 respectively) with a Perkin

Elmer Lambda 2 spectrophotometer.

2.4. Biofilm response analysis

2.4.1. In vivo fluorescence measurements
In vivo fluorescence measurements used Pulse Amplified uMtetl fluorometry
(PhytoPAM, Heinz Walz GmbH, Germany) at four diffet excitation wavelengths (470,
520, 645 and 665 nm) characterizing and discrirmgatifferent groups of algae. For
example green algae show a large signal when exeitel70 nm due to Chd and a low
signal at 520 nm whereas diatoms display strongasigt 470 and 520 nm when excited in
relation to Chlc, fucoxanthin and carotenoids. For cyanobactema dagnal is recorded at
470 nm while excitation at 645 nm is particulartyoag (Walz 2003). By deconvolution of
the signals it is then possible to estimate therflacence signals linked to the 3 main algal
groups: cyanobacteria (g diatoms (Fg), and green algae (&% Measurements recorded
at an excitation wavelength of 665 nm ddss estimate the fluorescence related to the
photosynthetic component of the entire biofilm &b 6im corresponds to the maximum
excitation wavelength of the Cld molecule. Fluorescence was measured over the same

surface area for all samples and is expressedative units (ru).

Optimal quantum yield K,/F,) and effective quantum yieldbpsll) were recorded at an
excitation wavelength of 665 nrR,/F,, was measured after 30 min of adaptation to dadk an
was calculated according to (Genty et al. 1989):

Fu/Fm= Fm-Fo) / Fm
with Fo the minimum fluorescence determined after a waakdd modulated light arfg, the
maximum level of fluorescence measured during @raahg white light pulse.
Samples were exposed to actinic light to deterrthed effective quantum yieldbpsll was
calculated according to (Genty et al. 1989):

®p3| = (Fm,' Ft) / Fm,
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with Fithe minimum fluorescence determined after weakddrmodulated light anB,, the
maximum level of fluorescence measured during argang flash of white light while the

sample was under actinic light.

2.4.2. Dry weight and ash-free dry mass
On day 13, the dry matter and the organic mattetertt were evaluated by calculating the
dry weight (DW) and the ash-free dry weight (AFDfd)lowing European standard NF EN
872. For each sample, 50 Tof biofilm were scraped from glass slides and spsaded in
10 mL of mineral water. Biofilm suspensions werkefed through individual, previously
dried, 25 mm GF/C Whatman glass fiber filters (118 pore size). Each filter was weighed,
after 1h drying at 105°C to calculate the DW, tlaérb00°C for 1h, and weighed again to
calculate the mineral matter. AFDM was calculatgdsbbtracting the mineral matter weight
from the total weight of dry matter.

2.4.3. Diatom analysis
2.4.3.1. Diatom cell density

The cells in each sample were counted using a Ntsgeounting chambefMarienfeld,
Germany) 200 pL of sample were placed in the counting diemand the total number of
dead and live cells was recorded in 10 fields efghidded areél.25uL each, 0.5 mm depth)
under light microscopy at 400x magnification. Distion between dead and alive organisms
was estimated by the observation of the turgescemck colour of the chloroplasts as
described in Morin et al. (2010b).

2.4.3.2. Taxonomic analyses
Diatoms were identified from permanent slides pregafollowing European standard
permanent slides NF EN 13946, and they were idedtidit 1,000 x magnification to the

lowest taxonomic level possible using standardregiees (Hofmann et al. 2011).

2.5. Data analysis

The effects of pesticide exposure on photosynthefiiciency (n=3), fluorescence levels
(Fsses, Fss1, Fssr and Fg;, n=3) and diatom densities (n=3) were tested Brway ANOVA

analysis using STATISTICA 6.1 (StatSoft). The ANOW#as followed by a Tukey—HSD
test. Homogeneity of variance was checked priordada analysis. Due to the non-
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homogeneity of variance for DW, AFDM anfbps,, statistical differences on these

parameters were analysed by Kruskall Wallis tesliodwed by 2 by 2 Mann-Whitney
comparisons.

For the acute toxicity tests, E£fconcentration needed to decre&st-,, of 25% compared to
the control) was calculated using REGTOX EV 7.(\andimian 2003).

3. Results

3.1.1In situ pesticide exposure and initial tolerance of bi§l

3.1.1. Pesticide contamination levels in the river

The main pesticides quantified situ at the two sampling sites on the Morcille rivee ar
presented in Figure 20.
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Figure 20 : Concentrations (ug/L) estimated at upseam and downstream stations of the Morcille Rivein
spring 2011 (24' May-21™ June) and nominal concentrations applied in contaiated treatment (with
PE) in the artificial channel experiment. Azoxystrdoine, DCPMU, DET, DIA, dimetomorph, diuron,
simazine and terbuthylazine areln situ 1 month time -weighted average (TWA) concentratios estimated
with POCIS. Desmethyl norflurazon, norflurazon, diflufenican and tebuconazole concentrations were
estimated by punctual sampling. White and grey barsepresent in situ concentrations at upstream and

downstream station respectively; hatched bars repment concentrations in PE contaminated treatment
during channel experiment.

The concentrations from $4ay to 24" June 2011, corresponding to the 4 weeks of biofim
colonisation, were very low upstream (referende, diotal pesticide concentration = 240

ng/L) in comparison to the downstream site (conteatad site, 2260 ng/L).
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POCIS analysis revealed the presence of fungicid@isnetomorph, azoxystrobine,
tebuconazole), herbicides (norflurazon, diuronpuénylazine, simazine, diflufenican) and
herbicide metabolites (desmethyl norflurazon, daigpylatrazine, DIA;
dichlorophenulmethylurea, DCPMU; desethylterbuthiyla, DET; desethylatrazine, DEA) at
the downstream site of the Morcille River from™2May to 24" June 2011. Norflurazon,
desmethyl norflurazon, dimetomorph, tebuconazol@ dnron were the most concentrated
compounds (1080, 265, 298, 259 and 138 ng/L respedot representing 90% of the total
pesticide and metabolite concentration. The comatitn profile observed in spring 2011
was characteristic of typical vineyard area contetion and similar to that reported in
previous investigations at the site (Rabiet et28@ll0, Montuelle et al. 2010, Dorigo et al.
2007). We can note the persistence of diuron deggifprohibition in France since December

2008 due to its long lifetime in the soil.

3.1.2. Exposure history in field
Pollution-Induced Community Tolerance (PICT) waseased on upstream and downstream
biofilms on day 0O in order to evaluate the relaseasitivity of communities to PE in relation

to theirin situ exposure history during the colonisation period.

Table 4 : Pesticide concentrations (ug/L) used fothe short term toxicity test with successive dilubns
(from dO to d5; PICT tests). Each dilution is expresed in function of environmental concentrations (i®an
of total pesticides concentrations) at the downsteen site of Morcille River estimated with POCIS in
spring 2011 (24' May-21" June). 1X corresponds to environmental concentratins.

Substance Substance name
group do dl d2 d3 d4 d5
Triazine Simazine 3.65 1.15 0.36 0.11 0.04 0.01
DIA (Deisopropylatrazine) 1.80 0.57 0.18 0.06 0.02 0.01
DEA (Desethyl atrazine) 0.55 0.17 0.06 0.02 0.01 0.00
DET (Terbuthulazine desethyl) 3.90 1.23 0.39 0.12 0.04 0.01
Terbuthylazine 245 0.77 0.24 0.08 0.02 0.01
Phenylurea DCPMU 11.80 3.73 1.18 0.37 0.12 0.04
Diuron 25.60 8.09 2.56 0.81 0.26 0.08
Strobilurin Azoxystrobine 13.10 4.14 1.31 0.41 0.13 0.04
Morpholine  Dimetomorph 45.50 14.39 4.55 1.44 0.45 0.14
Triazole Tebuconazole 37.75 11.94 3.78 1.19 0.38 0.12
Carboxamide Diflufenican 1.32 0.42 0.13 0.04 0.01 0.00
Pyridazinone Norflurazon 20.00 6.32 2:00 0.63 0.20 0.06
Desmethyl norflurazon 201.00 63.56 20.10 6,36 2.01 0.64

Concentration factor compared to

. I 156X 49X 16X 5X 1.6X 0.5X
environmental contamination

The final pesticide concentrations used for thertsteom toxicity test with successive

dilutions are presented in Table 4, the most disméutions (d4 and d5) were close to
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environmental concentrations (estimated by qudamgadPOCIS and spot sampling, reported
in Figure 20) and the strongest solution (dO) esponded to 100- to 300-fold realistic
concentrations.

Figure 21: R/F, (expressed as % of respective controls * standardeviation) of upstream and
downstream biofilm communities exposed to serial tlitions of POCIS extracts (dx) or extraction blank
(Blank) at day O for 24h. White and grey bars repreent biofilms originated from upstream and
downstream of the river respectively. Stars indicat statistical difference from controls (n=3, *p<0.8, **
p<0.01, ***p<0.001)
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Photosynthetic efficiency=(/Fy) expressed as percentage of the control is ploteslis PE
dilutions at day O for upstream and downstreamilmisf (Figure 21). Statistical analysis
revealed thaF,/F,, was significantly different from control for d01dd2, d3 and extraction
blank (Blank) for upstream communities with a parar very strong inhibition for the
highest pesticide concentration (82+1% for dO). tB& other handr,/F,, was significantly
different from the control only for the 2 highestgticide concentrations (dO and d1) for
downstream biofilms ané&.,/F, was only reduced by 25+1% for the highest conetioin
(d0). The significant inhibition of,/F,, (10+1% for Blank) for upstream biofilms exposed to
extraction blank (Blank) highlights the very higimsitivity of upstream biofilms.

From theseF.,/F, values, EGs were calculated and proved to be 8 times higher fo
downstream communities than for upstream commusnwigh EGs equal to 0.06 £ 0.01 PE
versus0.48 + 0.14 PE for upstream and downstream comiesmespectively. These values
of ECy5 correspond to 19 + 3 X and 149 + 43 X for upstreard downstream communities
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respectively with 1X corresponding to situ concentrations at the downstream site of the

river (mean of the different compounds sampled&ROCIS + SD).

3.2. Evaluation of pesticides chronic effects oofibhs contaminated by POCIS

extracts in channel experiments.

3.2.1. Experimental conditions
The nominal concentrations of the main pesticiggdiad in the channels in reference to the
in situ contamination context are presented in FigureAffpropriate dilutions of PE were
performed in order to reach pesticide concentratioreasured at the downstream station
estimated by “quantitative” POCIS and spot sampiingpring 2011 (24 May-21" June) for
a total pesticide concentrations of about 2260LngJith the presence of desmethyl
norflurazon, norflurazon, dimetomorph, azoxystrabirebuconazole, diuron, diflufenican,
terbuthylazine, simazine, DIA, DCPMU, DET and DEA.
Physico-chemical parameters and nutrient concémiat along the artificial channel
experiment are presented in Table 5 (means for gmchmeter over the 13 days of
experiment). No significant differences were obsdrisetween treatments over the 13 days of
the experiment; temperature, conductivity and pEsented mean values of 21 + 0.2 °C,
367.5 + 35 uS/cm and 7.6 £ 0.2 respectively.
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Table 5: Mean physico-chemical parameters (+ staratd deviation) in artificial channels over the 13 @ys for the different treatments (Upstream withoutPE,
upstream with PE, downstream without PE and downsteam with PE).

Temp (T) pH Cond. (uS/cm) O3 (mg/l) N-NOj3 (mg/l) P-PO, (mg/l) Si (mg/l)
Upstream without PE 21.2+0.3 75+0.2 374.0 +96.9 7.7+05 62.2+11.5 3.0+1.5 59+0.3
Upstream with EP 21.4+0.2 76+0.2 365.7 +92.5 71+1.0 66.0 +10.0 3.0+1.3 6.4+0.1
Downstream without PE  21.5+0.2 7.7+0.2 377.8+96.3 7.7+0.5 59.2+13.0 27+14 59+0.3
Downstream with PE 21.4+0.2 7.6+0.3 352.5+70.6 7.4+0.2 54.0+12.4 23+1.3 6.3+0.1
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3.2.2. Photochemical efficiency and fluoresceneelte
No significant difference of effective quantum ydpsll) was observed between upstream
biofilms with or without PE and between downstreainfilms with or without PE over the 13
days of exposure in the channels (data not sho@p¥ll remained stable (mean for all
treatments of 0.45 £+ 0.01) over the whole expertaleduration, nevertheless with a slight
decrease on day 7 for upstream with and withou(®}sIl = 0.36 + 0.01; mean for upstream
with and without PE).
Regarding fluorescence of Chlmeasured at 665nm g, fluorescence signals linked to
cyanobacteria (g, diatoms (Fg), and green algae (&% all values increased through the
13 days of the experiment in all treatments (Fig22¢ At the end of the experiment, no
significant difference was shown fordrand Fsg; levels with or without exposure to PE for
upstream and downstream biofilm. In contrast, $icgmt differences were observed forgFs
in regards to PE exposure or not. Thus, on daydt3jpstream biofilm, ks was higher in
the treatment with PE compared to the treatmertowit PE, while we observed a loweiFs

for downstream biofilm exposed to PE compared to-exposed biofilms.

Figure 22 : Fluorescence levels (Fs) and biofilm vght in function of time exposure to the different
treatments. Fluorescence levels related to cyanoliada Fsg), green algae Fg and diatom groups Fg, are
expressed in relative units of fluorescence and areepresented by the white, grey and black areas
respectively. Dry weight (DW) and ash-free dry mas§AFDM) of total biofilm recorded at day 13 only are
expressed in pg/crh and represented by circle and triangle respectivgl Up: Upstream biofilm; Dw:
Downstream biofilm.
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3.2.3. Diatom density and biofilm biomass
Diatom densities, over the 13 days of direct exposol PE in artificial channels are plotted in
Figure 23. Statistical analysis revealed that dmttensity different from day 0 to day 7 was
not significantly firstly between the downstreamthwiut PE and downstream with PE
treatments and secondly between upstream withodt upstream with PE. Significant
differences in diatom cell densities were obsemain day 13 between exposed and non-

exposed biofilms independently of biofilm origin.

Figure 23 : Total diatom density + standard deviatn versus exposure time for the biofilms originated
from upstream (a) or downstream (b) sites of Morcle River and exposed to the different treatments
(Upstream with PE, Upstream without PE, Downstreamwith PE and Downstream without PE),
significant differences between a and bp(value < 0.05). Solid squares and solid trianglesspresent
contaminated conditions. Open squares and triangleepresent conditions without pesticide. PE = POCIS
extracts
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For downstream biofilms the diatom cells densitys a8 times higher without PE compared
to treatment with PE (1 570 + 250 %1€ells/cnf for downstream without PE versus 890 +
150 .16 cells/cnf for downstream with PE). Moreover, downstreamatiagrowth was null
between day 7 and 13 for downstream biofilms wihtfeatment (920 + 150 .i@ells/cnf at
day 7 versus 890 + 150 A@ells/cnf at day 13). For upstream biofilms, the diatom cell
density was 1.2 times higher without PE comparetteéatment with PE (1 876 + 72 310
cells/cnf for upstream control versus 1 504 + 44°.t6lls/cnf for upstream with PE). For
biofilms of both origins, note that diatom growthtiated at day 3 and densities followed the
same trend with a similar order of magnitude. Drgight and ash-free dry matter were
recorded at the end of the experiment for the whffe exposure scenarios (Figure 22).
Statistical analyses revealed differences in DW ARBDM after 13 days of exposure to the
different treatments in channels. Moreover, thege parameters followed different trends
depending on biofilm origin. Exposure to PE ledatsignificant increase of AFDM for
upstream biofilm compared to non-exposed upstreiafiirb (380 + 30 pg/criand 300 + 10
ng/ent respectively for upstream biofilm with and withoBE). In contrast, downstream
biofilm showed an opposite trend with lower valoe®W and AFDM for biofilm exposed to
PE compared to non-exposed biofilm. In this cad#/, &nd AFDM were on average 1.4 and

1.6 times higher for non-exposed biofilms compaceexposed biofilms.

3.2.4. Diatom assemblages
A total of 69 species were identified. The 21 spgabccurring at more than 2% relative
abundance in at least one sample are presentedgumeF24. Sample clustering clearly
differentiated diatom communities at day O depegdin the origin of the biofilms (Figure
24a). Species richness was on average higher &reagm biofilms than downstream biofilms
(36 £ 4 and 30 * 3 respectively). Upstream biofilwere dominated biitzschia linearisvar.
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linearis (Agardh) W.M.Smith (16% relative abundanceplanothidium lanceolatum
(Brebisson ex Kutzing) Lange-Bertalot (16% relativeoundance) andCyclotella
meneghinian&tzing (15% relative abundance).

Downstream biofilm compositions were characteribgdPlanothidium lanceolatun{31%
relative abundance)Nitzschia palea(Kutzing) W.Smith (12% relative abundance) and
Eolimna minima(Grunow) Lange-Bertalot (8% relative abundance)sefhsblages always
presented a large abundance Rf lanceolatum with higher relative abundance at the
contaminated site (31% vs 16% relative abundance downstream and upstream
respectively). MoreoverAchnanthidium minutissimun{Kitzing) Czarnecki was more
abundant in upstream biofilm than in downstream (@f@ 1% relative abundance for

upstream and downstream biofilms respectively).
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Figure 24 : Mean relative abundances of the 21 doméant species (i.e. representing more than 2% relaté
abundance in at least one sample) at day 0 (a) addy 13 (b).
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After 13 days in the channels, the split alreadgeobed at day O between upstream and
downstream biofilms was still observed (Figure 24&pecies richness decreased with time of
exposure in the laboratory for all treatments (38 and 30 £ 3 at day O for upstream and
downstream biofilms) but without significant difesrce between conditions at the end of the
experiment (19 + 1 and 21 £ 3 for upstream withBEt and upstream with PE respectively

and 15 + 1 and 14 £ 3 for downstream without PE dowinstream with PE respectively).
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Planothidium lanceolatunshowed a high relative abundance in all treatmamtgay 13
(reaching 64% upstream without PE treatment).

The cluster dendogram for day 13 (Figure 24b) blegiouped biofilms from the upstream
site by treatments (exposure or not to PE). Eveugh present in large amounts for all
treatments Planothidium lanceolatunwas less abundant in upstream biofilms exposed to
pesticides than in upstream biofilms maintainedenrmbntrol conditions (18% vs 64% for
upstream with PE and upstream without PE respég}ive

This lower relative abundance Bfanothidium lanceolatunupstream with PE compared to
upstream without PE coincides, in upstream biofilith PE treatment, with an increase in the
relative abundance &olimna minima(3% and 14% for upstream without and upstream with
PE respectively) anbllitzschia paleg6% and 24% for upstream without and upstream with
PE respectively).

Concerning downstream biofilm exposed to POCISaexs$ror not, no strong difference was
observed in taxonomic composition. For both treatisi¢he assemblages were dominated by
Nitzschia palea Planothidium lanceolatumNitzschia linearis Cyclotella meneghiniana

Eolimna minimaandCocconeis placentulehrenberg var. placentula.

4. Discussion

4.1. Passive samplers as a tool to take into atcoclronic pesticide exposure in

environmental risk assessment (ERA)

The use of passive sampler extracts could be a nhawtol in environmental risk
assessment, since the devices take into accounsshes associated to the presence of a
mixture of known compounds, unknown compounds, ametabolites. Passive sampler
extracts can thus be used for the evaluation d¢f Aotite and chronic effects of environmental
pollution. The combination of passive sampler estgawith biological testing at acute
exposure levels has already shown its relevancesandll documented in the literature, with
the majority of studies focusing on responses ofl@h@rganisms (Vermeirssen et al. 2010,
Matthiessen et al. 2006, Balaam et al. 2010). Instudy, PE were used to highlight the
exposure history of biofilms in the river accorditg the Pollution-Induced Community
Tolerance (PICT) concept. The PICT approach ilates the difference of tolerance to a
toxicant between pre-exposed and non-exposed cortiesunThis concept, introduced by
Blanck et al. (1988), is based on the idea thatrwdenatural community is exposed to a
particular toxicant the more sensitive organisnsapipear; and then when this community is

exposed again to this toxicant its tolerance wallibcreased because of the disappearance of
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the sensitive species. It is therefore of particuhderest to reveal the past situ toxicant
exposure of communities. At the beginning of oupexixment EGs were equal to 19 £ 3 X
versus 149 + 43 X for upstream and downstream camtras respectively (with 1X
corresponding tan situ concentrations at the downstream site of the Yi\E&C,5 was 8 times
higher for downstream communities than for upstremmmunities reflecting the order of
magnitude of the difference of situ exposure levels with pesticide concentrationsayiag

10 times higher at the downstream site than at upstream site. In this study, the
photosynthetic efficiency versus exposure to irgire concentrations of PE was chosen to
assess thén situ pre-exposure history of biofilms. The results shdwibe difference of
tolerance between upstream and downstream biofilmked to different levels of pesticide
contaminationin situ as revealed by the time weighted average pesticaeentrations
measured with “Quantitative” POCIS at the two silesing the biofilm colonisation period.
Since diatom assemblages clearly differed betwgstream and downstream sites, one may
argue that the increasing tolerance observed dogarmtwas mainly due to the development

of more tolerant species in this contaminated roeation.

PE were then used in the channel experiment foraisessment of chronic and long-term
effects of pesticide mixtures on these two comnemitwith differentin situ exposure
histories.

Exposure to PE in channels revealed effects atr@mwientally realistic concentrations on
biofilm structural and growth-related endpoints.c&tails of contaminants even at low
concentrations were thus proven to induce advdfeetg on the natural communities of the
aquatic ecosystems. These results showed the iamperof working on the effects of chronic
and low dose mixtures; and in this challenging wqéssive samplers like POCIS appear to
be of particular interest since they concentratgehvolumes of water, which is an essential
condition for running long-term experiments. Cuthgnenvironmental risk assessment
focuses on responses to model organisms to acptesese; such an approach is needed and
has advantages (e.g. fast, low cost, easy to peyfeaut leads to a lack of ecological
relevance. This is why it could be particularlyeirgsting to include chronic testing since both
approaches give complementary information. Reggrdiofilms, short-term treatment leads
to physiological alterations and while the longateeffects are changes in community
structure (Sabater et al. 2007).

4.2. Duration required to reveal pesticide effects
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The significant decrease of diatom density obsenreday 13 on upstream biofilms exposed
to PE compared to non-exposed biofilms highlightleel adverse effects of a mixture of
pesticides at realistic environmental concentratias produced using POCIS extracts. As
pointed out in the literature, diatoms are an alg@aup particularly sensitive to pesticide
exposure and thus show great potential for the ldpaeent of new tools in biomonitoring
programs focussing on toxic pollution. The respsneé diatoms and more generally of
aquatic organisms to chronic exposure to environaheconcentrations of mixtures of
toxicants are poorly documented. To our knowledglg one study has focused on low dose
effects of mixtures of pesticides on river biofilifidorin et al. 2012b). In this study, authors
exposed biofilms to PE from Morcille River but didt observe any impact of toxicants on
diatom density even after 2 weeks of exposure. Taggbuted this result to probable
difficulties in maintaining toxicants at environntally realistic levels as very low
concentrations were applied averaging 0.5 @ 1 *(total pesticides concentrations).
Previous studies showed the impact of the expdsusengle pesticide on diatoms growth but
after longer exposure durations than in our stiady.example (Péres et al. 1996) reported the
effects of low doses of herbicide with a decreasdansities between 87 and 96% compared
to the controls after 34 days of direct exposureSgay/L of isoproturon (a phenylurea
herbicide). In our study dealing with environmelytatelevant concentrations, time to
observed effect was situated between 7 and 13 afaggposure. We therefore recommend
running this type of experiment for 2 weeks. Futwarks could focus on effects between day
7 and day 13 with a shorter time-scale in orddyetter characterize growth kinetics.

The negative correlation observed after 13 daysxpbsure in channels between AFDM and
diatom densities suggests a positive impact ofigdst on the global biofilm growth but that
the growth occurs in components of the biofilm ottiean diatoms. This could be linked to
other algal groups being favoured by low pestigdessure like green algae or cyanobacteria
(discussed below) and/or non-algal biofilm compdsdike bacteria, fungi, microfauna or the
extracellular polymeric substance (EPS) matrix. eoeease of EPS production has already
been observed as a response to physical stresga®\dt al. (2012) observed a higher EPS
content for biofilm colonised in an intermittenter compared to a biofilm growing in a
permanent river. Changes in EPS production were stisdied under exposure to metal and
organic compounds. Fang et al. (2002) showed tlaaine biofilms increased the production
of extracellular polymeric substances by up to 10@0#ten exposed to metals and chemicals,
such as Cd(ll), Cu(ll), Pb(Il), zZn(ll), AI(II), Gil), glutaraldehyde, and phenol. This
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increase could be linked to the role of EPS asateptive shield for the cells against the

adverse effects of the external environment.

Fluorescence levels are often used in field orfatlooy studies to assess global biomass or
biofilm growth (Serra et al. 2009, Barranguet et 2000). Using fluorescence levels as a
proxy of the biofilm growth, we can conclude tolalml growth of biofilm in 13 days and of
the different types of algae as studied in detaielor diatoms.

The interpretation of fluorescence levels was toa$ of a recent study (Corcoll et al. 2012a)
reporting that fluorescence increase is not alwiaysed to biofilm growth or biomass
increase particularly when dealing with PSII inkoios. When the photosynthetic apparatus is
damaged by exposure to pesticides, the cells weneeg able to induce the production of
molecules of Chla in order to maintain a suitable photosynthetiavagt with the total
number of cells remaining unchanged (greening BffeRicart et al. 2009, Guasch et al.
1997). Fluorescence can also increase without arease of Chla concentration when
photosynthetic organisms are exposed to pesticitisen algae are exposed to PSIi
inhibitors, the electron transport chain is block#w photochemical pattern is then altered
and is no longer available to evacuate the enemaptuced at the collective antenna, a
maximum fluorescence peak is then observed (Rad@l®)2 Chla concentrations should not
be estimated only by fluorescence measurement wleating with exposure to pesticides
targeting PSII in order to avoid global growth misrpretation but should be confirmed by
traditional Chla measurements (determined spectrophotometricddigjnass determination
(DW, AFDM) or algae counting. “Real” growth, greegi effect and blockage of
photosynthetic apparatus by PSII inhibitors canuodogether and sometimes it is not
possible to distinguish the different effects ifyohased on fluorescence measurements.

In our experiment the global increase of fluoreseeat 665nm (Fss) and of fluorescence
signals linked to cyanobacteria gfs diatoms (Fs), and green algae (&% between day 0
and day 13 is clearly mainly explained by biofilmowth over the 13 days of exposure in
channels since the increase was observed unddrealiments. These results were also
confirmed with the correlated increase of diatonmsities and F§ (* = 0.67) with time
exposure for all treatments. Nevertheless lookihgdifferences between treatments we
observed that growth is not the only factor expragrfluorescence variations.

When comparing ks to diatom density at day 13 for upstream biofilfass, is higher when
biofilm is exposed to PE than in the treatment withpesticide, but the number of diatoms

follows an opposite variation with a higher diatdensity in the treatment without pesticides.
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These results are likely explained by both phen@mated above, i.e. an increase of the
number of chlorophyll a molecules per diatom ceteéning effect) and/or increase of
fluorescence signal due to blockage of the electramsport chain since PSII inhibitors like
diuron and simazine have been identified in PE.

Concerning Fg, its higher value at day 13 in treatment with Rinpared to treatment
without PE is to be viewed with respect to the a@ons of biomass (higher biomass and,Fs
for upstream biofilms exposed to PE compared toex@osed upstream biofilms). If &ss
considered to be related to the growth of greeaelgupported by higher biomass with PE
than without), the results could suggest the dereknt of tolerant green algae initially
present in the upstream biofilm in the treatmenhWwiE.

DW, AFDM, fluorescence levels and diatom density aften used as classical endpoints to
detect long-term effects of chemicals on naturalfilbns. We highlight here that biomass
parameters (DW and AFDM) and fluorescence leveleehia be regarded with precaution.
DW and AFDM reflect global biofilm growth and resps®s to toxicant can greatly vary in
regards to biofilm origins. Fluorescence levels nmanbe directly linked to Chla
concentration and users have to be aware of pessiinterpretation as highlighted by
Corcoll et al. (2012a). Nevertheless, more glolmalp®ints like diatom densities showed here
their suitability in highlighting the impacts of akestic complex pesticide mixtures for

reference (upstream biofilms) communities.

The massive growth d?lanothidium lanceolaturfrom day O to day 18n upstream biofilms
without pesticides was not observed when biofilmeravexposed to PE: the relative
abundance of this species remained the same asyd (1L6% day 0 and 18 % at day 13)
suggesting that the inhibition of its proliferatiaas caused by pesticides exposure.

Likewise, this lower relative abundance Bfanothidium lanceolatunupstream with PE
compared to upstream without PE treatment pardllafeincrease in the relative abundance
of Eolimna minima(3% for upstream without PE and 14% for upstreaitih WE ) and
Nitzschia palea(6% for upstream without and 24% upstream with BHYgesting the
pesticide tolerant character of both species. W#ly is known about the relative sensitivities
of diatoms to toxicantsEolimna minimahad been described as pesticide sensitive in
numerous field studies (Hamilton et al. 1987, P@&teal. 1996, Morin et al. 2009), but as

mentioned above, pesticide gradients often paraikthl and/or nutrient gradients making it
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difficult to clearly identify the particular effextof pesticides on diatom assemblages in the
presence of multi-contamination.

Some recent laboratory studies have investigatedrehative sensitivity of single diatom
species exposed to pesticides; and have repditedchia paleaand Eolimna minimaas
relatively tolerant to diuron (Larras et al. 201¥pisset, Personal communication) and
Planothidium lanceolatum as relatively sensitive to diuron (Moisset, Peson
communication).

These results suggest a change on diatom assembléheapplication of pesticide pressure
observable after 13 days, indicating selectionHgytteatment and thus different sensitivities

of diatom species in our reference biofilm.

Divergence for upstream communities (non-expasesditu to pesticides) exposed or non-
exposed to pesticides in channels (using diatonsitjgerbiomass, and fluorescence levels
(only Fs5r) and taxonomic composition as endpoints) appefioed 13 days of experiment.

Running experiments for two weeks is long enougit @eems to be the minimum for diatom
density and fluorescence levels) when working Wetle concentration of toxicant to be able

to assess the toxic potential of environmental@liséic mixtures.

4.3. Time to recover from pesticide effects

The positive effects of the removal of pesticidegsure on downstream biofilms in regards to
diatom growth are significant only at the last sangptime (day 13). Time to observe the
effects brought about by the removal of toxic puesson diatom growth is therefore most
likely situated between 7 and 13 days after theeteent of biofilms in clean water.
Compared with diatom density results for upstreaofilins, the time required fan situ pre-
exposed communities (downstream) to recover ifi®fsame magnitude as the time required

by pesticides to induce their effects on referesaamunities (upstream).

DW and AFDM variations followed the same patterrdedom densities for the biofilm from
the downstream site with higher values of DW, AFD&hd diatom densities when
communities where placed in clean water for 13 daghlighting the positive effect on
diatom growth and global biofilm growth of removipgsticide toxic pressure. The results
were in accordance with the data published for rfiekt studies: negative effects had been
observed with toxicant exposure on DW and AFDM. Esample Morin et al. (2010a)
recorded lower DW and AFDM in a field study on thercille River in spring 2008 for
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natural communities sampled at the downstream (shieonically pesticide contaminated)
compared to the upstream, reference site. Nevedsetogether with the results on upstream
biofilms (higher DW and AFDM for exposed comparechbn-exposed upstream biofilms) it
can be noted that DW and AFDM followed differenttpens with in regards to biofilm

origin.

As found for upstream biofilms, fluorescence leyaisduced by the diatom groups at day 13
did not follow the results found during the cougtiprocedure. No significant difference of
Fssr between exposed or non-exposed biofilm was obdemeereas diatom density was 1.8
times higher with the non-contaminated treatmehts Tesult was also observed for upstream
biofilms and similar hypotheses can be put forwégteening effect and/or induction of
fluorescence due to close of PSII reaction centrethe treatments upstream with PE and
downstream with PE).

Concerning the fluorescence signal linked to gralgae groups, significantly higher values
of Fssr were recorded in the treatment without pesticidespared to the treatment with
pesticides after 13 days of exposure. Like for igash biofilms, Fs was correlated with
biomass, nevertheless the variations of, kgere opposite for upstream and downstream
biofilms (higher biomass and &sfor upstream biofilms exposed to PE compared to- no
exposed upstream biofilms and lower biomass anrg f6s downstream biofilms exposed to
PE compared to non-exposed downstream biofiims)es@hopposite effects of low
concentrations of pesticides ongFm regards to biofilm origins could suggest aeliéince of
sensitivity at day O between the upstream and diveers green algae groups. This difference
of sensitivity between green algae species had@rbeen reported in several works dealing
with planktonic species (Huertas et al. 2010, Malet2002). The river biofilm research
community, has carried out very few studies on gralgae leading to a lack of knowledge

about the response of this biofilm component tocamt exposure.

No strong differences in diatom taxonomic compositivere observed between downstream
biofilms exposed to POCIS extracts or not; in bétbatments the assemblages were
dominated byNitzschia palea Planothidium lanceolatumNitzschia linearis Cyclotella

meneghinianaEolimna minimaand Cocconeis placentul&hrenberg var. placentula (Figure
24Db). So, the trajectory observed for downstreanfilbis does not seem to be affected when
pesticide pressure is maintained or not. Severglotimeses could explain this similar

evolution in diatom composition with in-channel espre time.
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The first cause for this result could be related ROCIS selectivity. Since POCIS
preferentially sample compounds witl»40g Ko, > 0, organic compounds outside this range
of polarity and of course inorganic compounds aetaken up during sampling. In the case
of the Morcille river multi-contamination occursdathe pesticide gradient parallels a metal
gradient from upstream to downstream. The cockibitompounds to which downstream
biofilms are exposedh situ includes metals. Actually As and Cu have been rosab at
concentrations reaching the Predicted No Effectc€otration (PNEC) at the downstream
site of the river (Montuelle et al. 2010). When esimg communities from a multi-
contaminated site to PE, the pressure exertedl blyeatompounds not sampled by POCIS but
present in the field is removed. 2-4 D, chlorpyapi{Assoumani et al. 2013) and metals are
examples of such compounds. In our case, most oories in metal contamination since
organic compounds not sampled by POCIS have baeamdfto remain under the detection
limit (data not shown) at the downstream site. @ypothesis is that metal levels at the
downstream site of the river exerted a strong selegressure, so removal of the metal
pressure is an important driver explaining the kirty in the evolution of diatom
communities between day 0 and day 13. So, the esamny the patterns observed for
downstream biofilms do not seem so to be affectgdmaintainance or removal of the
pesticide pressure alone in the case of communitipactedin situ by multi-contamination
(metals and pesticides) highlighting the influerafethe in situ exposure history on the
responses to pesticide exposure.

On the other hand, the importance of immigratioocpsses in diatom assemblage recovery
has to be taken into account. Abiotic drivers agaagally considered as the major structuring
components for natural communities (Stevenson 19@®ater 2009), here the removal or
maintenance of pesticide pressure represented bgidPEot influence diatom assemblages.
This importance of immigration phenomena in diamemmunities has been pointed out in a
recent study; Morin et al. (2012a) investigatedcontrolled laboratory conditions the diatom
assemblage recovery after chronic copper exposudedad not observe any recovery in
assemblages placed under control conditions witlkatgrnal immigrants. In contrast, with
contribution of external immigrants, they obserdicergence of assemblages with a return to
a “control” assemblage within 2 weeks.

The non-divergence of diatom composition after Aysdof experimental exposure in the
laboratory for then situ pre-exposed biofilms could also be linked to thial very high
tolerance of downstream biofilms to PE E@as equal to 149 X for downstream biofilm).

Some studies have demonstrated that acquired nokeit® contaminants may remain quite a
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long time after removing toxic pressure (Dorigoaet2010). However, Pesce et al. (2010a)
observed that a decrease in pesticide exposurbecéilowed by a slight decrease in biofilm
tolerance (as assessed bysgCDorigo et al. (2010) ascribed the incompleteovery to
delayed toxicant release from the biofilm matrix. date, very little is known about tolerance
changes of biofilms in response to the reductiopasfution levels, especially in the context
of multi-contamination (Pesce et al. 2011a).

Significant differences for downstream communitigge-exposedin situ to pesticides)
exposed or not to pesticides in channels were wbdewith regards to diatom density,
biomass, and fluorescence levels (onlgJbut not on taxonomic composition. As discussed
above similar diatom assemblages at day 13 couléxptained by the impossibility of
immigration in laboratory systems and/or by theesile extraction of the POCIS (presence
of metal contamination at the downstream statiowgvertheless, removal of pesticide
pressure modelled by the replacement of downsti@afiims on clean water led to higher
diatom density, DW, AFDM and Escompared to biofilm exposed to PE at day 13. Two
weeks is thus long enough to observe the effectermabval of pesticide pressure mnsitu
contaminated biofilms; furthermore the same ranfdirne has been evaluated for the
highlighted effects of low doses of pesticides pstteam biofilm (contamination modelling).
Actually, in laboratory experiments dealing withspave sampler extracts, conclusions about
diatom assemblage drivers have to be regarded pvgbaution due to the selectivity of

passive samplers and to the major role of immignrati

5. Conclusions and perspectives

The use of extracts from passive sampling deviodsialogical tests has emerged this last
decade (Harman et al. 2012). It especially allosgsiés related to mixtures, interactions and
unknown compounds to be studied. POCIS extract® Hween used in a range of acute
toxicity tests for the assessment of particulaidiox (e.g. oestrogens, PSII inhibitors) with
very promising results but studies evaluating lmgeal and long-term effects of POCIS
extracts are still in their infancy (Morin et aD22b). This study is one of the first to deal with
the use of passive sampler extracts for toxicigeasment using chronic exposure on natural
biofilm communities. The sensitivity of biofilm canunities to PE increases from
downstream to upstream, revealing the past histbrgommunities by thén situ tolerance
induction in the contaminated site of the rivereapected from the PICT concept. Chronic

exposure to PE in artificial channels at environtakroncentrations showed significant
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effects on growth-related (dry weight, ash free drgss and diatom cell densities) and
structural (fluorescence levels and diatom compositparameters; with different trends for
some of them depending on the biofilm origin anasthighlighting the crucial importance of
exposure history in biofilm responses. The usdumfréscence levels to assess global biofilm
growth and relative percentages of different afgalups have been discussed and have to be
considered with caution in studies dealing with IR&ibitors. It has also been highlighted
that making conclusions about diatom assemblagemrihas to be done with precaution due
to the selectivity of passive samplers and to tlzgomrole of immigration which is absent
when working in controlled laboratory conditionsurGtudy showed the importance of taking
into account chronic effects of mixtures in risksessment studies and the relevance of the

use of passives sampler (like the POCIS) extractisis approach.
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Chapitre V

Dans le chapitre précédent (chapitre 1V), nous avatémontré la pertinence de
I’échantillonneur passif POCIS pour la mise en énitk des effets chroniques de pesticides
en meélange sur des biofilms de riviere aux origuiéfgrentes.

Cette approche a l'avantage d’étre samspriori sur la composition du cocktail de
contaminants présents dans I'extrait, d’'intégrerdffets de mélange et de prendre en compte
les métabolites. Cependant cette approche « boitte m n’apporte pas d’informations sur la

toxicité relative des composeés identifiés danstitak

Nous allons donc, dans ce chapitre, nous interrggerla toxicité relative des composés
majoritaires échantillonnés par l'outil dans le texte de contamination de la riviere
Morcille. Dans ce travail, nous prendrons en paligc en compte la problématique des

produits de dégradation dont la toxicité est entane peu étudiée.

L’'objectif de cette étude est de comparer la to&iaile trois composeés retrouveés en
concentrations importantes dans les extraits delB@C printemps 2010 : le tébuconazole, le
norflurazon et le norflurazon desméthyle (prodwtdaggradation principal du norflurazon).
La réponse de biofilms de riviére face a ces codmpaslisés seuls et en mélange ternaire aux
proportions relatives retrouvées sur le site derstemond sur la Morcille au printemps 2010
(5,5 % de norflurazon, 54 % de norflurazon desniétley 40,5 % de tébuconazole) a été
évaluée. Pour cela, les biofilms ont été exposdssaconcentrations croissantes en toxiques
en microplaque. Apres 48h d’exposition, les effdes toxiques ont été évalués sur les
rendements photosynthétiques efficabey) et optimal (F/Fm) du PSII et sur la densité et la

composition des communautés de diatomeées.

Lors de cette étude I'intérét des tests en micopymaa été souligné puisqu’ils permettent de
diminuer les quantités de contaminants utilisés\(sot onéreux). Néanmoins l'utilisation du
systéeme microplague a montré ses limites pourlteicdes densités cellulaires et les analyses
taxonomiques de par la difficulté de récupératien’échantillon (adhésion des cellules aux

parois de la microplague).

Les résultats obtenus ont pu mettre en évidence plug grande toxicité (A, du
norflurazon desméthyle par rapport a son composénpdle norflurazon) avec une GE

estimée a 58 pg/L (intervalles de confiangg : [9 ;254]). Ce résultat souligne en particulier
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'importance de prendre en compte les métabolitemnsd I'évaluation du risque

environnemental.

D’autre part, 'impact du mélange ternaire suréadement photosynthétique optimal a été
attribué au métabolite de par I'absence de toxioibéervée pour le norflurazon et le
tébuconazole testés seuls (concentration maxineddttd de 3000ug/L pour chacun des

COMpOSES).

Cette étude est l'une des premiéres études s's#@n¢ a la toxicité relative de pesticides et
d’'un métabolite utilisé seuls et en mélange sutiddilm de riviere en microplaque. Les

résultats obtenus en combinant l'utilisation detdéahnique de fluorescence en lumiere
modulée et du systéme microplaque laissent présdgerperspectives intéressantes pour

évaluer la toxicité des pesticides seuls et de mgéla simples.
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Abstract

The Morcille River located in the Beaujolais vineyarea (Eastern France), is subjected to
strong wine-growing pressure leading to the comation by a range of herbicides and
fungicides of the surrounding fresh water environméarticularly high concentrations of
norflurazon, desmethyl norflurazon and tebuconazedee recorded in spring 2010 at the
downstream site on the river. Despite their ocoweein rivers, scare toxicity data are
available for these products, in particular in these of desmethyl norflurazon (main
norflurazon degradation product). Further more roftexicity data available only focus on
single compounds and are generated by single spéwigcity tests linking to a lack of
ecological relevance.

Consequently this study was undertaken to evaldlage toxic effects of norflurazon,
desmethyl norflurazon and tebuconazole singly and ternary mixture on fluvial biofilm.
Toxicity tests were performed in microplates forh48hotosynthetic endpoints were
measured using Pulse Amplified Modulated fluoromiettiatom densities and taxonomic
composition were determined. After 48h of exposarmgnificant effects on optimal quantum

yield (F./Fn) for desmethyl norflurazon and mixture were obedrv

Key words

Pulse Amplified Modulated fluorometry, pesticidbgfilm, metabolites, microplate, mixture.
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1.Introduction

The European Union’s Water Framework Directive lsas the target to achieve good
ecological status for all aquatic environments urdpe by 2015. Among environmental
pollutants, pesticides are of particular concerd greatly affect water quality management.
Providing knowledge and ecotoxicological data abgasticides is a challenge for
prioritization of substances. Nevertheless, thestioe of breakdown products and mixture
toxicities is rarely taken into account in wateraljty management despite recent studies
underlining the toxicity of some metabolites (Am®rét al. 2000, Pesce et al. 2010b) or
highlighting possible synergic effects of pestigdeting with similar or dissimilar modes of
action (Magnusson et al. 2010).

The Morcille River located in the Beaujolais vineyarea (Eastern France) is subjected to
strong agricultural pressure, essentially exertgdvimeyard treatments. Herbicides and
fungicides were found in particularly high concatitins in the surrounding fresh water
environment and particularly high levels of norflmon (a herbicide belonging to the
pyridazinones, NFZ), of its main biodegradationdquat, desmethyl norflurazon (DMN) and
of tebuconazole (an azole fungicide, TBZ) were réed in spring 2010 at the downstream
site on the river.

In this context, the objective of this work wasetealuate the single and joint effects of NFZ,
DMN and TBZ on river biofilms. Attached microbiabmmunities play a fundamental role in
the ecological functioning of river systems, byitHeey place in the trophic web and their
important contribution to primary production. Moweo, river biofilms interact strongly with
dissolved substances present in water such asidestiand are likely to respond quickly to
contaminant pressures and can so be regarded Bswvemning systems and powerfull
indicators for ecosystems health (Sabater et a@.7R0Moreover testing effects of toxic
compounds on natural communities instead of udimgsi single species tests is an approach
particularly appropriate by integrating high ecotad relevance (Clements and Rohr 2009).
Toxicity tests on natural biofilm using Pulse Anfigld Modulated fluorometry were
performed directly on microplates in order to miraenthe volumes of toxicant needed.
Decreasing amount of compound in toxicological Esidcan be a crucial issue in particular
when testing expensive substances like metaboliteseover the use of micro volumes
decrease the quantity of waste to treat and s@nh@onmental and monetary coast of the

study.
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Biofilm was exposed to a range of pesticide comregiohs for 48h. Then, photosynthetic
parameters (optimal quantum yield,/F,, and effective quantum vyield of photosystem II:
@pg)), diatom densities, and taxonomic compositioniatan communities were determined.
Previous studies already showed toxicity of NFZ &BX on aquatic organisms (Guseinova
et al. 2005), so we hypothesized that these twbgmss might have toxic effects on natural
biofilms; and particularly NFZ with regard to ith@osynthetic efficiency due to its mode of
action (inhibition of carotene synthesis). Moreobased on the scarce data available in the
literature, a lower toxicity of DMN compared to pgarent compound was expected, due to an
increase of polarity from NFZ to DMN and thus arswamed decrease in its ability to

influence carotenoid synthesis in the lipophilidcochplast thylakoid (Wilkinson 1987).

2.Materials and methods
2.1.Experimental design
2.1.1.Biofilm sampling and study site

Biofilms were collected in the Morcille River, Idea in the Beaujolais vineyard area (eastern
France). The Morcille River is subjected to straggicultural pressure, essentially exerted by
vineyards and is characterized by an increasingqms gradient from upstream (<0.1 pg/L
total pesticides concentrations) to downstream 7(3tig/L total pesticides concentrations)
(Morin et al. 2012b). Sampling took place in A@2D11 at the upstream station (Figure 25)

characterized by very low pesticide concentratidvientuelle et al. 2010).

Figure 25 : Location of the study sites along the krcille River.
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A composite biofilm sample was collected by scrgpstreambed rocks using a razor blade
and was re-suspended in river water from the ugstrsite. The biofilm was maintained at
19-20°C with a photon flux density of 25 umoFfrs* and a 12:12 h light:dark cycle before

use for the short term bioassay (within one week).

2.1.2.Chemicals
Norflurazon, (CAS reg. 27314-13-2, purity = 94%@sthethyl norflurazon (CAS reg. 23576-
24-1, purity > 99%) and tebuconazole (CAS reg. Bd796-3, purity > 98%) were purchased
from Dr. Ehenstarler GmbH, Augsburg. Stock solwigrere prepared in ultrapure water at a
final concentration of 6000 pg/L.
In order for it to be representative of environna¢rdonditions, mixture composition was
chosen according to the concentration ratio oftiinee products found in the Morcille River
at the downstream site in spring 2010: 5.5 % of N6 of DMN and 40.5% of TBZ to
obtain a stock solution with final total pesticicencentration of 6000 pg/L (327.6 ug NFZ/L,
3246 pg DMN/L and 2426.4 ug TBZ/L).

2.1.3.Short term bioassay
Bioassays were performed in a 96-well microplatéhva clear, flat bottom (BD Falcon,
Germany). In each well, from 0 to 200 pL of peskcstock solution was added to 200 pL of
biofilm suspended in WC culture medium {16iatom cells/ml) (Guillard and Lorenzen
1972); appropriate volumes of ultrapure water vagtged to reach a final volume of 400 pL.
Four conditions were run: NFZ tested alone (noté@)) DMN tested alone (noted DMN),
TBZ tested alone (noted TBZ), and the mixture NBEIN and TBZ as described above
(noted Mix). Biofilm was exposed in triplicate toconcentrations of total pesticidesy0,
C,=93.75, G=187.5, G=375, G=750, G=1500 and @=3000 pg/L), and maintained at 19-
20°C throughout the 48h of exposure with a phoior lensity of 25 pmol.fAs® and a
12:12 h light:dark cycle.
After exposure, optimal quantum yiel&,(F,) and effective quantum yield of PS®gs))
were measured directly on microplates; then bicfilnere suspended by successive pipetting,
then collected and immediately fixed in lugol fakbnomic determination and counting.
“Control pesticide wells” were used to assess tbgtipide stability: 200 pL of the 3 stock
solutions (NFZ at 6000 pg/L, TBZ at 6000 pg/L, &N at 6000 pg/L) were added a D
empty wells of the microplate to assess in our erpntal conditions abiotic degradation of
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compounds and well wall adsorption. Pesticide cotteéons were determined at &nd
after 48h.

2.1.4.Pesticide analyses
The 400 puL water samples were dried and then disdoin 400 pL of ethyl acetate after
addition of 4 pL of an internal standard solutid® Qg/pL of atrazined5 and tebuconazole-
d6), prior to analysis. Determination of pesticidesl anetabolites was performed with a gas
chromatography systemRACE GC ULTRA (THERMO Scientific) coupled with a mass
spectrometer Quantum GC HARMO Scientific) and “triple quadripole” detection. &h
separation was made with a TR-5MS column (5% phéeliiv) polysilphenylenesiloxane,
30m x 0.25mm x 0.25um, HERMO Scientific). Helium was used as mobile phase at a
constant flow rate of 1.2 mL/min. 1 pL of sampleswajected on splitless injector at 280°C.
The gradient consisted of an isotherm for 0.5 ntirb@°C, it then ramped to 190°C at
17°C/min, then to 220°C at 4°C/min, and a last ramB00°C at 20°C/min. The temperature
was kept constant at 300°C for 8.26 min giving @ltounning time of 29 min. The source
temperature was set at 250°C. The ionization wasabed in electron impact mode (70 eV,
current of 25 pA), argon was used as collision gasl.2 mTorr and acquisition was
performed in selected reaction monitoring (SRM) mudith a total cycle time of 200 ms. The
SRM transitions were 303/145 and 305/145 for NF#9/245 and 289/173 for DMN, and
250/125 and 252/127 for TBZ. The SRM transitions tfee internal standards, atrazid&—
and tebuconazoldé, were 205/105 and 256/125, respectively.

2.2.Biofilm response analyses
2.2.1.Photosynthetic efficiency

The optimal quantum yield=(/Fr,) and the effective quantum yiel®§s;) of photosystem I
(PSIl) were measured using Pulse Amplified Modulatieorometer (version EDF, Heinz
Walz GmbH, Germany)}-,/F,, was measured after 30 min of dark adaptation vesebgs)
was measured under light adaptatidgi/F, and @pg), are described by the following
equations (Baker 2008):

FuFm=FmFo)/Fm (1)

Opsi= (F'm-F)/Fm (2)
(1) with Fo the minimum fluorescence determined after a weakdd modulated light and

Fm the maximum level of fluorescence measured duaisgturating white light pulse.
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(2) with F; the steady-state level of fluorescence under amliight andF,, the maximum
level of fluorescence measured during a saturatimte light pulse.

2.2.2.Diatom cell density
Diatom cell densities were determined gtahd Tgh for the different treatments (NFZ, TBZ,
DMN and Mix) for the highest concentrationgj@nd for the Control treatment.
Diatom cells (200 puL of each sample) were enumdrateng a Nageotte counting chamber
(Marienfeld, Germany)The total number of individuals and the numbede#ad cells were
recorded in 10 fields of the gridded af@a&25uL each, 0.5 mm depthynder light microscopy
at 400x magnification (Leitz photomicroscope). istion between dead and live organisms
was estimated by observation of the turgescencecaludir of the chloroplasts as described
by Morin et al. (2010b).

2.2.3. Taxonomic analyses
Taxonomic analyses were performed after 48h of sxgoto the different treatments (NFZ,
TBZ, DMN and Mix) for the highest concentrationsf@nd for Control treatment.
Diatom identifications were performed after havipgepared permanent slides following
European standard NF EN 13946. Diatoms were idedti&it 1,000x magnification to the

lowest taxonomic level possible using standardregiees (Hofmann et al. 2011).

2.2.4.Statistical analysis
The effects of pesticide exposure on photosynthefficiency (n=3) and diatom densities
(n=3) were tested by one-wayNAvVA analyses using Statistica 6.1 (StatSoft, Frantkeg.
ANOVA was followed by a Tukey—HSD test (*p<0.05, **p<0,F**p<0.001). Homogeneity
of variance was checked prior to data analysis;oE@d confidence intervalg sy, were
calculated using B5Tox 7.0.5 (Vindimian 2003).

3.Results and discussion

3.1.Pesticide stability

Pesticide stability was assessed by comparing corat®ns of compounds ab Bnd Tgh in
the “control pesticide wells” for the highest peite exposure concentration for each
condition (DMN, NFZ, TBZ and Mix for the &£ treatments). Due to the physical
characteristics of the compounds studied (loyy Malues), the latter are not linked to be
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adsorbed and so we considered that if no adsorptannoticed in gtreatment it was also
null in the other treatments.

No decrease was noted for the three compounds beetiigand Tg, in their respective
“control pesticide well”. The organisms were theamsidered as having been exposed to the
nominal concentration of pesticides and adsorpboime surface wells and photo degradation
as was taken to be negligible in our experimerdgatdions.

Bioaccumulation of compounds by the different Bioficomponents was not considered in
our experiment. Measuring concentrations of petgwiin biofilm is of particular interest to
evaluate the exposure history of natural biofilmeyertheless owing to the complexity of
biofilm structure, developing analytical techniques pesticide concentration determination
in this matrix is still at an early stage and regsilarge amounts of (Byers, personal

communication).

3.2.Photosynthetic efficiency

®pg; was not significantly different between contrateldNFZ, DMN, TBZ or Mix treatments
after 48h of exposure, nor wag/'F, between controls and NFZ or TBZ treatments (Table 6
In contrast, a marked difference was observed wb&MN and Mix treatments were
compared to the Control with regardRgF, (Table 6, Figure 26).

These results show that:

(1) In our experimental conditionsr,/F, iIs a more sensitive parameter to reveal
photosynthetic damage after pesticide exposure aoedpto @ps;. This demonstrates the
need to study complementary parameters when workiilg the effects of toxicants on
photosynthetic efficiency. This point has alreade pointed out by Laviale et al. (2011),
who studied the effects of atrazine and isoproturotwo PSII inhibitors — on natural
communities; they highlighted that the study oftb@®s, andF./F, is necessary to avoid a
partial view of periphyton photochemical respongetitese herbicides, and limitations for

interpretation of these differential effects.
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Table 6 : Mean values and standard errors of the pttosynthetic and diatom parameters in function of teatment and time exposure®rg, F./F,, total diatom
densities, mortality, diversity and species richnesare given for G for TBZ, NFZ, DMN and Mix treatments. Stars indicate significant difference compared to
Control at 48h (n=3, *p<0.05, **p<0.01, ***p<0.001 when p<0.001 p value is given in brackets). n.cnon calculated and < c.l. : under calculation linti

Q) PSII |n C6=3OOO ug/l. F V/F m |n CS=3000 Species Richness

Time of exposure Total diatom densities

Treatment (hour) total pesticides (% pg/L total pesticides ECio (Hg/L); a 5% (10° cells/mL) Mortality (%)  Diversity (total number of

control) (% contrlol) species)

Ctr 0 n.c. n.c. n.c. 55.6 +3.5 23.6+2.9 n.c. n.c.

Ctr 48 n.c. n.c. n.c. 153£2.9 215+0.1 23+01  25.7+29(38)

NFZ 48 67.4+53 782+6.9 <cl. 33.1+24.6 135+102  2.1+01  227+1.6(32)

TBZ 48 735+115 726 +3.9 <cl. 12.2+1.4 216+4.1 2.1+01  187+1.1*(30)

DMN 48 80.8+3.8 38.2+1.6**(0.0007)  58; [9;254] 13.8+9.9 19.7+5.0 22+01 187+ 1.5%(29)

Mix 48 64.1+22 44.2 +4.2°*(0.0006)  125; [24;413]" 15.8£3.0 19.8+1.9 2002  19.7+22(31)

68: [16:185]°

3 Total pesticide concentratioR DPMN concentration.
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(2) F/Fm and @pg) were not sensitive enough to reveal NFZ or TBZdibx on the natural
community in our experiment.

As a fungicide, TBZ does not act directly on thgahlcompartment of the biofilm (non-target
organisms). Nevertheless, the use of photosyntlileticescence parameters can reveal the
effects of chemicals affecting metabolic processes directly linked to photosynthetic
electron transport (for example any cellular precdswnstream of PSIl) (Corcoll et al.
2012a). For example Ricart et al. (2010b) showeddaton of effective quantum yieldes))

by up to 25% with increasing concentrations ofdhé@microbial agent triclosan on biofilms.
In another study, Bonnineau et al. (2010b) undedithe toxicity off-blockers (metoprolol,
propranolol and atenolol) on fluvial biofilms witkegard to photosynthetic efficiency. In our
experimentF,/Fn, and ®ps; were not relevant parameters to reveal the exgeictéirect

effects of TBZ on the photosynthetic apparatus.

Figure 26 : Optimal quantum yield of PSII (F./F,,) (expressed as % control + standard error) of biafm
community exposed to DMN and Mix treatment for 48h.PSllI yield is expressed in function of the total
pesticides concentrations. Stars indicate statisti¢ difference from controls (n=3, *p<0.05, **p<0.01
***p<0.001). Grey squares represent DMN treatmentsand black squares represent Mix treatments.
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In contrast, we were expecting to see toxicity @ffeof NFZ on biofilm photosynthetic
efficiency due to its mode of action (inhibitor dhe carotenoid biosynthesis) but
photosynthetic damage was not revealed after &tliFeexposure. Some authors have shown
the effects of NFZ on photosynthesis efficiencysofgle species and natural biofilms. For
example, Tschiersch et al. (2002) showed a decgsgotosynthetic activity for cultures of
Euglena gracilis Frankart et al. (2003) showed a decreasg f#, after NFZ exposure of
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Lemna minor Pesce showed significant effects of NFZ on néatbrafilm on F,/F,, and

determined a Cig close to 100 pg/L (personal communication). Thiiiecence of sensitivity
could be explained by experimental conditions aadability of natural biofilms (e.g. global
community structure, ratio between algal groupspt@amic composition, life history of the

biofilm, etc.).

Optimal quantum vyield H,/F,) versus toxicant concentrations for DMN and Mixh48
treatments is presented in Figure 26 for the whenhge of contamination.

Significant differences irF,/F,, were observed for DMN and Mix treatment betweea th
controls and the highest concentrations after 48rexposure.F,/F, was significantly
different in G, Cs and G for DMN treatment (57.9+13.2, 53.9£1.6 and 38.%t% of control
respectively) and in £and G for Mix treatment (54.5+7.3 and 44.2+4.2% of cohtr
respectively).

In order to compare the relative toxicity of DMNdahlix treatments, optimal quantum yield
(FW/Fr) was expressed versus total pesticide concemeatiod versus DMN concentrations
for both treatments and the correspondinggE@xicant concentration needed in order to
decreasé,/Fn, to 10% compared to the control) were calculated.

ECio were respectively 58 pg DMN/lg se, [9;254] for DMN treatment, 125 pg/L total
pesticide a sy [24;413] and 68 pg DMN/La 5o [16;185] for MIX treatment and were not

significantly different from each other (Table 6).

To our knowledge this is the first study demonstgatDMN toxicity on photosynthetic
efficiency. Very little is known about the chemiqaioperties and mode of action of DMN
and toxicological data are scarce. Nevertheless ¢bmpound was reported to decrease
chlorophyll content in the algdcenedesmus acut{andmann et al. 1981).

Moreover, we observed greater toxicity of DMN thafnits parent compound on/F, (no
effect of NFZ was noted at concentrations up to03Q@/L). These results underline the
necessity to take in account metabolite issuessgtigde toxicity assessment, as highlighted
in another study dealing with the ecotoxicity ofsp@des and transformation products
(Sinclair and Boxall 2003). In this study the authwlentified several transformation products
that were more toxic than the parent compoundefample 4-chlorophenol was found to be
more toxic to algae than its parent compound theD2,(a herbicide belonging to the
alkylchlorophenoxy family). They pointed out fouram reasons to explain the greater

toxicity of the biotransformation product than therent compound.e. “(1) the presence of a
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pesticide toxicophore; (2) the fact that the pradsahe active part of a propesticide; (3) the
product is accumulated to a greater extent thanpgaent compound; or (4) the product has
a more potent mode of action than the pareri&nclair and Boxall 2003). Of course
explaining differences of toxicity between metatland its parent compound and more
generally between two toxicants requires havingnash toxicological data as possible for
each of the compounds involved (e.g.si;@echanisms of action of products or mechanisms
of tolerance of species exposed). These data &ee afissing and therefore the scientific

community has to continue its efforts to supplyrsuidormation to the relevant databases.

3.3.Diatom growth

Significant differences in cell densities betweeontCols at § and the different treatments
after 48h of exposure (Ctr, NFZ, DMN, TBZ and Mixgre observed for theg@reatments;
densities at J were 3.6 times higher than densities a, {Table 6). This decrease of cell
number could be explained by the fact that biofivay have become deposited on the bottom
of the microplate due to the absence of agitaiiéhen sampling at jg, part of the cells may
have remained adhering to the microplate leadingh&o decrease in overall cell density
observed betweenyBind Tygh,

Statistical analysis revealed that densities gf Were not significantly different in control
treatment and in NFZ, DMN, TBZ and Mix treatmerRgsticide treatments did not seem to
have an effect on diatom density after 48h of enpmsThis can be explained by the short
time of exposure to toxicants. However, similardemcies have been reported in the case of
algae exposure to other toxicants. For instance Kiemn et al. (2012) observed the effect of
high concentrations of cadmium (100 pug Cd/L) onghenth ofEolimna minimaonly after 7
days of exposure. In the same way, Morin et al0o80eported differences in biofilm diatom
densities between control and lower cadmium comat®d treatments (10 pgCd/L) after 6
weeks of exposure.

Percentages of dead cells were not significanfiigmdint in controls (§ and T,g) compared

to contaminated conditions (Table 6). Apoptosisnbethe ultimate response of cells to
toxicant, we can assume that during our experirttentell damage caused by the pesticides
and the metabolite did not exceed critical levetsl aould still be repaired by other
mechanisms involving, for instance, antioxidantyanas (Bonnineau et al. 2010a).

Although no effect was observed on diatom densitgnortality, sub-lethal effects can occur

as shown by the decreaseFofF,in DMN and Mix treatments compared to the Control.
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3.4.Diatom community structure

Due to the very low diatom concentrations in thengles, counting the 400 frustules as
required by NF T90-354 was not feasible; around f2@§tules were counted in each replicate
sample. The total number of species recorded patnrent (i.e. composite sample obtained
by pooling replicates) was higher in the contr@8 {axa) than in the contaminated treatments
(30.5 £ 0.7). Average values of species richnesisdiversity were equal to 21.1+ 3 and 2.1+
0.1 respectively over the treatments.

Statistical analysis revealed that community contpes was not significantly different in
controls and with NFZ, DMN, TBZ and Mix treatmerafter 48h of exposure. Communities
were dominated by three main species (relative @éoure >60% in all samples):
Rhoicosphenia abbreviagtaAchnanthidium minutissimurand Planothidium lanceolatum
Reimeria sinuataEolimna minimaandNitzschia paleavere also frequently found in samples
in lower proportions.

Very little is know about diatom species sensiyiuib pesticides, nevertheless some species
have already been shown to tolerate triazinesAiklenanthidium minutissimuimr Eolimna
minima(Péreés et al. 1996, Herman et al. 1986, Kasai é98i3, Munoz et al. 2001, Seguin et
al. 2001) or a number of pesticides (triazine areh) likeNitzschia palegKasai et al. 1993,
Dorigo et al. 2004).

All samples were dominated by species belonginth&low-profile guild (79.1£1.6%) as
defined by Passy (2007A¢hnanthidium minutissimyr®lanothidium lanceolatuprReimeria
sinuatg and Rhoicosphenia abbrevigtaSpecies from this guild were shown to cope with
pesticides (Berthon et al. 2011, Roubeix et al.120The fact that pesticide-tolerant species
were already dominant in the inocula, althoughemtéid in a very low pesticide concentration
site, may explain why no changes in community cositppn were observed between
contaminated and control conditions; and may sugggsecies selections occurring from

very low pesticides concentrations.

4.Conclusions

Studies dealing with pesticides and water qualitgnagement cannot be complete and
realistic without taking into account metaboliteslanixture effects. In this study, the single
and joint effects of NFZ, DMN and TBZ were evaluwhten natural biofilm; the major

implications of this work are:
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» Toxicity tests in microplates are of particulareirgst for decreasing the amounts of
chemical (often expensive) needed and is alreadyd us routine studies of single
algae species with growth inhibition as endpoinhumerous studies. Nevertheless,
physiological information is rarely investigatedtims kind of study (Magnusson et al.
2010). To our knowledge this was the first studingsPulse Amplified Modulated
fluorometry for toxicity tests in microplates ditgcon natural biofilms (more realistic
than single species tests).

* However, the use of microplates showed some lifoitatfor density calculation and
taxonomic analyses (loss of part of sample on tloeaplate).

 DMN showed higher toxicity on photosynthetic effiocy €./Fn) than its parent
compound (NFZ); highlighting the importance of takimetabolites into account in
toxicity assessment.

* The Mix treatment significantly affectdd/Fn,. In regards to the absence of toxicity of
NFZ and TBZ when tested alone, the toxic effecteobsd in Mix treatment is
probably due to DMN only.

This is one of the first studies dealing with metgb and mixture toxicity of pesticides on
natural biofilms in microplate; the results obtalnesing Pulse Amplified Modulated
fluorometry and microplates together as an experiaieinit presage interesting perspectives

in the field of toxicity evaluation of pesticidedhether as single substances or mixtures.
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Lors du chapitre précédent nous nous sommes ist&yes la toxicité aigué des composeés
majoritaires retrouvés dans les extraits de POCISraaers I'étude de parametres
classiquement utilisés sur le biofilm (rendemertstpsynthétiques, densité et taxonomie des
diatomées) aprés 48H d’exposition. Cependant lelntgues de fluorescence en lumiére
modulée permettent de réaliser de nombreuses asatysceptibles de mettre en évidence les
effets de composés sur le biofilm de riviere. Pagit@s, la construction de courbes lumiére
photosynthese (Rapid Light Curves: RLCs) est sgétdi pour appréhender les capacités
photosynthétiques dans le domaine de I'écophyseldgiles ont été largement utilisées pour
décrire I'adaptation d’'un échantillon a des comdlis lumineuses particulieres. Néanmoins de
telles courbes ne constituent pas un outil expleitéécotoxicologie, malgré leur potentiel

pour une évaluation précoce et sensible d’'impautysiplogiques sur les organismes.

L’objectif de ce chapitre est d’évaluer la toxicigdative de trois composeés retrouvés dans les
extraits de POCIS : le diuron, le DCPMU (produitddgradation majoritaire du diuron) et le
norflurazon. Le choix s’est porté sur ces toxigpasticuliers car, en plus de leur présence
dans les extraits de POCIS, ils possédent difféneratdes d’action et vont ainsi avoir un effet
plus ou moins direct sur I'appareil photosynthé&igle diuron et le DCPMU sont des
inhibiteurs du photosysteme Il (PSIl), un impagiida de ces composés est ainsi attendu sur
les capacités photosynthétiques du biofilm. Destefplus indirects sont susceptibles d’étre
induits par le norflurazon puisque ce composé estinhibiteur de la synthése des
caroténoides, pigments jouant un réle entre awans th collecte de I'énergie lumineuse et la
photoprotection.

Les impacts des deux pesticides et du produit dgadation ont été évalués a travers la
mesure de paramétres dit « classiques » commemheements photosynthétiqueBpg, et
F./Fm) ou la fluorescence de baseg)(Et la construction des RLCs.

Pour cela, du biofilm a été prélevé d'un site dérence (St Joseph sur la Morcille) puis
cultivé au laboratoire sur des lames de verre.Hiefims ont alors été exposés a une gamme
de diuron (de 0,3 & 33,4 ug/L), de DCPMU (de 1 8410g/L) et de norflurazon (de 0,6 a 585
Hg/L). Les réponses des biofiims ont été évalugeesal, 5, 7 et 14 jours d’exposition

directe.
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Les résultats ont révélé une plus grande sensibilids paramétres extraits des RLCs par
rapport aux parametres de fluorescence dits «iglass». L'impact des toxiques a en effet
pu étre mis en évidence pour les trois composédedpemier temps de prélevement (24h
d’exposition) au lieu de cinq jours d’exposition uypoles « parametres de fluorescence
classiques » (- F/Fn, et Dpg)).

De plus des réponses différentes en fonction duenadaction des composés ont été notées :
les impacts du norflurazon se sont avérés failgeesa5 jours d’exposition mais avec une
augmentation considérable de leur intensité aveantgs d’exposition. Au contraire les effets
du diuron et du DCPMU ont été du méme ordre dedgandu cinquieme ou quatorzieme
jour d’exposition. Par ailleurs la toxicité relativles composés s’est avérée temps mais aussi
parameétre dépendante. En effet le norflurazon @gatconsidéré comme plus toxique que le
diuron et le DCPMU au regard de la fluorescencbate () alors qu’une tendance opposeée
a été observée avec les rendements photosynthetgoes 5 et 7 jours d’exposition.

Ces résultats soulignent donc l'importance du tedipgposition et des paramétres choisis
dans I'évaluation du risque environnemental. Nomsvpns aussi noter que des effets ont été
observés pour le diuron et le norflurazon a la eatration la plus faible testée (0,3 et 0,6
ug/L pour le diuron et le norflurazon respectivethe@es impacts sur le biofilm de riviere a
des concentrations réalistes d'un point de vue aecdntamination environnementale
pourraient supposer des effets de tels composdessarganismes aquatiques et en particulier
puisque les toxiques ne sont pas présents seuls emaicocktail dans I'environnement

aquatique.

Notre étude met donc en évidence l'intérét des Rt@sme descripteurs précoces d'une

exposition aux produits phytosanitaires.
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Abstract

The use of Rapid Light Curves (RLCs) as a toxieity point for river biofilms compared to
“classical fluorescence parameters” -minimal flsoence Kp), optimal and effective
quantum vyields of photosystem IIF{F, and ®pg))- was examined in this study.
Measurements were realized after exposure to meentrations of diuron (from 0.3 to 33.4
ng L), DCPMU (diuron main degradation product, from th@014 pg [}) and norflurazon
(from 0.6 to 585 pg t) with the lowest exposure concentrations corredjmnto levels
encountered in chronically contaminated sites. iBiofesponses were evaluated after 1, 5, 7
and 14 days of exposure to the different toxicants.

Parameters calculated from RLGs ETRnax and ) revealed to be early markers of pesticide
exposure since significant effects of contaminateshtments on these parameters were
observed from the first day of exposure whereatagtl classical fluorescence endpoiifis (
andF,/Fn) were only significantly different from Control DCPMU treatment.

Moreover responses on both “classical fluorescgramameters” and RLC endpoints were

highly time dependant and related to the mode bbaof the different compounds.
Key words

Pesticides, periphyton, chlorophyll fluorescenaesedresponse curves, rapid light curves,

environmental risk assessment.
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1.Introduction

The European Union’s Water Framework Directive lsas the target to achieve good
ecological status for all aquatic environments urdpe by 2015. Among environmental
pollutants, pesticides are of particular concerd greatly affect water quality management.
Increasing knowledge and providing ecotoxicologitala about pesticides is so a challenge
in order to reach this goal.

The Morcille River located in the Beaujolais vineyarea (Eastern France) is subjected to
strong agricultural pressure, essentially exertgdvimeyard treatments. Herbicides and
fungicides were found in particularly high concatibns in the surrounding freshwater
environment and particularly high levels of diur@m phenylurea herbicide), of its main
biodegradation product, 1-(3,4-dichlorophenyl)-3tmye urea (DCPMU) and norflurazon (a
herbicide belonging to the pyridazinones, NFZ) wexeorded during several years at the
downstream site on the river (Montuelle et al. 2(R@biet et al. 2010, Morin et al. 2012b).
Diuron is a phenylurea herbicide which blocks elattransfer from Photosystem II (PSII) to
Photosystem | (PSI) by binding itself to the D1tpno constitutive of PSII instead of the
second electron acceptd@y) (Trebst and Draber 1986, Zer and Ohad 1995).ddithus
prevents the reoxidation of the primary electromeptor Q;) by blocking the electron
transfer fromQ, to Qy; which leads to an increase of the minimal fluoesse and a decrease
in variable fluorescence (Ralph 2000).

DCPMU is the main degradation product of diuronsibbtained byN-demethylation under
aerobic conditions. The loss of the methyl groupeaps to cause a slight but not dramatic
decrease in the binding affinity to tkl receptor site of D1 (Dewez et al. 2002; Neuwoehner
et al. 2010). A slightly lower toxicity of DCPMU oapared to the parent compound for
photosynthetic organisms is so expected. ActuadgcE et al. (2010b) observed a lower
toxicity of DCPMU comparing to its parent compouon river biofilms. Nevertheless, the
studies assessing effects of metabolites produetstdl scarce and in particular the relative
toxicity of DCPMU and diuron seems to be highly elegent of selected organisms and
endpoints (Gatidou and Thomaidis 2007, Dewez €iCfl2).

Norflurazon (noted NFZ) is a herbicide belonging ttee pyridazinones which inhibits
carotenoids biosynthesis by exerting its primaiyibitor action on the reaction catalysed by
phytoene synthase (Sandmann et al. 1980). Cardtaoe photosynthetic pigments exerting
a crucial role in light harvesting and photopratatt(Rowan 1989). Exposure to NFZ is
expected to lead to indirect effects on fluoresedegels by inhibiting renewal of carotenoid

pool essential to the correct functioning of thetolsynthetic apparatus. Its effects have been

142



Chapitre VI

well studied in regards to growth related paranseter by pigment measurements for
microalgae or plants, but very little is known ais indirect effects on photosynthesis
capacities and in particular on river biofiims (8arann et al. 1981, Frankart et al. 2003,
Wilkinson 1987, Wilson and Koch 2013).

Pulse Amplitude Modulated (PAM) fluorometry is awsrful tool for monitoring the effects
of chemicals on photosynthetic organisms basechenrteasurement af vivo chlorophyll
(Chl) fluorescence (Juneau et al. 2007). It alltiwesestimation of various parameters, among
which the minimal fluorescenceFd), the effective quantum vyield of photosystem II
photochemistry ®pg) and the optimal quantum yield of PSH{F,) have been the most
commonly used to study both short and long termecgsf of herbicides on photosynthetic
activity and related physiological activities (Colicet al. 2012a)F, has been used as a proxy
of algal biomass since chlorophyll fluorescence tanproportional to total chlorophyll
content (Serbdio et al. 1997ppg, gives a measure of the proportion of the PSIl diesh
light that is used in photochemistry and integratéthe processes downstream of PSII which
are dependant of the actual test conditions, éyht land temperature (Baker 2008). In
comparison,F,/Fn, reflects the number of functional PSII, therebysirating the sample
physiological state (Baker 2008). In particulby/F,, and @ps) have been shown to be well
appropriate when working with PSII inhibitors (el@gviale et al. 2010, Laviale et al. 2011)
but have been strongly recommended to combine otlier parameters when working with
compound acting on other target than PSII (Bonniretaal. 2012).

The electron transport rate (ETR) represents a umeasft the capacity for photosynthetic
activity and can be used to compare plant speRiagid Light Curves (RLCs) are relating the
photosynthetic electron transport rates (ETR) witbident photon irradiance (White and
Critchley 1999). This method offers a convenieny e characterizing the photoacclimation
status of photosynthetic organisms exposed tordiftelight environments, including diatom
dominated biofilms (Serédio et al. 2005, Robertsle2004). Report of the use of RLCs in
order to highlight toxicant impact is scarce (Lafsal. 2013). Nevertheless it offers promising
perspectives particularly when working with toxitamith less specific mode of action than
PSIlI inhibitors.

Consequently the first objective of this study w@sompare the toxicity of diuron, DCPMU
and norflurazon on river biofilms, particularly @CPMU and norflurazon since few
ecotoxicological data are available for these pot&luThe second objective of the study was
to evaluate the pertinence of RLCs and classicdpeints used in toxicological studies

dealing with fluorescence measurements. For thigpqse, field-derived biofilms were
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exposed to a range of concentrations, from ecaddlgicelevant to acute ones; the evolution
of biofilms responses was assessed in functioma& €xposure (from 24 h to 14 d) in regards

to “classical endpoints” and RLCs parameters.

2.Materials and methods

2.1.Biofilms sampling and culture
Biofilms were collected in the Morcille River, Iaea in the Beaujolais vineyard area (eastern
France). Sampling took place in March 2013 at atipee site located on the upstream of the
river characterized by very low pesticide concerirs (Montuelle et al. 2010). Biofilm was
collected by scraping streambed rocks using a fialaole and was re-suspended in river water
from the upstream site. The biofilm was inoculaite® an aquarium containing 8 L of WC
culture medium (Guillard and Lorenzen 1972) undentinuous water flow insured by a
classic aquaria pump (Rena Flow 600 BF, 580L/H) kfidfor 2 weeks to allow biofilm
colonisation on artificial substrates (glass slidéx26 mm) previously placed on the bottom
of the aquaria. The culture aquarium was maintainexdthermoregulated incubator at 20 °C
with a photon flux density of 50 umol ms* and a 12:12 h light:dark cycle during the

colonisation period.

2.2.Experimental set-up
Diuron (CAS reg. 330-54-1, purity = 98%), DCPMU (8Aeg. 3567-62-2, purity = 97.7%)
and NFZ (CAS reg. 27314-13-2, purity = 94%) werecpased from Dr. Ehenstarler GmbH,
Augsburg; stock solutions were prepared in ultrapwater after solvent evaporation. The
stock solutions prepared were analyzed by HPLC-HHSIMS (HPLC Ultimate 3000,
Dionex, equipped with a Gemini NX C18 column, 10 mr@ mm, 3 um, Phenomenex); the
different exposure concentrations were calculatechfthe analyses of the respective stock
solutions.
After 2 weeks of colonisation, glass slides coledidy biofilms were removed from the
culture aquaria and introduced in single experimlenbits in WC media (final volume=50
mL). Biofilms were directly exposed to 5 concentras of diuron (G=0.3, G=1.1, G=3.3,
C,=10.6 and €=33.4 pg [, DCPMU (G=1.0, G=32.1, G=101.4, G=320.7 and
Cs=1014.0 pg ) and norflurazon (&0.6, G=18.5, G=58.5, G=185.0 and €-585.0 ug L
1), These concentrations were chosen in order terebeffects on photosynthesis up to 50%
of inhibition based on Efgcalculated from bioassays realized on river biddil(Resce et al.

2010b). The lowest exposure conditions were clasecdncentrations encountered in
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chronically polluted rivers (Montuelle et al. 201®ach condition was realized in triplicate
and six control conditions (Ctr) were made (bio8lin the experimental units in WC media
without pesticides). Experimental units were mamgd in the thermoregulated incubator
during the 14 days of experiment with the same itimms than during the colonisation period
(20 °C, 50 pmol M s*, and 12:12 h light:dark cycle). Water was changederal times
during the experiment (days 2, 6, 9 and 13) in otdeavoid nutrient limitation and to
maintain pesticides concentrations. Minimal flueexe Fo), optimal quantum yieldH,/F,)
and effective quantum vyield of PSP§s)) were determined for all samples after 1, 5, 7 and
14 d of exposure. RLCs were realized at the sammplgag times for Ctr and intermediate
(Cy), high (G) and very high (€) concentrations of the 3 tested chemicals (diuNiZ and
DCMPU).

2.3.Biofilm responses analyses

All fluorescence measurements were realized usidglse Amplified Modulated fluorometer
(PhytoPAM version EDF, Heinz Walz GmbH, Germany).
“Classical fluorescence parameters”
Fo and F/F, were measured after 30 min of dark adaptation eds®ps; was measured
under ambient light-,/F, and®pg), are described by the following equations (Bak€i&0

FUFm=FmFo)/Fn (1)

®ps= (Fm'-F) I Fn (2)
(1) with Fo the minimal fluorescence determined after a weakdd modulated light arfel,
the maximum level of fluorescence measured durisgtarating white light pulse.
(2) with F; the steady-state level of fluorescence under amllight andF,’ the maximum
level of fluorescence measured during a saturatimte light pulse.
Rapid light curves
Rapid light curves were constructed by exposingsémples to 10 sequential actinic light
levels increasing from 64 to 610 umoFrs* (i.e the maximum light level range provided by
the PhytoPAM) after a 5 min adaptation period atpédol.m?s® corresponding to light
intensity of the first step of the curv@®ps; was calculated as described above after each
illumination step of 10s. RLCs were constructed &ttdd using the Phyto-Win Software V
1.45 (Heinz Walz GmbH, Germany). For each leveladfinic light, the relative electron
transport rate (ETR) was calculated by the softvaamrding to the following equation:

ETR =®psix PAR x 0.5 x 0.843)
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(3) with PAR the photosynthetically active radiationpbg@d during each illumination step,
0.84 the assumed absorptivity (Bjorkman and Demb®87) and 0.5 the factor due to the
assumption that half of the quanta of the incid®AR are distributed to PSIlI (Maxwell and
Johnson 2000).

The RLCs were then fitted according to a modifiesion of the photosynthetic model of
Eilers and Peeters (1988) in order to calculateptiosynthetic efficiency at low intensity
(o), the maximal electron transport rate (LR and k the onset of light saturation (Henley
1993).

2.4.Statistical analyses
For each fluorescence parameter, the effects @& tifrexposure and pesticides concentration
were tested by two-way ANOVA analyses. The effemftgpesticides exposure were then
tested at each exposure time by one-way ANOVA aeslyThe ANOVA was followed by a
Tukey—HSD test. Normal distribution of data wasaiesl prior to data analysis. Statistical
analyses were realized using STATISTICA 6.1 (StHjSo
Dose response curves were constructed for photostyotyields F./Fn, and ®@ps))) using a
three-parameter log-logistic model of the drc pgekaf R (Ritz and Streibig 2005):

f(x,(b,d,e)=d /(1+exp{b(log - logE)}

With e the EG the concentration producing a response half-wayédxn the upper limit, d,
and lower limit equal to 0. The parameter b dentitegelative slope around e.
Due to non convergence of the model, the highed®®2Q concentration was removed from
the data set (slight increaserafF,, and®pg) values for the €not accepted by the model).

3.Results
3.1 Classical fluorescence parameters
Two-way ANOVA analyses revealed significant effeofsexposure time and chemicals for

all parametersHp, F./Fr, and®pg), p < 0.05).

3.1.1 Photosynthetic yields

The optimal and effective quantum yields of PS/F,, and®ps)) expressed as % of Ctr for
the different treatments and time exposure areepted in Figure 27(a) and Figure 27(b) but
the control values slightly increased during the ded/s of experiment®ps; and F./Fn,
increased from 0.47 £ 0.04 to 0.61 + 0.02 and ffo4® to 0.02 to 0.061 £ 0.01, respectively.
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This is reflecting that the transfer from the crdt@aquarium to the experimental units did not
affect the physiology of the algal component of bingfilm. Mean values of 0.55 = 0.05 and
0.56 = 0.07 foiF/F, and®pg) respectively highlighted a good physiological staver the 14

d of experiment.

Significant effects of diuron exposure @ps; andF,/F,, were observed from day 5 to day 14
and were of the same order of magnitude whatewesampling time considered, with impact
from the lowest exposure concentrationX@.3pg LY). Maximal effect was recorded for the
highest concentration (G- 33.4ug [Y) at day 5 (61 + 3 % Ctrl) and 14 (71 + 1 % Ctdy f
®pg andF,/Fn, respectively.

Effects of DCPMU exposure were significant from dain regards td-,/F,, and from day 5
in regards to®ps;. From day 5, inhibition of®pg; and F,/F,, was of the same order of
magnitude whatever the sampling time consideredximdia effect was recorded for the
concentration ¢(= 320.7ug %) at day 7 (63 + 3 % and 69 + 5 % Ctrl).

Impacts of NFZ increased with exposure time (p<D)0and NFZ concentration (p<0.001).
Inhibition of ®pg; andF,/F,, was comparable and significant from day 5 (73an8 73 = 7 %
Ctrl, respectively). Maximal effect was recorded tiwe highest concentration{€ 585ug L

Y atday 14 (34 + 5 and 32 + 7 % Ctrl).

®pg Was globally more affected by toxicant exposuenth,/Fn, as shown by the calculated
effect concentrations (Figure 27). Both yields deed diuron as the more toxic compound
with the lower EGo. In regards t@ps), NFZ and DCPMU were in the same range of toxicity,
nevertheles$,/F, was more impacted by NFZ than DCPMU. The mean,E&hged the
compound toxicity as (from the more to the lessdpxdiuron >> NFZ > DCPMU.

3.1.2 Minimal fluorescence

Values of Fy for the different chemicals and exposure times @mesented in Figure 28.

Overall, Fo significantly increased with time and concentnatiof chemical (p<0.001 for

diuron and NFZ and p<0.01 for DCPMU).

Maximum values was reached at day 5 for DCPMU aRd Bnd at day 7 for diuron and was
on the same range of intensity for all compoundeuiad 2-fold increase in comparison to
Ctrl).
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Figure 27 : Concentration—response relationships ahlog-logistic modeling for @pg, (a) and F,/F, (b) of biofilms exposed to diuron, NFZ and DCPMU ér 1, 5, 7
and 14 d. Full and empty squares represent days hd 5, full and empty triangles represent days 7 and4, respectively. Mean values (n=3, SD not represged for
clarity) expressed as % Citrl.
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Figure 28 : Minimal fluorescence F) of biofilms exposed to different concentrations fodiuron (C;=0.3,
C,=1.1, G=3.3, G=10.6 and G=33.4 ug '), NFZ (C,=0.6, G=18.5, G=58.5, G=185.0 and G=585.0 ug L
) and DCPMU (C,=1.0, G=32.1, G=101.4, G=320.7 and G=1014.0 ug ) for 1, 5, 7 and 14 d. Full and
empty squares represent days 1 and 5, full and emptriangles represent days 7 and 14 respectively.
Mean values + SD (n=3), expressed as %Ctr. Statis#il differences compared to the Ctr for each sampig
time indicaded as: *p<0.05; **p<0.01; ***p<0.001.
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Diuron effect was significant from&211 + 30 % of the Ctrl) only after 5 d; the inase of

Fo kept significant until day 14, with a maximum iaase of 229 + 21 % atsCin
comparison, for DCPMU impact at the @as lower (135 £ 6 %) but effects were maximum
and could be detected from, 226 + 36 %). Effect was maximum after 5 d whatete
tested concentration and remained stable afterw&EZ exhibited an intermediate pattern.
All concentrations reached their maximum effectdat 7 whatever the tested concentration.
Maximum increase was 199 + 16 % fog, ®ut Fo was significantly affected from Q180 +

22 %).

3.2 Rapid light curves

Rapid light curves and calculated parameters ebetlaicom RLCs for the 3 treatments at days
1, 5, 7 and 14 are presented in Figure 29 and Table the Ctrl biofilms, both shape and
amplitude of RLCs varied over time as revealedheydtatistical analysis of ETRnaxand k
time courses (ANOVA).
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Chapitre VI

Figure 29 : Rapid Light Curves (RLCs) of biofilms exposed to different concentrations of diuron (G=1.1,
C,=10.6 and G=33.4ug L), NFZ (C,=18.5, G=185.0 and G=585.0 pg '), DCPMU (C,=32.1, G=320.7
and Cs=1014.0 pg [*1) during 1 (a), 5 (b), 7 (c) and 14 (d) days. Mearalues + SD. Open circles represent
Ctr and white, grey and black squares represent & C, and C; treatments, respectively.
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On average, all parameters increaseddutas maximum after 14 d while ETR and k
picked at day 3, followed by a decrease. The thegameters were significantly affected by
diuron, DCPMU and NFZ exposure (Table 7). At leas¢ parameter decreased significantly
after 1 d, whatever the compound.

At day 1 significant differences between diuron teominated conditions and the Ctr were
observed only forl and then for all parameters from day 5. Impactsdioffon were
particularly marked on ETRx and k: from day 5, ETRax Wwas 2 to 6 times lower for the
most contaminated treatmentsjCcompared to the Ctr depending of the samplingetim
considered while this factor was of 2 to 4 timeslfo

DCPMU showed important impacts on RLCs curveslaahpling times. Impacts were very
pronounced since day 1 with significantly lowgrahd ETR,ax for contaminated conditions
compared to the Ctr. Impacts were already very gthrfor the intermediate exposure
treatment (@) with an ETR..x and Ik 1.4 and 1.3 times lower for, Compared to the Ctr
respectively. Impacts of DCPMU were persistent wititreasing time exposure with
significant decrease of ETR, Ik anda compared to the Ctr.

At day 1, only | was significantly impacted by NFZ exposure. Siguaiht differences were
observed for all parameters from day &g. ETRnax and | values for the two highest
concentrations did not significantly differ betwessmpling times from day % ¢ 0.05). In
contrast significant differences were observed betwthe intermediate concentration)(C
and the 2 highest exposure conditions at dayahfl ETR..,) and at day 14 (ETRxanda).
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Table 7 :a, I, and ETRcalculated from rapid light curves (RLCs) of biofilms exposed to different concentrations of diuron (&1.1, G=10.6 and G=33.4ug L"),
NFZ (C,=18.5, G=185.0 and G=585.0 pg L), DCPMU (C,=32.1, G=320.7 and G=1014.0 ug %) and for control biofilms (Ctr) (without pesticide) at days 1, 5, 7
and 14 of experiment. Mean values * SD. Statisticdifferences with Ctr indicated as: * < 0.05.

Diuron
Alpha 1k ETRmax
Exposure time (d) Ctr C, Cy Cs Ctr C, Cy Cs Ctr C, Cy Cs
1 0.202 + 0.015 0.203 + 0.023 0.179 + 0.002 0.192 +0.014 192.7+4.6 193.9+13.8 126.4 + 6.4* 44.9 +21.6* 38.6+2.1 389+2.1 226+1.1 225+13.7
5 0.252 + 0.007 0.230+0.011 0.184 +0.003*  0.179 +0.003* 3249+31.1 297.8+21.8 111.9 +6.7* 76.0 £6.9* 82.7+9.7 68.6+7.5 20.6 + 1.2* 13.6 +1.5*
7 0.262 + 0.010 0.252 + 0.008 0.181+0.001*  0.183 +0.003* 220.3+7.2 164.9 + 6.6* 114.7 £ 2.7* 87.5+7.7* 57.9+3.3 42.3+1.8* 20.8 £ 0.6* 16.1+1.6*
14 0.262 + 0.004 0.239+0.019  0.193+0.006* 0.182 +0.005* 229.5+14.3 171.6 £35.5 127.6 £ 13.5* 1139+ 7.6* 60.0 +3.4 40.1 £ 4.5% 24.7 +3.3* 20.8 £ 1.9*
NFZ
Alpha Ik ETRmax
Exposure time (d) Ctr C, Cy Cs Ctr C, Cy Cs Ctr C, Cy Cs
1 0.202 + 0.015 0.203 +0.028 0.219 +0.007 0.230+0.008 192.7+4.6 2221 +13.7* 190.9+0.4 176.2+25 38.6+2.1 449 +52 418+14 406+14
5 0.252 + 0.007 0.188 +0.020*  0.155+0.001* 0.158 + 0.003* 3249+31.1 222.6+37.2 171.9 +8.4* 159.2 + 8.0* 82.7+9.7 42.7 +11.7* 26.7 £ 1.4* 252 +1.3*
7 0.262 + 0.010 0.192 +0.020*  0.142 +£0.004*  0.138 + 0.001* 220.3+7.2 154.1 +£1.9* 155.0 £2.9* 147.0 £1.7* 57.9+33 29.6 £2.7* 22.1+0.8* 20.3+£0.2*
14 0.262+0.004  0.199+0.011* 0.115+0.009* 0.089 +0.010* 229.5+14.3 163.0 £ 2.5* 190.7+2.4 201.7+8.1 60.0+3.4 32.6 £0.9* 22.0+0.8* 17.3 +2.4*
DCPMU
Alpha 1k ETRmax
Exposure time (d) Ctr C, Cs Cs Ctr C, Ca Cs Ctr C, Cs Cs
1 0.202 + 0.015 0.195 + 0.001 0.227 + 0.004 0.241 +0.021 192.7+4.6 138.7 £ 10.3* 37.5+4.5* 29.5 +1.5% 386+2.1 26.9 £ 1.9* 8.5+1.0* 7.0+0.3*
5 0.252 + 0.007 0.187 £ 0.006*  0.196 +0.004*  0.212 + 0.007* 324.9+31.1 111.8 £8.3* 73.0 £12.5* 65.6 £17.7* 82.7+9.7 209+ 1.7 143 +2.3* 14.0 +4.2*
7 0.262 + 0.010 0.184 +0.007*  0.182+0.004* 0.201 +0.019* 2203+7.2 94.1 +5.1* 97.0 £17.9* 96.8 £ 22.4* 57.9+33 17.3+0.5* 17.7 £3.3* 19.8 +6.3*
14 0.262+0.004  0.198+0.004*  0.195+0.003* 0.227 +0.012* 229.5+14.3 117.1 +2.5% 139.6 + 2.4* 128.1+8.1* 60.0 +3.4 23.2+0.9* 27.2+0.8* 28.9 + 2.4*
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4.Discussion

4.1.Diuron, DCPMU and norflurazon relative toxicitpssessed by “classical
fluorescence endpoints”
In this study we tested the relative toxicity obtiverbicides (diuron and norflurazon) and one
degradation product (DCPMU) for a range of concgitns (from 0.3 to 33.4pg Lfor
diuron, from 1.0 to 1014pugtfor DCPMU and from 0.6 to 585ug Lfor norflurazon) at
different exposure time. Several classical endgoivere assessed in order to test the effects
of these 3 compounds on natural biofilms, photdsstit yields @ps; and F./Fy) and
minimal fluorescence).
Both yields designed diuron as the more toxic campowith the lower E€ and F./Fn
designed DCPMU as the less toxic one, ranging tmepounds in the following order of
toxicity: diuron >> NFZ > DCPMU.
For diuron, the maximum of inhibition observed iar @xperiment was about 40% for both
endpoints®ps) andF,/Fn. Several studies have been assessing toxicityuobrd by the use
of dose response curves and in most of the catds/ety low EGo have been found. For
example Magnusson et al. (2010) assessed effetiundn on the photosynthetic capacities
(®ps) of tropical microalgae species and determine@y®E5.5 + 0.2 and 5.9 + 0.2 ug'L
after 3 days of exposure respectively faviculasp. (Heterokontophyta) andephroselmis

pyriformis (Chlorophyta).

The scientific community agrees on the fact tharehis a general lack of knowledge about
the toxicity of degradation products and that igobrity for substance regulation (Sinclair
and Boxall 2003) In our study, toxic effects of D@P -the main diuron degradation
product- were observed on both yields. Maximune&f were observed at day 7 with a
maximum inhibition of®pg; about 32.2% compared to the Ctr. Very few is knaatout
DCPMU toxicity to biofilms, nevertheless Pesce kt(2010b) determined a Egaround
100pg L after 4 hours of exposure, the toxicity observeair experiment is so relatively
low compared to this value.

Higher toxicity of diuron compared to the degradatproduct was expected, according to the
acute toxicity tests performed by Gatidou et aQ0@ on cultures obunaliella tertiolecta
(green algae) andavicula forcipata(diatom), or by Pesce et al. (2010b) on suspersiin
natural biofilms. In our study realized on rivewotims in benthic mode we also found a

greater toxicity of diuron compared to the DCPMU&cArding to recent studies (Dewez et al.
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2002, Neuwoehner et al. 2010) only slight decreds®xicity for autotrophic organisms is
expected due to the loss of the methyl group betwagron and DCPMU. Nevertheless it has
to be noticed that relative toxicity of these twonmgpounds are greatly dependent of the
organisms tested since Fernandez-Alba et al. (28G2ed that toxicity of diuron and
DCPMU were similar when tested wigh capricornutun{microalgae) while the degradation
product was 125 times more toxic than diurorD@aphnia magngmicroscopic crustacean).
Effective and optimal quantum yields for biofimgpesed to DCPMU followed a quite
different tendency compared to diuron responses. BGPMU, the high decrease of
photosynthetic yields from o G, and then the relative stability of the responsth e
increase of the concentrations to reach of a plabsdween ¢€and G could be associated
with a rapid absorption of the DCPMU (WHO 1978) pogted by the higher lo@jpw
(liposome-water partition coefficients) for DCPMOmpared to diuron.

Significant impacts of norflurazon exposure ®ps; andF,/F,, were observed from day 5 to
day 14. The mean Egover the experiment were of 323.9 + 135.5 |Igand 573.4 + 348.7
ng Lt in regards t@Pps; andF./Fr, respectively as endpoint. Lower &@vere expected since
ECso of NFZ in regards toF/F, was estimated about 100ug* lby Pesce (personal
communication) after 48H of exposure on biofiimsuspension mode. The data found in the
literature were highly variable in function of teadpoint considered and organisms tested.
For example Wilson and Koch (2013) determined @gBf 24.9 + 4.1 ug Lt after 6 days of
Lemna minorexposure in regards to total frond productionaldifferent study, Thies et al.
(1996) assessed cell volume growth after 14 holiexposure and determined g@qual to
12.15 and 182.2 pglfor C. fuscaandC. sorokinianarespectively. In the other hand, Nestler
et al. (2012) determined that a dose about 1300h®@fLNFZ was reducing by 50% the
photosynthetic capacities of the unicellular freatew algagChlamydomonas reinhardtafter

24H of exposure.

The much higher E4§gvalues in our experiment for the three compounds #xpected from
the literature could be explained by the exposuoelatities used in this study. Actually we
used biofilm previously colonized on artificial sitates to assess diuron, DCPMU and NFZ
toxicity in order to be representative of the bentihode of life of biofilm whereas most of
studies constructing dose-response curves -inajudiagnusson et al. (2010) and Pesce et al.
(2010b)- are assessing effects of toxicant on swgEe cultures (single species testing) or
suspended biofilms (pluri-organisms testing). Bm§ grown on solid substrates are
composed of different organisms like bacteria, @ldangi, and microfauna embedded in an
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exopolysaccharide matrix (EPS) building up a trirdnsional architecture. This matrix
having been suggested to protect from toxicantspduydical stress (Fang et al. 2002, Artigas
et al. 2012). In contrast, suspensions do not litein@f the protective role of this matrix and
so the interaction of organisms with toxicant igilfeated, potentially leading to higher

toxicity.

In this study we also tested the response of bisfiminimal fluorescence~¢) to diuron,
DCPMU and norflurazon exposure. For all treatmeasincrease of, with increasing
toxicant concentrations was observed.

For diuron, impacts were significant from day 5 ainel higher induction of fluorescence was
always observed for the higher exposure conceatraBeveral authors have been studied the
evolution of Fy after exposure to diuron, Ralph (2000) observedlai responses with an
increase ofFy up to 190% of the Ctr after 72H of exposure to d.Qit of diuron for the
seagrassialophila ovalis

Exposure to DCPMU lead to a significant increasé&g@from day 1, the maximum effects
were not observed at the maximum concentratiorcesire noted a rapid increaseFrgfwith
concentrations followed by a plateau. This paricghape of the curve like for yields could
be linked to the rapid absorption of the DCPMU lagdo reach of maximal effects at low
concentration and then a stability of the response.

For NFZ, the observed increaseFafup to 125% of the Ctr for the;@t day 5 and 7 revealed
the higher toxicity of NFZ compared to diuron an€BMU at these particular sampling
times since EGs were situated between 0.6 and 18.5({gfar DCPMU and between 1.1 and
3.3ug L* for diuron.

In our study impacts have been observed for thesbvwxposure concentrations of diuron (0.3
ng LY and norflurazon (0.6 pgl), with a significant decrease dfpg; andF./Fr, at day 5
and 7 respectively for diuron and a significantrease ofFy at day 7 for NFZ. These
concentrations are in the range of those oftenwarteoed in chronically contaminated rivers
and so representative of environmentally realigiels, for example in the Morcille River
diuron was recorded at concentrations up to 0.138ignd NFZ to 0.265ug tin 2011
(Mazzella, personal communication). Moreover ouudgt was focusing on biofilm
communities on benthic mode, since impacts of tmti€ are likely to be more important for
suspended microalgae than attached ones (Frariz2808), organisms living in the water

column are likely to be highly affected by expostwelow concentrations of diuron and
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norflurazon highlighting the importance to study pewt of pesticides products at

environmental concentrations.

4.2.Importance of exposure time in toxicity testing
Environmental risk assessment is based on the sisaly toxicological data extracted from
both short and long term experiment. In standaddieicity tests, exposure duration is
defined, allowing comparisons of substances for dame time of exposure. Nevertheless
magnitude of effects can be highly variable for poonds with different mode of action.
Significant effects of diuron exposure were obsdraeday 5, 7 and 14 with effects of the
same order of magnitude for these three samplmggti(considerin@es;, F/Fn andFo),
highlighting the rapid inhibition and then a relatistability of impacts that have to be linked
with the rapid mode of action of the compound (Pi8Hibitor). Inhibition increased with
concentrations and maximum inhibition was reachdatehighest exposure concentration for
both yields @ps) andF,/Fr,); for Cs ®pg was equal to 61 + 3, 62 £+ 2 and 63 + 2 % of the Ct
at day 5, 7 and 14 respectively, d&ndF, to 77 £ 2, 72 + 2 and 71 £ 1 % of the Ctr at day 5
and 14 respectively. Like for diuron exposure, @Beon®pg, andF,/F,, were of the same
order of magnitude from day 5 to day 14; nevertglearly effect were detected when
biofilms were exposed to DCPMU since significantréase of,/Fn, appeared at day 1.
Time considered in the bioassay influenced hightgrpretation of the results, for example
for DCPMU and diuron considering the three lastgiamy times we could conclude to higher
toxicity of diuron compared to DCPMU in regardsbimth yields but in the other hand diuron
did not impact significantly,/Fn, at day 1 while DCPMU did. Early effects of DCPM&ne
also highlighted by minimal fluorescence since gigant increase oF, compared to the Ctr
was observed at day 1 for DCPMU (and not for diurdine relative toxicity of these two
compounds is so highly depending of time considerdéde assay.
The importance of time considered in the assayartiqularly striking in the case of NFZ.
Norflurazon is an inhibitor of carotenoids biosyedls, this herbicide exerts its primary
inhibitor action on the reaction catalysed by pbkyi® synthase (Sandmann et al. 1980).
Carotenoids are photosynthetic pigments exertingrugial role in light harvesting and
photoprotection. When synthesis of carotenoids nisibited by norflurazon treatment,
photoprotection and light harvesting are in a firste assured by the pool of carotenoids
present in the cells but rapidly effect of the taat will appear and be more and more
pronounced with decrease of the pool of carotensidh time and because of the non

replacement of carotenoids. This has been obsemeth looking at®ps; and F/Fr,; with
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more and more pronounced responses with time expdsam day 5 to day 14. Between day
5 and day 14, toxicity of NFZ at the highest expesuooncentration was increased by
approximately a factor 2. This impressive increastoxicity with time is likely to be linked

to the particular mode of action of NFZ. This résuibhlights the importance of the time

duration taken in account in acute testing andrthsed in environmental risk assessment

especially for compound as norflurazon exhibitingltiplication of toxicity within 2 weeks.

4.3.Complementarity of parameters

Responses of biofilms were dose, time, compoundlsat parameters dependent. Significant
differences were observed between Ctr and contdear@nditions oo and onF,/F, at all
sampling time; in the other hand impacts for thedoexposure concentration were revealed
by both yields for diuron and bk, for NFZ. In our study early effects were so better
highlighted byF, andF,/F, and effects at environmental concentrationdpg, F./F, and

Fo. Moreover these parameters were more or lesstisenisi function of pesticide considered
in link with the modes of action of the compounds diuron and DCPMU act as PSII

inhibitors and norflurazon is preventing carotesaienewal.

4.4.Contribution of rapid light curves approach
RLCs are generally confined to ecological studibsy rely on physiological principles that
could, however, greatly contribute to improve onderstanding of ecotoxicological impacts
on biofilms. Here we demonstrated the potentiaqmbroaches based on RLCs to highlight
early effects of diuron, DCPMU and NFZ. Indeed irigaof toxicants exposure on biofilms
were revealed for the three compounds from dayth thie impact of at least one parameter
extracted from the RLCsof{ ETRnax Or k). These analyses of RLCs lead to the same
conclusions than looking at the data from photdsstit yields @ps andF,/Fy) and minimal
of fluorescenceKy). Effects of diuron were of the same order of msigy at the three last
sampling times, whereas DCPMU had a rapid and maxireffect of the metabolite at the
lower concentrations, with no increase of the raspdntensity with increasing concentration
exposure. For norflurazon, rapid effects of theidamt appeared and were more and more
pronounced with time exposure probably due to tn@aehse of the pool of carotenoids with
time and because of the non replacement of cariateiid/ilkinson 1987).
Very few studies were assessing the effects ottms using RLCs, nevertheless Luis et al.
(2013) used this approach in a recent field studgn area strongly affected by acid mine
drainage. The authors founded maximum valuesafd ETR,.x for winter at the unimpacted
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sites and defined these parameters as early wasnmgls of biological effects after acute
exposure to chemicals, damaging either directinadirectly PSII.

In our experiment results obtained from RLCs alldvlee underlining of pesticide treatments
effects from day one and thus for the three com@sutiuron, DCPMU and norflurazon. In
contrast at day 1, significant differences betw&dn and contaminated conditions were
observed only for DCPMU treatment in regards to“tlassical fluorescence endpointsy
andF,/Fn. RLCs construction were shown here to be partibukdapted in order to reveal
early effects of herbicides. Moreover only the paeters extracted from the RLCs allowed
highlighting the early effects and the maintenaoteffects with time exposure and thus for

the three compounds tested.

5.Conclusion

We demonstrated here using two pesticides witherdifit modes of action and one
degradation product that parameters extracted RRlu@@s were more sensitive that classical
fluorescence parameters since effects of toxicante observed from the first sampling time
(24h of exposure) using RLCs as endpoint instead afays of exposure in regards to
“classical fluorescence parameter&y,(Fv/Fn and @pg))). Moreover we observed different
responses in function of the mode of action of coomas not only in function of dose:
impacts of NFZ were low at day 5 but intensity &feets increased considerably with time
exposure. In contrast the effects observed in diarcd DCPMU treatments were on the same
range from day 5 to day 14. Relative toxicity ohmgmund was so time- but also endpoint-
dependent. Actually higher toxicity of NFZ compateddiuron and DCPMU was observed in
regards toFo but the opposite pattern was observed looking hattgsynthetic yields as
endpoints at the particular sampling time day 5 @ndhese results are so highlighting the
importance of the chosen time exposure and endpoiahvironmental risk assessment. We
can also notice that we observed effects for theodi and norflurazon applied alone for the
lowest exposure; these impacts on river biofiim&mtironmentally realistic concentrations
could suggest effects of such compounds for aquatganisms and particularly since

toxicants are not present alone but found in cdlcktaquatic environments.
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Chapitre VII : Effets comparés d’'une
exposition chronique a un extrait
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Dans le chapitre 1V, nous avons évalué le potedtdioutil POCIS pour la mise en évidence
des effets a faible dose et a long terme de pdetcen mélange. Ce travail nous a permis
d’appréhender les réponses de biofilms aux higahexposition différentes face aux extraits
de POCIS (EP). L'utilisation des EP s’est avérégiqdierement adaptée pour I'étude d’'une
exposition réaliste de pesticides en mélange ; mvasis ainsi pu observer I'impact de ces
derniers sur la croissance et la structure dulbiofbans cette démarche la toxicité globale
des extraits est appréhendée, cependant la toretéttve des composés constituants I'extrait
n'est pas étudiée (chapitres V et VI) et les compagsponsables de la toxicité observée ne
sont pas identifiés.

Concernant ce dernier point, une telle approchstdae le principe des analyses dirigées par
les bioessais (EDA ou Effect Directed Analyses).tt€edémarche est basée sur la
combinaison de procédures de fractionnements,sie bélogiques et d’analyses chimiques.
Néanmoins une approche similaire n'est pas enviddgeour des expériences a long terme
de par l'ampleur des moyens a apporter (humainshntques, financiers). Toutefois
I'utilisation de mélanges reconstitués d’apresuargification des analytes retrouvés dans les

extraits constituerait une premiéere approche dardgomaine.

Les objectifs de ce chapitre sont (1) d’évaluer ilepacts chroniques de pesticides en
mélange sur le biofilm de riviere, et ce dans untexte de contamination différent de celui
de la Morcille (notre site d’étude principal darette these) et (2) de comparer les effets
chroniques d’extraits de POCIS et d'un mélange nstitué basé sur les composés

majoritaires identifiés dans les extraits.

Pour cela une expérience en conditions controlé$aldoratoire a été réalisée. Dans un
premier temps des supports artificiels ont été pasg un site de référence (I'Ourbise) pour
permettre la colonisation du biofilm naturel. Engligle, des POCIS ont été immergés sur le
Trec, cette riviere subit une pression agricoletipaierement marquée entrainant des
concentrations en pesticides qui peuvent atteipdingieurs microgrammes par litre (site

présenté dans le chapitre 1l).

Les biofilms ont alors été exposés en canaux @di§ aux extraits de POCIS dilués (EP), a
un meélange constitué des pesticides majoritairentiiés dans les extraits (Mix) ou

maintenus dans de l'eau sans pesticide. Une laageng de paramétres susceptibles de
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mettre en évidence les effets de pesticides shiofdm a été sélectionnée. Les impacts des
extraits de POCIS sur les biofilms soumis aux dififés traitements ont été évalués pendant
les 14 jours d’exposition par des mesures de biseyade fluorescence en lumiere modulée
(détermination des groupes algaux et rendemenbphathétique), d’activités enzymatiques

antioxydantes, de densités de diatomées et pamddgses taxonomiques.

Les résultats obtenus ont permis de mettre en odkes effets des pesticides a faible dose
au niveau de la croissance (PS, MSSC et densitdmttanées), de la structure (composition
taxonomique et biovolumes) et du fonctionnementio@tité photosynthétique et activités

enzymatiques antioxydantes) du biofilm. Ces rémuléaec ceux du chapitre IV soulignent

donc la pertinence du POCIS en tant qu'outil petame¢td’étudier les effets de mélanges

complexes et réalistes de pesticides sur le biaftims des contextes de contamination variés.
D’autre part, dans notre expérience les effetsesémits de POCIS ont été similaires a ceux
induits par les composés majoritairement identifidéss les extraits pour I'ensemble des
parametres étudiés. La toxicité chronique obsedeSeextraits provenant du Trec a donc éte
expliquée par les composés majoritaires. En edaalyse en composantes principales (ACP)
réalisée au dernier temps d’exposition avec tosipdgametres mesurés (a part la taxonomie
des diatomées) a clairement séparé les traiteraentaminés aux pesticides (PE et Mix) des
témoins. Au contraire I'analyse n’a pas révélé émasation entre les biofilms exposés aux EP

OU aux composés majoritaires identifies dans laxtr

Notre étude montre donc la pertinence de l'utiiisates extraits d’échantillonneurs passifs
(comme le POCIS) pour mieux prendre en compte flessechroniques des mélanges dans
I'évaluation du risque environnemental. De plusxpesition aux EP et aux composés
majoritaires ont induit des effets similaires sarHiofilm, ce résultat révele le potentiel

intégratif d’'une partie de la toxicité environnerteda du POCIS.
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Abstract

Comparative effects of long term exposure to P@leganic Chemical Integrative Sampler
(POCIS) extracts (PE) and to a reconstituted méxtbased on the major compounds
quantified in the PE were evaluated on river bimftommunities. Biofilms originated from
an uncontaminated site were exposed in artifid@noels in order to reach environmental
realistic concentrations to diluted PE, to the 1&ancompounds quantified in the extracts
(Mix) or maintained in water without pesticides ((CfThis study aimed to characterize the
effects of chronic and low dose exposure to pekicion natural biofilm communities and to
evaluate if the observed effects due to exposurd’Eo were explained by the major
compounds identified in the extracts. Significaifftedences between biofilms exposed or not
to pesticides were observed in regards to diatamsite biomass (dry weight and ash free dry
mass), photosynthetic efficienc®gs;) and antioxidant enzymatic activities. After 14/slaf
exposure to the different treatments, the obsetrad to the decrease of mean diatom cell
biovolumes in samples exposed to pesticides waseckko the higher relative abundance of
large species lik€occoneis placentular Amphora copulatand lower relative abundance of
small species lik&eolimna minimain control biofilms compared to the contaminatet®
Principal component analyses clearly separatedacunated (PE and Mix) from non-
contaminated (Ctr) biofilms; on the contrary thalgses did not revealed separation between

biofilms exposed to PE or to the 12 major compoudéstified in the extract.
Key words

Pesticides, periphyton, passive samplers, effeectiid analyses, low-dose exposure, mixture

effects, environmental risk assessment.
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1. Introduction

Agricultural activities can lead to a contaminatiohwater bodies by pesticides, and when
present in the water such compounds can have iamoimpacts on the biological
compartment and more generally on water qualitgtiBides have been shown to have effects
on different aquatic organisms like algae, crustacand on periphytic biofilms (Fernandez-
Alba et al. 2002 , Debenest et al. 2010). Scientdommunity has made a particular
investment in characterizing responses of biofitma large range of pollutants since they are
used for biomonitoring for assessing global wateality (i.e. trophic levels) and have shown
their potential as early warning systems for déecof the effects of toxicants on aquatic
systems (Sabater et al. 2007). Pesticides are ntrese a cocktail of low concentrated
compounds in water bodies. Nevertheless studiessisg toxic effects of pesticide mixtures
at environmental realistic concentrations are stihrce, mainly because of cost related and
technical difficulties encountered when runningtsagperiment (time consumption, maintain
of concentration in experiment system, large amaeintvater, etc). POCIS allows the
concentration of several organic chemicals frorgdarolumes of natural water (Mazzella et
al. 2010). This high pre-concentration of compounmd&kes POCIS a powerful tool to assess
the extract toxicity via biological testing and téfre to study mixtures. However, if POCIS
extracts in combination with bioassays have beeh decumented with compounds like
endocrine disruptors or photosystem Il inhibitovermeirssen et al. 2010, Matthiessen et al.
2006, Balaam et al. 2010), evaluation of potemtdfacts toxicity by long term studies is still
in its infancy. In a recent study, Morin et al. {2B) have characterized the effects of low
dose of pesticides on biofilm communities using P®@xtracts (PE) in long term
experiments. In these studies, PE were used ksl fiox with the advantages to be dealing
with mixture issue; this approach gives an estiomabf an integrative measure of the toxic
potential of a group of compounds including unkndaxicants (without priori approach).

In this demarche the global toxicity of the extrastassessed nevertheless compounds
responsible for the observed toxicity are not idexatt. Such approach aimed to identified the
toxicity is used in effect-directed analyses (EDwhich is based on a combination of
fractionation procedures, bio-testing, and subseigcieemical analyses (Brack 2003, Hecker
and Hollert 2009). Consequently, the present stadiyed to characterize the effects of
chronic and low dose exposure to POCIS extractsdontamination context by cereal crops
on natural biofilm community, and to evaluate wieetthe observed effects due to exposure

to PE were explained by the major compounds idedtih the extracts. For that purpose, we
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exposed river biofilms originated from an uncontaatéd field sampling site to three
treatments during 14 days:

1. Biofilms were exposed in artificial channels to AG{previously immersed for one
month in a pesticide contaminated river) extradtsted to reach environmentally
realistic concentrations.

2. The compounds with nominal concentrations exceedgg/L in the pure PE were
chosen to compose the reconstituted mixture (Mikgfilms were then exposed in the
channels to the diluted mixture.

3. The last condition was realized as a control (bizgiwithout pesticide).

A set of biofilm parameters was selected in oraehighlight the variety of perturbations
(structural, physiological or growth related) pb$ginduced by pesticide exposure.
Classical growth related parameters as diatom gemsy weight and ash-free dry mass were
recorded. Moreover a focus was made on diatomsiespedue to their interest in
environmental risk assessment.

Therrefore the evolution of the biofilms over tinf@ day 0, 3, 7 and 14) was followed
through diatom densities, effective quantum yiefdP&Il (®@ps;), antioxidant enzymatic
activities (catalase: CAT, ascorbate peroxidaseXABlutathione reductase: GR and
Glutathione-S-transferase: GST), fluorescence 8dine&ked to cyanobacteria (g% diatom
(Fssr), and green algae (&% groups determination. Taxonomic composition, @rgight
(DW) and ash-free dry mass (AFDM) were determirtedbg 0 and 14.

2. Material and methods

2.1.Study sites and sampling procedure.

Two rivers with different contamination profilesclated in the Lot-et-Garonne area, France
were chosen for the study. The Trec River, which been studied since the late 2000s, is
subjected to strong agricultural pressure -esdbntexerted by cereal crops- and is
characterized by resulting important concentratimingesticides in water (more than 8.5ug/L
in 2009 (Duprat 2010). On the contrary the OurbRier is characterized by low
concentrations of pesticides; this river is locate@ forested area and is followed by water
agencies as a reference station.

Biofilm colonisation

Glass slides fixed in perforated plastic boxes wased as artificial substrates to allow
biofilms colonisation for 6 weeks 9 May-18" June 2012) in the Ourbise River

(uncontaminated site). Glass slides were brougtk b@o the laboratory and biofilms were
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put in aquaria with water from origin site and stiéint nutrients to allow growth for one
week before the beginning of the channel experiment

Pesticides quantification in water

POCIS were used for pesticides quantification inew@'Quantitative” POCIS) (Mazzella et
al. 2010, Lissalde et al. 2011). Performance an@ér@ece Compound (PRC) was introduced
in “Quantitative” POCIS, the devices were immergethe Ourbise and Trec stations for two
weeks in order to stay in the kinetic part of tketanulation regime and then replaced by new
ones for the two weeks lefttdMay-5" June 2012) to allow pesticides quantification
Pesticides accumulation for toxicological assesgmen

“Accumulative” POCIS were immersed in the Trec Riy@ntaminated site) during 4 weeks
(9" May-5" June 2012) to allow pesticides sampling in ordeletd the following toxicity
tests as described in Pesce et al. 2011 and Mbah 2012. All POCIS were kept at -4°C

before extraction and chemical analyses.

2.2.Channel experiment

Experimental design

Biofilms originated from Ourbise station were expddo three different treatments: POCIS
Extracts (PE), reconstituted Mixture (Mix) or in t®a without pesticides (Ctr). The
reconstituted Mixture was composed by the compouwith nominal concentrations
exceeding 20ug/L in the pure PE (see Figure 31& ddlonised glass slides were directly
placed at the bottom of the artificial channels angberiment was run during 14 days.
Biofilms were exposed to PE or Mix treatment at lo@ncentrations in order to evaluate if
the complex environmental mixture (PE) and the metituted mixture composed by the 12
major compounds found in PE (Mix) had similar effeduring chronic exposure on river
biofilms. The last condition (biofilms placed intbean water, Ctr) was realized in order to
represent reference conditions. Each condition reatized in 5 replicates. Experimental
channels were maintained at 19-20°C along the W% d& exposure with a photon flux
density of 30 umol.fAs?, a 12:12 h light:dark cycle and under continuolasvf Each
channel volume (12L) was filled with WC culture med (Guillard and Lorenzen 1972) in
ultrapure water containing either:

(1) the POCIS extracts diluted to concentratiompsagentative of concentrations encountered

in the Trec station (treatment noted: PE).
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(2) the reconstituted mixture containing the 12 nemscentrated compounds found in PE at
concentrations similar to those of the dominant goumds in PE treatment (treatment noted:
Mix).

(3) no pesticide (treatment noted: Ctr).

To avoid the rapid decrease of pesticide conceotratue to the adsorption of compounds to
the experimental system (Morin et al. 2012b), thannels were put into circulation with
water and contaminants (when applicable) one déyré¢he introduction of biofilms (at day-
1; one day before the beginning of the experimdtyistaltic pumps were used for ensuring
continuous supply of channels, with a renewal ofdal, and stable pesticide concentrations
during the 14 days of experiment. The experimesyatem is described in Figure 30. Supply
of the corresponding treatment (PE, Mix or Ctrutéd in WC medium was distributed in
each (replicate) channel and renewed every 2 oay3 @vith the appropriate treatment. In
total, 20 POCIS-equivalent extracts were used téopa the experiment (from day-1 to day

14) and 57L of water were used for each treatment.

Figure 30 : Experimental set-up of channel systemsyith five replicate channels filled by the same tak.
The tank was under continuous alimentation deliveré by a classic aquaria pump, with a renewal of
3L/day. Peristaltic pumps ensured continuous flown the channels. Alimentation aquaria were filled wth
either POCIS extracts (PE), the reconstituted mixtue (Mix) or with water without pesticide (Ctr).
Channel dimensions arel x w x d = 74 x 60 x 3 cm. Tanks have 10L capacities. Arr@aindicate direction
of flow.

< —
[ ¢
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Water characterization and biofilm sampling

Physicochemical conditions (pH, temperature, cotiditie and oxygen), as well as pesticides
(5 sampling) and nutrients (nitrate, orthophosplaaig silica) concentrations were monitored
throughout the experiment.

Biofilm samples were collected by scraping glagtesl with a razor blade and resuspended in
mineral water for further analyses. Samples wetkeced in the five replicates channels at
day 0O, 3, 7 and 14 for diatom densities, effecjuantum yield of PSIlId®ps,), antioxidant
enzymatic activities, fluorescence signals linkeccyanobacteria (g, diatoms (Fs), and
green algae (k® groups determination. Taxonomic composition, weight (DW) and ash-
free dry mass (AFDM) were determined at day 0 ahd 1

2.3.Physico-chemical parameters and pesticiddgsasa

The method developed by Lissalde et al. (2011) wsed for the analysis of both water
samples, preconcentrated on solid-phase extra(@iBg&) cartridges, and POCIS extracts. The
solid receiving phase contained in the POCIS (Old&B sorbent, Waters) was recovered in
ultrapure water. Then all samples were analyzedHBy.C-ESI-MS/MS (HPLC Ultimate
3000, Dionex, equipped with a Gemini NX C18 colurh@,mm x 2 mm, 3 um, Phenomenex,
and API 2000 triple quadrupole, AB SCIEX equippdathvan electrospray ionization source)
and GC-MS/MS (Quantum GC, Thermo, equipped withxaaS column 30 m x 0.25 mm

x 0.25 um, Restek). Analytical methods were va#idain terms of calibration linearity,
specificity, extraction recoveries, and limits o@iagtifications according to the French
standard NF T90-210 (AFNOR 2009). For the qualdagtmols, SPE and POCIS blanks were
carried out routinely, and the recoveries of tweels of spiked mineral water (e.g. 0.02 and
0.2 ug/L for LC-MS/MS analysis) were evaluated for e&etich. The periodic control of two
calibrating standards (e.g. 5 and 25 ug/L, everysafples) and analytical blanks were
performed as well.

Appropriate probes (pH 3110, WTW, LF 340, WTW, @G40i, WTW) were used in order to
determine pH, conductivity and oxygen concentratiogspectively as well as temperature.
Nitrates concentration was calculated accordingrémch standard (NF EN ISO 13395 10/96,
AFNOR 1996) using Auto-analyser Evolution Il Alleen Orthophosphates and silica were
determined following standard procedures (NF T98;02NOR 1982) and (NF T 90-007,
AFNOR 2001) respectively, with Spectrophotometembda 2 Perkin Elmer.

2.4. Biofilm response analyses
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2.4.1. Dry weight and ash-free dry mass

At day 0 and 14, the dry matter and the organidenabntent were evaluated by calculating
the dry weight (DW) and the ash-free dry weight DAF) following European standard NF

EN 872 (AFNOR 2005). For each sample biofiim wemaped from glass slides and
resuspended in 10 mL of mineral water. Biofilm sarspons were filtered through individual,

previously dried, 25 mm GF/C Whatman glass fibteers (1.2 um pore size). DW and

AFDM were calculated from the differences in fitaveight before and after being dried (1h
at 105°C, for DW) and then combusted (1h at 5086€mineral content, subtracted to DW
to obtain AFDM).

2.4.2. Antioxidant enzymatic activities
Protein extraction and antioxidant enzymatic atiggi (AEAS) measurements were performed
using modified protocols developed by Bonnineaal ef2013) and Bonet et al. (2013).
Biofilms were put into an eppendorf tube and cénged (2300 g, 5 min) to remove the
excess of water and frozen immediately in liquidlagen. Samples were stored at -80°C until

protein extraction and enzymatic assays had besiedaut.

For protein extraction, 200L of extraction buffer (100 mM N&POJ/KHPOy, pH 7.4, 100
mM KCI, 1 mM EDTA) were added for each 100 mg oft weeight sample. Samples were
first homogenized (2 pulses of 30 s of the homagenPT 1600E, Kinematica) and then
disrupted by adding 100 mg of glass beadsOQ um diameter) for each 100 mg of wet
weight of sample. Samples were then vortexed 3stifoe 30 s with 2 min intervals on ice.
After cell disruption, homogenates were centrifugatd 10.000 g for 30 min at room
temperature. Supernatant was used as the enzymeesothe protein concentration of
supernatant was measured in triplicates for eanipleaby the method of Bradford (1976)
using Coomassie Brilliant Blue G-250 dye reagenhcemtrate (Bio-Rad, Laboratories
GmbH, Germany) and bovine serum albumin as a stdndlae final concentration of protein
was then expressed ji.mg" of biofilm wet weight. AEA measurements were parfed in
microtiter plates (UV-Star 96 well plate, Greinerf&hanges in absorbance were followed
using a microtiter plate reader Synergy4 (BioTek®pr all assays the optimal protein
concentration was determined by usingg?of proteins.

Catalase activity (CAT) was measured spectrophatocaly by following the
decomposition of kD, at 240 nm and 25°C during 2 min (Aebi 1984). Thenoal substrate
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concentration was determined by using 10, 15, QGgrl 40 mM HO,. The 250uL reaction
mixture contained 2ig of proteins, potassium phosphate buffer (pH 780 mM final
concentration) and #, (40 mM final concentration). CAT activity was calated agimol

H,O, g prot.!min™ (extinction coefficientg: 0.039 cm#imol™).

The oxidation of NADPH by the glutathione reducté&&k) was determined by measuring
the decrease in absorbance at 340 nm and 25°Cnfiom 2Schaedle and Bassham 1977). The
optimal cofactor concentration was determined bpgu®.10, 0.15, 0.20, 0.25 and 0.30 mM
NADPH. The 200uL reaction mixture contained &g of proteins, Tris-HCI buffer (pH 7.5)
(100 mM final concentration), EDTA (1 mM final caerdration), oxidized glutathione (1
mM final concentration) and NADPH (0.20 mM final nm@ntration). GR activity was
calculated as pmol NADPH mg promin™ (¢: 6.22 cmaumol™?).

Glutathione-S-transferase (GST) was measured bgwimlg the increase in absorbance at
340 nm and 25°C for 4 min (Grant et al. 1989). Dpéimal cofactor concentration was
determined by using 0.875, 3.5, 7, 8.75, 12.25Hnd@5 mM of GSH (reduced glutathione).
The reaction is realized in a final volume of 200gdntaining 2ug of proteins, potassium
phosphate buffer (pH 7.4) (100mM final concentntjdGSH (8.75mM final concentration)
and CDNB (1-chloro-2,4-dinitrobenzen) (875uM finabncentration). GST activity was
calculated agimol CDNB conjugate mg promin™ (¢ = 9.6 cm2umol™?). The conjugate can
also be formed by non enzymatic way, it is so ingoarto measure the absorbance of sample

without enzymatic extract.

Oxidation of sodium ascorbate by ascorbate persgiddPX) was measured at 290 nm and
25°C for 1.5 min according to (Nakano and Asadal).9Bhe optimal substrate concentration
was determined by using 1, 2, 3, 4 and 5 mpD4H The 250uL reaction mixture contained 2
ug of proteins, potassium phosphate buffer (pH 780) mM final concentration), sodium
ascorbate (15@QM final concentration) and #0. (5 mM final concentration). APX activity

was calculated gsmol ascorbate mg promin™(e: 2.8 cnf umol™).
2.4.3. In vivo fluorescence measurements

In vivo fluorescence measurements were realized by ubmdtise Amplified Modulated
fluorometry (PhytoPAM, Heinz Walz GmbH, Germany).
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The PhytoPAM allows the measurement at four diffeexcitation wavelengths (470, 520,
645 and 665 nm), this is the basis of distinctiod aharacterization of different groups of
algae. By deconvolution of signals it is possildesstimate fluorescence signal linked to the

three main algae groups: cyanobacterig|{Fdiatoms (Fs), and green algae (&

Effective quantum vyield &psll) was recorded at an excitation wavelength 65 éim.
Samples were exposed to actinic light to deterrttied effective quantum yieldbpsll was
calculated according to (Genty et al. 1989):

®ps) = (Fm'-Fy) / F'
with Fithe minimum fluorescence determined after a weakefdh modulated light anié,, the
maximum level of fluorescence measured during aratihg white light pulse under actinic
light.

2.4.4. Diatoms analyses
2.4.4.1. Diatom cell density

Each sample was counted using a Nageotte courtiemglzer(Marienfeld, Germany)200 pL
of sample were placed on the counting chamber;tdted number of individuals and the
number of dead cells were recorded in 10 fieldshefgridded are&l.25 uL each, 0.5 mm
depth) under light microscopy at 400x magnification. Distion between dead and live
organisms was estimated by the observation ofufgescence and colour of the chloroplast
as described in Morin et al. (2010Db).

2.4.4.2. Taxonomic analyses
Diatom identifications were performed after havipgepared permanent slides following
European standard Permanent slides following Eaomtandard NF EN 13946 (AFNOR
2003). At least 300 individuals per sample werenified at 1,000x magnification to the

lowest taxonomic level possible using standardresiees (Hofmann et al. 2011).

2.4.4.3. Biovolumes
Theoretical biovolumes of each species were exdadtom the database available at
https://hydrobio-dce.cemagref.fr/en-cours-deau/sour

deau/Telecharger/indice_biologique_diatomee-ilmlGalculate mean diatom cell biovolume
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per sample. Total biovolume represented by diatesas calculated from mean diatom cell
biovolumes and diatom densities, and expresseddsmr.

2.5. Data analysis

The effects of pesticides exposure on biomass (DW AFDM, n=5), photosynthetic

efficiency @ps, n=5), fluorescence levels @rsFs: and Fg;, n=5), antioxidant enzymatic

activities (CAT, APX, GR and GST, n=5) and diatodensities (n=5) were tested by one-
way ANOVA analyses using STATISTICA 6.1 (StatSo#f) each sampling time. The
ANOVA was followed by a Tukey—HSD test. Homogeneaifyariance was checked prior to
data analysis. Due to the non homogeneity of vaddor DW, AFDM and®ps,, statistical

differences on these parameters were analysed bgkKit Wallis test, followed by 2 by 2

Mann Whitney comparisons.

3. Results and discussion
3.1. Pesticide contamination levels in the rivestineated by time-weighted average

All pesticides analysed from POCIS in the OurbiseeR (reference site) were below the
detection limit (data not shown). From all composirguantified in “Quantitative” POCIS
extracts, time-weighted average (TWA) concentraiomave been estimated for 18
compounds (no calibration for the other compounts), major quantified compounds are
presented in Figure 31. The Trec River was chatiaett by very high pesticide

concentrations totalizing the sum of the 18 compisujuantified by TWA with 1640 ng/L.
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Figure 31 : Concentrations (ng/L) estimated at theTrec station in spring 2012 (8 May-5" June) and

mean concentration of the main compounds quantifiedh the laboratory channel experiment (mean + SD
over the 14 days of experiment, 5 sampling timesHatched bars represents TWA concentrations and
white, gridded, black and grey bars and represent antrol (Ctr), nominal concentrations, reconstituted

mixture (Mix) and POCIS extracts (PE) respectively.Stars indicate compounds estimated by TWA (no
calibration for others).
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The most concentrated compounds were metolachlaainfdication of total metolachlor),
desethyl atrazine (DEA), acetochlor, atrazine, telbazole and dimethanamide. Since no
calibration is available for metolachlor oxanilicid (OA), metolachlor ethanesulfonic acid
(ESA), acetochlor ethanesulfonic acid (ESA) and taddor oxanilic acid (OA),
concentration in river of these metabolite prodwe¢se not estimated nevertheless they were
found in important proportion in pure POCIS extréegure 31). The encountered pesticides
were found to be related to the land uses sinceqtiantified herbicides (metolachlor,
acetochlor, atrazine and dimethanamide) are maiséd for the weeding of the important
surface of the catchment area used for cereal @ogdebuconazole is a fungicide used as a
seed dressing. Moreover the herbicides metabolitestolachlor ESA, metolachlor OA,
acetochlor ESA, acetochlor OA and DEA) were foumd RE in higher or similar
concentrations than their parent compounds. Theoitapt contamination of the aquatic
environment by herbicides metabolites has alreafnldescribed. For example Roubeix et
al. (2012a) highlighted that chloroacetanilide h&d®s contaminating aquatic systems were
often associated with high concentrations of biodégtion products and higher level of DEA

compared to atrazine was already recorded in 20@9%ei Trec River (Duprat, 2010).
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3.2. Laboratory experimental conditions

The nominal and mean concentrations of the mainpoomds quantified in the channel
experiment are presented in Figure 31. The totslipdes concentration (mean over the 14
days of experiment) was of 2830x75 ng/L and 2360£8A. in PE and Mix channels
respectively. For the channels spiked with PE, @8%he total pesticide concentration were
represented by the 12 dominant compounds: tebuotmaacetochlor, atrazine, metolachlor
(use of racemic metolachlor), bentazone, 2,4-D, otaehlor OA, metolachlor ESA,
acetochlor ESA, acetochlor OA, dimethenamide arsktihyl atrazine (DEA). Carbendazine,
pyrimicarb, norflurazon and nicosulfuron compodael majority of the remaining 7%. In Mix
channel, the 12 compounds selected for the Mixessrted 97.5% of the total pesticides
concentration.

Concentration of the 12 compounds selected forMhewas very similar in PE and Mix
channels. For example the most concentrated condpmetolachlor ESA reached in mean
over the all experiment 1300 + 20ng/L and 1260 sadlb in the channels contaminated by
PE and Mix respectively. Very closed levels betweemtaminated channels were also
recorded for low concentrated compounds also ltkezae (19 = 2ng/L and 19 + 2ng/L for
PE and Mix treatment respectively) or DEA (90 + Angnd 69 * 6ng/L for PE and Mix
treatment respectively).

The concentrations recorded along the 14 daysmdraxent in PE and Mix channels were in
the same range as concentrations encountered ifirdeestation (TWA Trec) and nominal
concentrations. Moreover contamination was verlglseta time highlighting the efficiency of
the experimental system composed of peristaltic gauifnenewing of 3L/day) in order to
ensure stable levels of compounds in the chanhelthis experiment, we were so able to
reach and maintain pesticides concentrations diosenvironmentally realistic levels; the
decrease often observed when running such labgraigeriments (loss due to adsorption to
experimental systems) was prevented by startinghepchannels during one day before the
beginning of biofilm exposure and by continuousevaenewal (3L/day).

Physico-chemical parameters and nutrients conderisaover the experiment are presented
in Table 8; no significant difference was obserbativeen treatments over the 14 days of

experiment.
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Table 8 : Mean physico-chemical parameters (+ staraad deviation, four sampling times) in artificial channels over the 14 days for the different treatmets (PE:
POCIS extracts, Mix: Reconstituted mixture and Ctr: condition without pesticide).

Temp (T) pH Cond. (uS/cm) 0, (mg/L) N-NO3 (mg/L) P-PO, (mg/L) Si (mg/L)
Ctr 22.6+0.6 7.1+04 261.8£8.3 72+15 49.9 £6.2 2.7+0.9 1.3+0.4
PE 23.0+0.5 7.1+04 254.8£6.0 7.6+0.4 29.9 £16.5 2.1+0.8 1.0+04
Mix 23.0+0.7 6.6+1.1 259.0+4.5 7.9+£05 38.3 £11.9 24+0.9 1.0+0.2
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3.3. Biofilm responses to pesticide exposure

3.3.1. Separation of sample after 14 days of erpant
The PCA was realised with all variables apart fiatom taxonomic analyses recorded after
the maximal exposure period in order to obtain @bgl overview of pesticides effects on
biofilms (Figure 32).

Figure 32 : (a) Principal component analysis basedn biofilm responses to 14 days of exposure to the
different treatments (PE, Mix or Ctr) in the channd experiment and (b) related correlation circle. PE=
POCIS extracts, Mix= reconstituted Mixture, Ctr= condition without pesticide. Yield= effective quantum
yield (®psll), DW=Dry weight, AFDM= Ash-free dry mass, FsB| FsBr and FsGr: fluorescence signal
linked to cyanobacteria, diatoms, and green algad3iov= mean diatom cell biovolume, density= diatom
cell density, CAT=Catalase APX= Ascorbate peroxida&s GR= Glutathione reductase and
GST=Glutathione-S-transferase.

(@) (b)

20.6% d=2

Yield: effective quantum yielddfpsll), DW: Dry weight, AFDM: Ash free dry mass,drs
Fssr and Fg,: fluorescence signal linked to cyanobacteria,cdret, and green algae, Biov:
mean diatom cell biovolume, density: diatom celhgley, CAT: Catalase APX: Ascorbate
peroxidase, GR: Glutathione reductase and GSTa@Gine-S-transferase were the variables
selected for the analyses. The first two axes ®REA explained 50.9% of the variance. The
first axis (30.3% of the variance explained by aXgsclearly separated the samples in
function of exposure or not to pesticides. Biofilexposed to PE and Mix were characterized

by high DW and AFDM ; Ctr biofilms were characteakzby high diatom density. In regards
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to these results from the PCA, exposure to pestciclearly induced changes on growth
related, structural and functional biofilm charaistiecs. Moreover, to a first sight, PE and

Mix treatments seems to have similar effects offilbie after 14 days of exposure.

3.3.2. Dry weight and ash-free dry mass
Biofilm biomass was measured at the beginning efekperiment (day 0) and after 14 days
of exposure to the three different treatments (@a®). Biomass increased significantly
between day 0 and day 14 in all conditions withemmincrease of factor 3.0 and 4.7 for DW
and AFDM respectively. At day 14, statistical asaly revealed significant differences
between treatments. Both parameters were highdridébitms exposed to pesticides (PE and
Mix treatments) compared to biofilm maintained iater without pesticide (Ctr treatment).
DW was significantly higher for PE and Mix treatn®iand AFDM for Mix treatment only,
compared to Ctr biofilms. Moreover, no significalifference was observed between PE and
Mix treatment in regards to both DW and AFDM.
In our experiment, the positive impacts of pesésion the global growth of biofilm (DW and
AFDM) is not likely to be explained by better grdwof algal component with pesticides
exposure but could be due to other components afflrhi For example an increase in
extracellular polymeric substances (EPS) produdtias already been observed as a response
to physical stress (Artigas et al. 2012) or metal arganic compounds (Fang et al. 2002).
This increase could be linked to the role of EP®rasective shield for the cells against the

adverse influences from the external environment.

3.3.3. Antioxidant enzymatic activities

Catalase (CAT), ascorbate peroxidase (APX), gliwhatreductase (GR) and Glutathione-S-
transferase (GST) antioxidant activities over tdedays of direct exposure to the different
treatments in artificial channels are presentefiable 9. Antioxidant enzymes are involved in
important processes of cell detoxification duringdative stress; statistical analyses revealed
the impact of pesticides (PE and/or Mix treatments)APX, GR and GST activities, but no
significant differences in CAT activity betweenatments.

APX was the first enzymatic activity to be affectedth a significant induction after 3 days
of exposure for Mix treatment. In PE treatment, ARXs significantly lower than controls
from day 7. The impact of pesticides on GR and Ggflvities were delayed, with the first

effects noticeable after 1 week of exposure. GRiactvas impacted by PE exposure at day
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7 with a significant decrease compared to the GBT activity of exposed biofilms was
statistically higher in both PE and Mix treatment&d day 7 than in controls.
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Table 9 : Mean values (xSD, n=5) of the differentibfilm responses criteria studied: diatom densitydry weight, ash-free dry mass, fluorescence signkihked to

cyanobacteria (Fg)), green algae (Fs) and diatom (Fss,) groups, effective quantum yield of PSIl @Pps;), mean diatom cell biovolume, total diatom biovolme,
catalase (CAT), ascorbate peroxidise (APX), glutaibne reductase (GR) and glutathione-S-transferas&ST) activities of biofilms exposed to the differen
treatments in the channel experiment. Different leers indicate statistically significant differencesat each sampling time. ru.: relative unit, nc: norcalculated.

Diatom density

Diatom density (10°cells/cm?)

Biomasses

Dry weight (mg/cm?)

Ash free dry mass (mg/cmz)

Fluorescence levels

Fsg (ru)
Fsg, (ru)

Fsg, (ru)

Photosynthetic yield

Dpsli

Biovolumes

Mean diatom cell biovolume (umalcell)

Total diatom biovolume (10°

umalcmz)

Antioxydant enzymatic activities

CAT (umolH,O,/pgprot/min)
APX (umolAsc/mgprot/min)
GR (umoINADPH/mgprot/min)

GST (umolCDNBconjugate/mgprot/min)

Day 0 Day 3 Day 7 Day 14
Ctr PE Mix Ctr PE Mix Ctr PE Mix Ctr
223+21 82 +15 (a) 65+ 9 (a) 167 +19 (b) 336 £ 64 337+31 319 +38 423 + 48 (a) 515 +70 (a,b) 628 + 29 (b)
0.24 £0.01 nc nc nc nc nc nc 0.75 £ 0.08 (a) 0.82 £0.05 (a) 0.53 +0.06 (b)
0.10 £0.00 nc nc nc nc nc nc 0.49 £0.12 (a,b) 0.56 +£0.05 (a) 0.34 £0.04 (b)
202+10 76 +13 (a) 48 £7 (a) 186 + 35 (b) 193 +23 227 +42 215+31 213+10 213+9 214 +9
0 0 0 0 0 0 0 0 0 0
520 +10 264 +29 (a) 174 + 14 (a) 513 +50 (b) 361 +36 352 + 46 439 +29 312 £33 285+ 16 292 +20
0.33+0.01 0.35+0.02 (a) 0.41+0.02 (a) 0.20 +0.02 (b) 0.38+0.03 0.33+0.05 0.35+0.03 0.54 +0.03 0.56 +0.01 0.56 +0.03
1345 +110 nc nc nc nc nc nc 67974 614 +45 965 + 169
296 + 24 nc nc nc nc nc nc 284 +39 (a) 323 +57 (a) 613 + 306 (b)
0.229 + 0.065 0.162 +0.018 0.230 +0.066 0.297 £0.048 0.170 £ 0.052 0.172 £ 0.028 0.172 £ 0.064 0.126 +0.015 0.110 £ 0.016 0.082 +0.027
0.344 +0.073 0.899 +0.283 (a) 2.470£0.417 (b) 1.137 +0.250 (a) 0.350 +0.067 (a) 0.401 +0.058 (a,b) 0.600 +0.107 (b) 0.214 +0.034 (a) 0.343+0.152 (a,b) 0.326 +0.022 (b)
0.209 £ 0.141 0.205 +0.027 0.159 +0.023 0.152 +0.048 0.119+0.038 (a) 0.415+0.170 (b) 0.305 +0.107 (b) 0.464 +0.241 0.169 + 0.059 0.171 £0.077
0.295 +0.028 0.270 +0.041 0.283 +0.055 0.208 +0.011 0.282+0.027 (a) 0.210+0.009 (b) 0.168 +0.006 (c) 0.189 +0.016 0.210 +0.025 0.207 +0.031
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On the contrary, CAT activity was not statisticatlifferent between treatments, however
temporal variations were observed. CAT activityGaf biofilms increased first from day 0 to
day 3 and then decrease from day 3 to day 14, whereposure to PE and Mix treatments
induced a global decrease of CAT activity. CAT basn shown to be related with metal and
herbicide contamination levels (Bonet et al. 20B@nnineau et al. 2013); nevertheless from
our results we were not able to show the role off G reduction of oxidative stress during
exposure to low concentration of pesticides.

AEAs have been used with success in field and &boy studies to assess diverse types of
pollution like metal or pharmaceutical contaminatimevertheless Bonnineau et al. (2013)
highlighted the limits of interpretation of AEAsIuas, due to their temporal variation and the
absence of absolute threshold value indicative gidative stress induced by the
contaminants. In our study in which all biofilms neecolonized for 6 weeks in the same
station (Ourbise River), pesticide exposure in ¢hannels influenced their growth (DW,
AFDM) and biofilm composition, and could explahetconfusion of AEAS responses.

3.3.4. In vivo fluorescence measurements
Effective quantum yield&psll) and fluorescence signals related to the dffealgal groups
in function of exposure duration to the three tmeaits are presented in Table ®psll
globally increased for the controls with time exp@s(from 0.33+0.01 to 0.56+0.03 between
day 0 and day 14) reflecting the adaptation of ilieef to the specific laboratory channels
conditions. Significant differences were observety @t day 3 with significant lower values
for Ctr compared to the contaminated condition2@®0.02, 0.35+0.02 and 0.41+0.02 for
Ctr, PE and Mix respectively). These higldgssll values of contaminated biofilms compared
to the controls were unexpected. It was so notiplesso highlight pesticide impacts on
photosynthetic capacities withpsll as endpoint. This could be linked to the lowgmrtion
of PSII inhibitors in the extracts dominated by arbhcetamide and their degradation
products.
Based on fluorescence signals, the biofilms werlyy @omposed of diatoms (k3 and
cyanobacteria (RB§. Originally (day 0), the biofilm from the Ourbisstation was
characterised by higher fluorescence signals kkateliatoms than cyanobacteria. During the
14 days of exposure in the artificial channels, Bad Fg, followed different trends. A global
decrease of gwas observed for the three treatments, wheregswas not statistically
different at day 14 comparing to day 0. . At day8th Fg; and Fg, decreased dramatically
for biofilms exposed to pesticides (PE and Mix) pamed to fluorescence levels at day 0, to
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the reverse of biofilms remaining stable in watéthaut pesticide. The higher fluorescence
signals for Ctr at day 3 coincided with lower vaud ®psll, supporting the hypothesis of a
higher allocation of energy for growth of algal qoonent in Ctr leading to lower values of

®psil.

3.3.5. Diatoms analyses
3.3.5.1. Diatom cell density

Diatom densities revealed significant differenceday 3 and day 14 between treatments, as
shown in Table 9. In Ctr, a slight decrease in diesswas observed between day 0 and day 3
(lag phase due to the change of environmental tiond), followed by classical positive
growth. In biofilms exposed to pesticides, the dgnsf diatoms drastically felt down at day
3, with mean values of 82 + 15 1€ells/cnf (PE treatment) and 65 + 9 Z1eells/cnf (Mix
treatment), compared to Ctr (167 + 193 t@lls/cnf). This decrease was concomitant to the
lower fluorescence signal of brown algaegfFsbserved for contaminated treatments at this
sampling time. Then diatom densities increased timti end of the experiment, with lower
values for biofilms exposed to pesticides than tn @lthough only PE was significantly
different from Ctr. PE and Mix treatments were nmefeeind statistically different.
Previous studies showed the impact of the pessat@osure on diatoms growth, either after

longer exposures to a single pesticide (Pérés &08b).

3.3.5.2. Taxonomic analyses

A total of 63 species were identified. The 24 spgabccurring at more than 1% relative
abundance in at least one sample are presentedgimeF33a. At day 0, biofilms were
dominated by two speciedchnanthidium minutissimuiiiKitzing) Czarnecki (44% relative
abundance) an@occoneis placentul&hrenberg varineata (Ehrenberg) Van Heurck (35%
relative abundance), followed bflanothidium frequentissimuniLange-Bertalot) (5%
relative abundance)Amphora pediculus(Kitzing) Grunow (3% relative abundance),
Cocconeis euglyptéEhrenberg) (2% relative abundance) ardphora copulatgKitzing)

Schoeman & Archibald (1% relative abundance).
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Figure 33 : Mean relative abundances (a) and assatéd principal component analysis (b) of the 24 domant species (> 1% relative abundance in at leasine
sample) at day 0 and after 14 days of exposure the different treatments. PE: POCIS Extracts; Mix: Reconstituted mixture; Ctr: Control. ACOP: Amphora
copulata, ADMI: Achnanthidium minutissmum, APED: Amphora pediculus, AUDI: Aulacoseira distans, CBAC: Caloneis bacillum, CEUG: Cocconeis euglypta,
COPS: Cocconeis pseudothumensis, CPLI: Cocconeis placentula var.lineata, EOMI: Eolimna minima, FCAP: Fragilaria capucina Desmazieres var. capucina, KCLE:
Karayevia clevei, MPMI: Mayamaea permitis, NCTE: Navicula cryptotenella, NDIS: Nitzschia dissipata, NEPR: Neidium productum, NMEN: Navicula menisculusvar.
menisculus, NPAL: Nitzschia palea, NRAD: Navicula radiosa, PBIO: Psammothidium bioretii, PLFR: Planothidium frequentissimum, PRST: Planothidium rostratum,

PTLA: Planothidium lanceolatum, RABB: Rhoicosphenia abbreviata, UULN: Ulnaria ulna, Other: diatom species representing less than 1%elative abundances in
at least one sample.

(a)
100% - %
b B m B Other EANCTE
%% UULN MPMI
70% M RABB B KCLE
= s B OPTLA  FCAP
oo E = PRST  EEOMI
— = mPLFR  EMCPLI
: | e mpPBlO  @DCOPS
£ mNRAD ~ CEUG
. / = B NPAL ;EESF
ANMEN - APED
20% | / 7 7 ” mNEPR ADMI
10% - / EINDIS HmACOP
/
0% % %
Ctr PE Mix Ctr
Day 0 Day 14

188



Chapitre VII

(b)
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The principal component analyses (PCA) clearly edéhtiates in Figure 33b diatom
communities from day 0 and after 14 days in thenokés along Axis 1, highlighting that
temporal succession of species prevailed over {oxioced selection. In particular, relative
abundances of the two initially dominant speciesrel@sed dramatically at day 14 in all
samples; from 44 down to 19% relative abundancé\faninutissimunand from 35 down to
13% relative abundance f@x. placentulamean of all treatments at day 14).

The PCA did not clearly separate diatom commungieday 14 regarding to the treatment;
nevertheless Ctr samples were more dispersed thatroinated ones, confirming that
perturbations, here toxic-induced species selecteats to community homogenisation (e.g.
Tison et al. 2005, Passy and Blanchet 2007). Atldh the assemblages were composed of
Nitzschia dissipata (Kutzing) Grunow var. dissipata (29% relative abundance)A.
minutissimum(19% relative abundancel;olimna minima(Grunow) Lange-Bertalot (15%
relative abundancel;. placentula(13% relative abundancdylanothidium frequentissimum
(7% relative abundance) adnphora pediculug4% relative abundance). In contrast to the
decrease oA. minutissimunon day 14, of the same order of magnitude in atigas, the
relative abundance o€occoneis placentuldiffered depending on the treatment, with
significantly lower relative abundances in biofilnexposed to pesticides (PE and Mix
treatments, 11% and 9%) compared to Ctr (20%). EWNespecies composition was
comparable between treatments at day 14 as showimeifPCA, subtle differences in the
relative abundances of some species discrimindted ttreatments with pesticides and the
Ctr. As mentioned above f@. placentulaspecies likd-ragilaria capucinaDesmaziéres var.
capucina(PE: 5%, Mix: 7% vs. Ctr: 14%) gkmphora copulatd4% and 3%, vs. 10%) were
more represented in the control channels. In cshtnelative abundances ®itzschia
dissipataand Eolimna minimawere higher in biofilms exposed to pesticidbk (issipata
29% and 34% vs. 24% in CE&, minima 17% and 16% vs. 11% in Ctr) during 14 days.

Very few is known about relative sensitivity of tims to pesticides, for exampilimna
minima had been described as pesticide sensitive in @efield studies (Hamilton et al.
1987, Péres et al. 1996, Morin et al. 2009) needels some recent laboratory studies have
reported this species as relatively tolerant toatksd concentrations of diuron (Larras et al.
2012, Moisset, personal communication). Moreovédrag been shown that the same species
could have various tolerances to a particular camgoin function of the site it has been
isolated. Thus Roubeix et al. (2012b) highlightéfiecent EG;, for the diatom€Encyonema
neomesianunto copper and diuron originated from sites witffedent levels of pesticides.

From the results of our experimer@, placentula F. capucinaand A. copulatacould be
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considered as more sensitive to pesticides khatissipataandE. minima Moreover it has to
be noticed that within these species, the largesdd. placentulaand A. copulatd were
found in higher relative abundance in Ctrl biofitren the contrary the small speciEs

minimawas more abundant in biofilms exposed to pestiide

3.3.5.3. Diatom cell biovolume
Mean diatom cell biovolume and total diatom biovo&i at day O and after 14 days of
exposure in channels to the different treatmerdgeesented in Table 9.
A decrease of the mean cell biovolume was obsebetdieen day 0 and day 14 for all
treatments, from initial values of 1345 +110 im 750 + 70 prhat day 14 (mean of the 3
treatments). This decrease results from increaslagive abundances of small-sized diatom
species likeE. minima together with decreasing percentages of largedsdiatom species
like C. placentulavar. lineata Mean cell biovolume significantly decreased witme
exposure in PE and Mix treatments (reaching 678 and 614 + 45 phrespectively for PE
and Mix at day 14) but not in biofilms maintaineduncontaminated water (965 + 169 jiamn
day 14). These differences reflected the slightati@ns in diatom relative abundances at the
end of the experiment, e.g. lower abundancds. shinimaandA. pediculugtwo small-sized
diatom species, < 100finand higher abundances 6f placentulavar. lineata (large-sized
diatom species, > 2500f)rin Ctr biofilms.
Total diatom biovolume of samples -calculated froman diatom sizes and diatom densities-
remained stable from day O to day 14 in PE and téatments with an initial biovolume of
296,000 + 24,000 pien? and final values of 284,000 + 39,000 and 323,0087:000
pum/cn? for PE and Mix treatments respectively. On theteow, total diatom biovolume in
Ctr increased statistically from day 0 to day 143®00 + 306,000 pffen? at day 14);
moreover at the end of the experiment total diabdovolume of Ctr was statistically higher
than in pesticides contaminated treatments (PEMIRE These differences can be explained
by both the higher mean cell biovolume and the diglliatom density for Ctr biofilms
compared to PE and Mix biofilms at day 14.
Reduction of diatom biovolumes with toxicant expeshas already been observed in several
studies dealing with metal contamination. For exi@rgeveral authors recorded changing
from larger to smaller individuals with increasemétals concentrations in a cadmium/zinc
polluted river (Riou-Mort, France) (Morin et al. @0 Arini et al. 2012a, Arini et al. 2012b).
In a translocation study, Corcoll et al. (2012l§oabbserved the predominance of smaller

growth forms in the biofilms in metal-impacted siteSmall-sized individuals are
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hypothesized to be less disfavoured than larges ander toxic exposure, due to reduced cell
surface exposed to contaminants (limiting uptake, &mus, toxicity). This descriptor could,
therefore, be an indicator potentially applicalol@hy kind of toxic stress.

3.4. Effects of exposure to low dose of pesticides

The first objective of the study was to evaluate #¢ffects of chronic and low dose exposure
of pesticides on river biofilms in a context of lpdion by cereal crops and to evaluate if the
observed effects of a complex environmental mix{@#€) could be explained by the major
compounds quantified in the PE (Mix). Effects oilalose of pesticides on river biofilms
using POCIS devices have been previously studielddiyn et al. (2012b). The authors were
working on a small river subjected to strong virregapressure (Morcille River, eastern
France) characterized by high concentration of etisyh norflurazon (main norflurazon
degradation product), norflurazon (carotenoid bntisgsis inhibitor), dimetomorph (lipid
synthesis inhibitor), tebuconazole (disruptor of nmbeane function) and diuron (PSII
inhibitor). In this particular context of pesticeleontamination due to vineyards activities,
they were able to show the interest of such appread the efficiency of POCIS as a tool in
order to highlight effects of low dose of pesticdda river biofilms subjected to a variety of
herbicides and fungicides. In our study we show#dcts of low dose of pesticides on
biofilm with a different contamination profile siacthe major compounds quantified in
POCIS extracts (acetochlor, metolachlor and theietatolites) belonged to the
chloroacetamide group. Acetochlor is acting apa Isynthesis inhibitor and metolachor is a
inhibitor of mitosis and cell division, in contrasarotenoid biosynthesis and PSII inhibitors
were characterizing the extracts in the study sedliby Morin et al. (2012b). The present
study is so showing the potential of biofilms agdi@ators since they respond to a large range
pesticide with various modes of action.

Regarding the composition of PE in our study, atdgetanilide metabolites were found at
higher or similar concentrations than parent commpsu Nevertheless they have been shown
to have low toxicity compared to their parent coonpis even at elevated concentrations.
Thus Roubeix et al. (2012a) did not observed inioibiof the growth of the diatomMitzschia
nanaat concentration up to 100 mg/L of acetochlor @éetochlor ESA, metolachlor OA and
metolachlor ESA .

Diatom density and biomass could so be considesedjlabal indicators for pesticides
exposure, in the other hand structural endpoirémge be highly dependent of contamination

profiles. The POCIS device appears to be a progisiol to better take into account chronic
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effects of cocktails in a wide range of contamiomattontexts, and it proves to be of particular

interest for applications in the field of environmi& risk assessment.

3.5. Representativeness of POCIS extracts

The second objective of the channel experiment twwasvaluate if the major compounds
guantified in the PE (Mix) are responsible of tiflees of a complex environmental mixture
(PE). Extracts of passive sampling devices aresasingly used in order to evaluate toxicity
of environmental samples; most of the time acuséirtg on single species is realized. This
approach has the advantage to be integrative fgtunei issues, unknown compounds, and
metabolite issues; the extracts are so used adaak“lbox”. ldentification of compounds
responsible for the observed toxicity can be apgred by effect-directed analyses (EDA)
methods (Brack 2003, Hecker and Hollert 2009). Tapproach consists in realizing
biological tests with the entire extract and by cassive fractioning of the extract until
identifying the compound(s) responsible for the estaed toxicity. Nevertheless in this
approach, biological testing needs to be repeated successive fractioning steps, which
increases the amount of extract needed to runiffezesht testings. In long term experiments,
identifying the compounds responsible for the obsgtoxic effects is a challenge since EDA
approach cannot be used because of its extrenmed¢ydonsuming (cannot be easily repeated)
process, its need of important volumes of passiavepder extracts, the important number of
samples produced and subsequent analyses to rthis Istudy we did not attempt to identify
the specific compound(s) responsible for the toxibut we designed the experiment in order
to investigate if the effects of a complex envir@mtal cocktail could be explained by the
mixture of the major compounds quantified the REa Iprevious work we demonstrated the
potential of the POCIS as a tool integrative ofaat pf the environmental toxicity (Morin et
al. 2012b). Several scenarios could be expected, thie toxicity of POCIS extracts is higher
than toxicity of the major compounds, meaning tither compounds present in PE, but not in
the Mix, also contribute to the overall toxicityhdse other compound(s) might be identified,
or not (unknown compounds because not screened)c@rid possibly have synergic effects
with identified compounds. Secondly lower toxicity PE compared to the Mix could be
observed, and in this situation compounds preserfE but not in the Mix could have
antagonistic action, resulting in a decrease oictgxof PE compared to Mix. Lastly, same
toxicity and similar effects observed for PE andkMn this scenario, toxicity is explained by
the major identified compounds present in the P& @her compounds than the 12 major do

not play a key role in the observed effects.
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In the present study, PCA (Figure 32) revealedrdeparation between control and samples
exposed to pesticides but not within contaminatedtments. Similar effects were observed
for biofilms exposed to both PE and Mix in regatdsphotosynthetic efficiency, biomass,
diatom density, biovolumes and taxonomic compasitiblere the effects of a complex
environmental mixture were explained by the mammpounds quantified in the PE; POCIS

devices could so be considered as a tool integrafiva part of the environmental toxicity.

4. Conclusions and perspectives
After entire POCIS extract chronic effects haverbéemonstrated, acute testing using effect-
directed analyses (EDA) methods can be of inteacegdentify the compound(s) responsible
for the effects observed; nevertheless similar @gghres cannot be implemented in long-term
experiments because of technical difficulties. Tdtisdy aimed so to characterize the effects
of chronic and low dose exposure to pesticidesataral biofilm community and to evaluate
if the observed effects due to exposure to PE vesqgained by the major compounds
identified in the extracts. The design of the ekpental system, composed by artificial
channels with peristaltic pumps insuring a 3L/dagewal, allowed the accurate control of
pesticide concentrations in the channels, essergralition when working with low doses of
contaminants. Effects of low dose of pesticidesenayserved on growth-related (dry weight,
ash-free dry mass and diatom cell densities), &trakc(diatom composition, biovolumes), or
physiological endpoints (photosynthetic efficierenyd antioxidant enzymatic activities). In
our experiment, the effects of PE exposure werdasiro the ones induced by the exposure
to the major compounds present in PE leading tadmelusion that PE toxicity was mainly
due to the major compounds. Principal componenlyses clearly separated contaminated
(PE and Mix) from non-contaminated (Ctr) biofilmsn the contrary the analyses did not
revealed separation between biofilms exposed torRt& the 12 major compounds identified
in the extract. Our study showed the relevancaeise of passive samplers (like the POCIS)
extracts in order to better take into account cior@ffects of mixtures in evaluation risk
assessment studies since effects of POCIS extnawts been highlighted on river biofilms
metrics. We also demonstrated that PE effects wiengar to those induced by the exposure
to the major compounds present, making PE a patetdol integrative of a part of the

environmental toxicity.
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L'objectif de cette thése était d’étudier les effeles pesticides en mélange sur le
biofilm de riviere, notamment en évaluant le patntde I'outil POCIS pour améliorer la
représentativité environnementale de I'expositams d’expérimentations en laboratoire, dans
le but de proposer des pistes de recherche podeveloppement d’outils permettant de
diagnostiquerin situ les pollutions de type pesticides. Pour ce faimee large gamme de
descripteurs a été testée, allant de paramétreamroment utilisés dans les études pour
caractériser le périphyton a des descripteurs figpéement développés dans la thése, en
passant par des outils encore peu exploités dammtexte des pollutions toxiques.

Ce chapitre a pour objectif de faire un bilan dgsraches utilisées tout au long de cette these
en présentant les principaux résultats relatifs expositions de pesticides sur le biofilm a
différents niveaux de représentativité tout en amgten avant leurs avantages et leurs limites.
Dans un second temps les pistes d’investigatidaseperspectives proposees par cette these
pour de futurs travaux de recherche concernantalgndstic des pollutions toxiques seront

présentées.

8.1Entre réalisme et réductionnisme: des approches pmplémentaires pour
appréhender les effets des pesticides sur le biaiil

En combinant les expérimentations en conditionstroéres de laboratoire a différentes
échelles de temps (a court ou long terme), de cdrat®ns en toxiques (concentrations
proches des concentrations environnementales owshj@erieures) et de complexité (mélange
complexe, ternaire, molécules seules), les diftéremavaux réalisés nous ont permis
d'acquérir des informations sur I'évolution de laoissance (densité de diatomées,
biomasses), de la structure (composition spécifides diatomées) et du fonctionnement
physiologique (activité photosynthétique, activigfzymatiques) du périphyton face a des
expositions aux pesticides. Le biofilm a ainsi étaractérisé a difféerents niveaux
d’organisation, nous nous sommes intéressés aigssiabix diatomées (densité et structure
des communautés) qu'a la composante algale dansessamble (groupes algaux et

fonctionnement physiologique) et au biofilm dans satier (biomasse).

8.1.1 Réponses du périphyton en canaux artificiels faceum mélange

environnemental de pesticides

A ce jour deux grandes approches ont été utilipées caractériser les mélanges de toxiques
sur le périphyton. Les études de terrain permettiatieindre un niveau important de

réalisme puisque les communautés sont directemgrisées aux contaminants présents
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situ, cependant les facteurs confondants peuvent retffii@le I'interprétation des résultats.

A l'opposé, les expériences au laboratoire permette fixer un grand nombre de parameétres
(concentration en nutriments, en contaminants, duenietc.) ; ce contrdle des conditions
expérimentales est néanmoins inévitablement assoceié faible réalisme vis-a-vis de la
contamination environnementale puisque les étudmsens jusque la ne se sont intéressées,
au mieux, qu’a un cocktail restreint de contamisahes extraits d’échantillonneurs passifs
renferment un mélange complexe de composeés ergorsentatifs d’'une certaine « toxicité
environnementale directement extraite du terraiar»ce sens, le couplage des expériences en
canaux artificiels au laboratoire et de l'utiligatides échantillonneurs passifs permettrait de
faire le lien entre les conditions contrélées duptatoire et la contamination a laquelle sont
exposés les organismes dans le milieu aquatique.

Lors de cette these les effets de mélanges ré&alistetermes de concentrations imposées et
de composition du cocktail) de pesticides sur lefilon ont donc été étudiés grace a

I'utilisation des extraits d’échantillonneurs pd&ssin canaux artificiels (Chapitres IV et VII).

Les diatomées : organismes au fort potentiel danmmike en évidence des contaminations en
produits phytosanitaires

Un effort particulier a été mis sur I'étude de tarposante diatomique du biofilm de par son
utilisation actuelle en routine pour le calcul dedices de qualité générale des eaux (e.g. en
France, Cemagref 1982, Coste et al. 2009) et stanpyel avéré dans le cas des pollutions
métalliques (Morin et al. 2012c, Gold et al. 2088ni et al. 2012a, Duong et al. 2008).

Dans notre étude, un effet négatif a été observélesudensités de diatomées lors des
expositions en canaux artificiels aux extraits @IS et ce pour les deux bassins versants a
I'étude (la Morcille et le Trec).

L’'impact a long terme des pesticides en faible dageles diatomées a aussi été observé au
regard de la structure des communautés. Ainsiveldppement d’espéces comiN@zschia
palea (biofiims originaires de St JosephlNitzschia dissipata(biofilms originaires de
I'Ourbise) etEolimna minima(pour les biofilms originaires de St Joseph et'@arbise)
semble étre favorisé avec I'exposition aux pestigidAu contraireCocconeis placentula
Fragilaria capucinaet Amphora copulatae développent mieux dans les biofilms originaires
de I'Ourbise non exposés aux extraits de POCIS.r€mdtats sont contrastés par rapport a
ceux décrits dans la littérature. Par exenffdimna minimaa été décrite comme une espéce
sensible aux pesticides dans différentes étundsisu (Hamilton et al. 1987, Morin et al. 2009,

Pérés et al. 1996). Cependant sur le terrain, déreux facteurs confondants peuvent rendre
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l'identification des relations de causalité diffeci(nutriments, métaux, température, pH,

lumiére...). C'est par exemple le cas sur la M@l le gradient en pesticides s’accompagne
d'un gradient métallique et d’orthophosphates. &ffsts des métaux sont ainsi succeptibles
de s’ajouter a ceux induits par les pesticidessadpre les nutriments auraient plutét tendance
a moduler les impacts (Barranguet et al. 2002, Guas$ al. 2004, Lozano et Pratt 1994,

Morin et al. 2008). C’est pourquoi les études enditions contrdlées de laboratoires sont

nécessaires et complémentaires des études denteCetains travaux se sont ainsi penchés
sur la sensibilité relative aux pesticides d’espédselées du terrain et ont par exemple décrit
Nitzschia paleaet Eolimna minimacomme relativement tolérantes au diuron (Larraal.et

2012; Moisset et al., en préparation).

La détermination de la composition spécifique defilims a également permis de calculer les
biovolumes moyens des diatomées, daprés les diorensthéoriques des espéces
inventoriées et leurs abondances relatives dangdkeantillons. Ce paramétre s’est avéré
affecté par I'exposition aux extraits de POCIS decTet une diminution du biovolume

moyen a pu étre observée suite a I'exposition astigides. Des réductions de biovolumes
ont déja été reportées pour d’autres types de comddion (notamment métalliques) et ce
parameétre a été proposé comme indicateur de mmiltoxique (Corcoll et al. 2012b, Morin et

al. 2007).

Stimulation de la biomasse avec I'exposition axiwes a faible dose

Etonnamment des biomasses plus importantes orib&Ervées quand les biofilms étaient
exposés aux pesticides a faible dose. Concernaontaibution de la composante diatomique,
nous avons vu que la densité et le biovolume maeyp&tifique étaient plus faibles pour les
biofilms exposés aux pesticides par rapport auxoiésn Une hypothése avancée pour
expliquer 'augmentation de la biomasse avec I'epm aux pesticides pourrait étre la
production d’'exo polysaccharides (EPS) par les awaptes algale et bactérienne en
conditions stressantes. L'induction d’EPS a déjeoéiservée lors de stress physiques (Artigas
et al. 2012) ou chimiques (Fang et al. 2002). [lleerait un rdle protecteur vis-a-vis des
contaminants en limitant leur diffusion a traveasstructure tridimensionnelle du biofilm.
L’induction d’EPS en réponse a I'exposition auxrais de POCIS reste une hypothese dans

notre travail car aucun dosage de ces composést@’aéalisé ; elle mériterait donc d’étre

vérifiée avec la détermination des concentrationERS dans les biofilms et de leur nature.
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Evaluer la croissance algale par la fluorescename relation en lien avec le mode d’action

des pesticides

Dans notre étude, les mesures de fluorescence neiérls modulée ont été utilisées pour

étudier la croissance des différents groupes algaependant dans le cas d’exposition a des
mélanges contenant des inhibiteurs du PSII cedtaéswsont a prendre avec précaution

puisque ces composeés induisent une augmentatitmfilmrescence de base, les effets entre
la croissance et 'augmentation de la fluoresceteebase peuvent donc étre difficiles a

distinguer (Corcoll et al. 2012a). Ainsi, cette angmtation de la fluorescence de base

limiterait I'utilisation de ces descripteurs éterducet important groupe de pesticide.

Des réponses contrastées des paramétres physiakgidans le cas des contaminations
chroniques a faible dose

Les réponses des biofilms aux pesticides ont ea@uégs sur les capacités photosynthétiques
(rendement photosynthétique efficace) et sur levilgs enzymatiques antioxydantes
(AEAS).

Aucune diminution du rendement photosynthétiqueé&t&observée suite aux expositions a
court terme et a faible dose, la capacité photbeyifue globale du biofilm ne semble donc
pas étre affectée lors d’expositions a un mélarg@easticides a faible dose aux toxiques.
Certaines études ont mis en évidence des impacteswcapacités photosynthétiques du
biofilm face a des contaminations toxiques, cepenhdans la plupart des cas les composés
étudiés étaient des inhibiteurs de la photosynthgaat pour cible le photosysteme Il comme
le diuron (Tlili et al. 2010), l'atrazine (Schmiiansen et Altenburger 2007) ou l'isoproturon
(Laviale et al. 2010) et ont été utilisés a desceatrations bien plus importantes (plusieurs
dizaines de pg/L) comparées a celles appliquées des expériences menées ici. Les
inhibiteurs de la synthese des lipides ont été majgement retrouvés dans les extraits
provenant du Trec (Chapitre VII); pour les exgagsus de la Morcille le diuron (inhibiteur
du PSII) a été retrouvé en proportion importanfgeaeant les concentrations dans les canaux
ne dépassaient pas les 0,3ug/L (Chapitre 1V). Ledand’action (non spécifique du
photosysteme II) et/ou la concentration (faibleejades composés présents dans les extraits
pourraient donc expliquer le fait gu’aucune dimiontdu rendement photosynthétique n’ait
été observée suite aux expositions aux extraitB@EIS. Ce résultat pourrait étre expliqué
par un processus d’adaptation dans lequel les espeensibles sont remplacées par des

espéces plus tolérantes conduisant ainsi a uneelhleusommunauté dont les fonctions
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seraient similaires en termes de photosynthes#es cke la communauté d’origine (Corcoll et
al. 2012b , Serra et al. 2009).

Ces résultats contrastent avec les réponses desdéacenzymatiques antioxydantes. En effet
des différences entre les biofilms exposés auxiqudss et les biofilms témoins ont été
observées sur I'ascorbate peroxydase (APX), latllidn réductase (GR) et la glutathion-S-
transférase (GST). Dans une récente étude, Bonak €2013) ont observé des résultats
similaires avec des niveaux d’AEAs affectés par exgosition au zinc alors qu’aucun lien
n'avait pu étre établi entre les concentrationsnétiaux et les capacités photosynthétiques du
biofilm. Cependant I'interprétation des résultadm@ernant les AEAs reste complexe lorsque
les études sont menées au niveau de la commurtautéffet il est difficile d’attribuer la
variabilité de la réponse observée a la mise eteplas mécanismes de défense au niveau des
espéces ou a la composition de la communauté dilnbiet de leurs activités enzymatiques
spécifiques (Bonet et al. 2013).

Certaines études soulignent d’ailleurs la compéexies approches physiologiques (comme
I'évaluation des capacités photosynthétiqgues et atdlvités enzymatiques antioxydantes)
pour faire ressortir les effets d’'une contaminatichronique sur les biofilms mais ont
néanmoins pointé leur efficacité dans la mise adeéxce des expositions aigués (Sabater et
al. 2007).

8.1.2 Comprendre la toxicité observée avec I'expositien Hiofilms aux extraits
de POCIS

Lors de l'utilisation des extraits d’échantillonmepassif dans les tests biologiques, c’est la
toxicité globale de I'extrait qui est appréhendée lpexpérimentateur. Les impacts observés
sur le biofilm sont ainsi évalués face a un mélaageironnemental complexe contenant
divers composés présents a des concentrationsyignes. Si les effets de mélange sont
intégrés en travaillant directement avec des dstdiéchantillonneur passif les questions de
la compréhension de ces effets de mélange et tiilcté relative des composeés présents
dans I'extrait ne sont en revanche pas abordéest @ourquoi il est nécessaire de simplifier
les conditions d’exposition du point de vue de lntamination environnementale en

travaillant avec des mélanges simples et des mekcaeules pour comprendre les

mécanismes de toxicité mis en jeu.
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Toxicité relative des contaminants échantillonnasle POCIS

Aprés avoir utilisé les extraits de POCIS commetawt de contamination, nous nous
sommes intéressés a quelques contaminants éotiaméd par ce dernier et quantifiés a des
concentrations importantes sur notre site d'étudiecipal (la riviere Morcille). Lors de ce
travail 'accent a été mis sur la prise en comms hétabolites, composés qui peuvent étre
retrouvés et se former a des niveaux élevés dacenpartiment aquatique mais pas encore
suffisamment pris en compte dans I'évaluation dgué a ce jour. La toxicité relative du
norflurazon, de son meétabolite principal (norflomazdesméthyl) et du tébuconazole a été
étudiée en microplaques (Chapitre V). Les résulbattsmis en évidence une toxicité plus
importante du métabolite par rapport au composénmnparsoulignant l'importance des
métabolites dans I'’évaluation du risque environngaleCela a également été montré pour le
mélange ternaire dont la toxicité a été attribug¢en@tabolite norflurazon desméthyl puisque
'exposition au norflurazon et au tébuconazole p&s réveélé d'impact sur le rendement
photosynthétique. L'utilisation du systeme micrapla a montré ses avantages notamment la
diminution des quantités de contaminants qui pénet @ élément crucial pour mener des
tests de toxicité. Cependant cette approche a a&asié ses limites techniques quant a la
récupération des échantillons destinés aux comptetge la taxonomie (adhésion des cellules
aux parois des puits).

La derniere étude (Chapitre VI) s’est intéressd&wvlution temporelle des réponses des
communautés périphytiques exposées a des coneamsratoissantes en diuron, en DCPMU
(produit de dégradation du diuron) et en norflurazen utilisant les paramétres
photosynthétiques classiques et d’autres encoréfoelies dans le cadre de I'écotoxicologie :
les Rapid Light Curves (RLCs). Les résultats omél& une toxicité plus importante du diuron
par rapport au DCPMU et au norflurazon ainsi qu'importante variabilité temporelle des
réponses en lien avec le mode d’action des compasésliuron et le DCPMU ont par
exemple montré des impacts rapides et stables Wariemps alors que les effets du
norflurazon n'ont cessé d’augmenter au cours degodrs d’expérimentation. Ce dernier
point a son importance pour I'étude de la toxidés substances puisque la démarche actuelle
de I'évaluation du risque environnemental se bagaus souvent sur des données de toxicité
obtenues lors d’expositions aigués. Il apparaitcdogcessaire de mieux considérer les
expositions chroniqgues dans I'évaluation du risgmeironnemental pour une meilleure prise
en compte des composés ayant un mode d’actioreatdiar rapport au parametre de toxicité

considéré dans I'étude.
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Représentativité des extraits de POCIS

Plusieurs dizaines de molécules ont été identifikas les extraits POCIS sur lesquels nous
avons travaillé durant cette these. Concernanéxésits provenant du Trec (Chapitre VII),
les composés de la famille des chloroacétanilideewrs produits de dégradation se sont
avéres étre majoritaires. Lors de I'étude d’'un mgéaenvironnemental, il est important de
savoir si ce sont les composés majoritaires eterebiésa priori qui causent la toxicité du
cocktail ou si les composés présents en faiblegstigm jouent aussi un role dans la toxicité
globale de I'extrait.

Dans notre étude nous avons donc travaillé avenélange reconstitué selon les analyses des
extraits de POCIS pour tester si la toxicité obsenétait expliquée par les composés
majoritaires recherchés dans nos extraits (Chapitile Les effets a long terme et a faible
dose tant au niveau de la croissance, de la steuotude I'impact fonctionnel se sont révélés
similaires entre les EP et le mélange composé destances majoritaires, ce qui nous a
conduit a la conclusion d’'une toxicité chroniqueleuée principalement par les composés
majoritaires recherchés dans les extraits de POTH8e expérience réalisée avec les extraits
de POCIS exposés sur le Trec au printemps 20l1ithesétude de cas, les résultats obtenus ne
peuvent donc pas étre généralisés a toutes leamations puisqu’ils sont spécifiques du
mélange de contaminants échantillonnés par le PG@$ine période et un site particuliers.
Cependant nous avons pu montrer que la fractioarditionnée par le POCIS, ramenée a des
concentrations environnementales réalistes, avasens et était pertinente en termes d’effets

biologiques.

8.2 Perspectives

L’intérét de l'utilisation des échantillonneurs pdis pour évaluer les effets de pesticides en
meélange complexe sur le biofilm de riviere a étendétré puisque cette approche a permis
d’identifier des parameétres rendant compte desseffes pesticides en mélange a faible dose
sur les communautés périphytiques. Cette démaitbhiataun fort niveau de représentativité
écologique et chimique puisque le biofilm est cosgpd’organismes vivant en communautés
et les extraits d’échantillonneurs passifs conttide nombreux composés en mélange dont
des métabolites. Ce travail ouvre de nombreusespeetives, les futures études pourront
s’orienter selon trois axes qui viseraient a : asigier la représentativité de I'exposition,
mieux identifier et comprendre la toxicité et enfiantinuer I'effort de développement de

nouveaux descripteurs plus spécifiques des pafistioxiques appliqués au biofilm.
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Augmenter la représentativité

Lors de nos expériences nous avons exposeé le gtaiph des concentrations constantes en
toxiques. Cependant les concentrations en pesiicithns les rivieres peuvent varier
fortement en fonction des épisodes de crues ; gityéer sur la Morcille ou de bréeves mais
importantes augmentations des concentrations etaroamants sont observées lors de ces
crues (Rabiet et al. 2010). De maniére a augmeatereprésentativité des conditions
d’exposition des communautés dans I'environnenlesgrait intéressant de simuler des pics
de contamination en conditions contrélées de ldbweaen utilisant par exemple quelques
COMpOsSEs retrouvés en concentrations importantes ldamilieu aquatique ; d’autant plus
gue l'importance du couplage des expositions aigetéshroniques de polluants sur les
biofilms de riviéere a été mis en évidence par Eilal (2008) dans le cas de contamination au
diuron. Il serait alors intéressant de comparerépenses des biofilms face a une exposition
constante ou a des pics de contamination. Cecirgib@ussi permettre d’étudier la maniere

dont le POCIS est capable d'intégrer les pics adagnination.

Les POCIS sont des dispositifs échantillonnantt@aposés organiques polaires, de par leur
nature ils ne sont capables échantillonner qu’wargepdu panel de contaminants susceptibles
d’atteindre le milieu aquatique. Les futures étudegront donc adopter une approche ciblant
les différents groupes de substances en utilisaes dchantillonneurs passifs
complémentaires. Cette démarche serait particuliéné pertinente dans le cas des milieux
subissant des contaminations multiples comme lareworcille ou le gradient en pesticides
est associé a un gradient métallique, de plus coéavogué précédemment l'utilisation de ces
extraits en conditions contrblées de laboratoirempé#rait de minimiser les facteurs
confondants comme par exemple les concentratiomsigiments ou I'exposition a la lumiere
qui peuvent parfois masquer la réponse des biofdmstoxiques (Guasch et Sabater 1998 ,
Lozano et Pratt 1994).

En outre, cet outil échantillonne la phase dissoateil est communément admis que la
toxicité a laquelle sont exposés les organismesitagles est représentée par les composes
présents dans cette phase dissoute. Néeanmoingstiajuse pose dans le cas des biofilms de
riviere puisque les particules ayant des contantinausorbés sont susceptibles de se
retrouver piégées dans la matrice tridimensionnélle biofilm et ainsi jouer un réle
significatif dans I'exposition aux toxiques de carer (Morin et al. 2008). Ainsi de maniere

a caractériser la fraction toxique échantillonném pe POCIS, différentes modalités
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d’exposition du biofilm pourraient étre réalisée®@des extraits d’échantillonneurs passifs,

de I'eau brute ou de I'eau filtrée.

Identifier et comprendre la toxicité observée

Lorsque les biofilms sont exposés aux extraits A€ ces derniers peuvent étre assimilés a
une « boite noire », puisqu’ils sont constituésndiglange complexe de composés (identifiés
ou non) et que c’est la toxicité globale de I'ektui est alors évaluée. Pour aller plus loin
dans l'étude de la contribution respective des as@p majoritaires identifiés dans les
extraits de POCIS, il serait envisageable de m@alies conditions avec des sous mélanges
(avec 3 ou 4 molécules) reconstitués d'aprés lact@rsation des extraits de POCIS,
jusqu’aux molécules majoritaires seules de man@&rédentifier le ou les composés
responsables de la toxicité chronique observéete Ggiproche permettrait de comprendre
plus finement les relations entre exposition eetsffmais serait néanmoins extrémement
difficile a mettre en place de par I'importance aegyens expérimentaux nécessaires a sa
mise en ceuvre (multiplication des échantillons, deslyses biologiques et chimiques,
volumes d’eau importants, grandes quantités ddniof.).

Une autre alternative résiderait dans la transposdes techniques d’EDA (Brack 2003) sur
le biofilm de riviere dans son ensemble ou bien wue espéce de diatomée particuliere
(réduction de la variabilité biologique) sous fordetests de toxicité aigué. La méthodologie
développée dans cette these (Chapitre V) pourtatappliquée ici en utilisant le systeme
microplague, ce qui permettrait de tester un graaochbre de contaminants et une large
gamme de concentrations grace aux faibles volurdesssaires pour mettre en ceuvre ces
essais (réduction des quantités de contaminamis eticroalgues utilisées). L'utilisation des
microplaques serait d’autant plus pertinente quEDA nécessite la multiplication des
échantillons, dépendant du nombre de fractionsdsstde la gamme de concentrations
appliguées et du nombre de réplicats utilisés.eCapproche pourrait permettre d’identifier
les composés responsables de la toxicité obserutls gient été identifiés ou non par
I'analyse chimique.

Enfin les interactions au sein de I'extrait powsrdi étre caractérisées sous la forme de
courbes dose-réponse réalisées par exemple enpfaigue de maniére a mettre en évidence
les mécanismes d’additivité, de synergie ou d’ami&gne pouvant opérer a l'intérieur de

I'extrait.
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Développer de nouveaux descripteurs plus spécHiges pollutions toxiques

Lors de ce travail de thése, une large gamme deriptsurs susceptibles de répondre a des
expositions aux pesticides a été étudiée. L'étadbieent des courbes évaluant le taux de
transport des électrons en fonction d’'une irraddacroissante (courbes RLCS) a jusque la trés
peu été étudié dans le contexte des pollutiongjt@s. Cette approche a montré son intérét
puisqu’elle s’est avérée un descripteur précocepdisition aux pesticides. En effet des
impacts sur la pente initiale de la courle, (a valeur d’intensité lumineuse a partir de
laquelle la relation n’est plus linéaire)(kt le taux de transport relatif des électronsimak
(rETRmay ONt été observés. Ces parametres apportent ilgmations complémentaires sur
les capacités photosynthétiques du biofilm. decorrespond par exemple a I'efficacité
photosynthétique a faible irradiance, alors quaB&R..x quant a lui renseigne sur les
capacités photosynthétiques maximales.

Les futurs travaux devront donc continuer a expl@eéponse des biofilms a une exposition
aux pesticides en établissant de telles courbepaBiculier leur sensibilité devra étre testée

par exemple en exposant les biofilms a des corat@ns environnementales en canaux.

Les activités enzymatiques antioxydantes furentp@sées comme marqueurs du stress
oxydant induit par les toxiques pour le biofilm rilgere (Bonnineau et al. 2013), nous avons
donc testé leur application lors d’expositions cligaes aux pesticides. Les résultats se sont
avéres compliqués a interpréter de par la fortealbdité naturelle des AEAs et I'absence de
valeur-palier rendant compte d'un déséquilibre eedax production et I'élimination des
especes réactives de lI'oxygene. De maniére a pophas facilement interpréter les réponses
des AEAs a un niveau intégré (e.g. mélange compdefable dose) des expériences a une
échelle réduite devront étre entreprises avec dd@écmes modeles par exemple sous forme

de bioessais.

D’autre part des descripteurs plus spécifiguesdig@®mées pourront aussi étre développés
comme par exemple les outils de biologie moléceldlette approche a d’ores et déja montré
son potentiel lors de contamination métallique (Kimam et al. 2012) et a fait I'objet d’'un
encadrement d’'un stage de master 2 dans le cadoeopit ANR PoToMAC (Moisset et al.,
en préparation). Les résultats obtenus ont permisettre en évidence I'impact du diuron sur
I'expression de plusieurs genes impliqués danédalation du métabolisme mitochondrial et
des photosystémes et ce pour trois espéces deméesod’eau douceEQlimna minima

Nitzschia paleaet Planothidium lanceolatuin Pour de futurs travaux, le séquencage des
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genes codant pour les enzymes antioxydantes comroatdlase, I'ascorbate peroxydase, la
glutathion réductase ou encore la glutathion-Ssfierase permettrait de mettre en relation les

réponses observées au niveau de I'expression gaaddt de I'activité enzymatique.
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Lors de ce travail de thése, nous avons donc éladi@ffets des pesticides sur le
biofilm de riviere, notamment en évaluant le patdntde I'outil POCIS pour améliorer la
représentativité environnementale de I'expositions |d’expérimentations en laboratoire.
L'utilisation des extraits d’échantillonneur padsifs d’expériences en canaux artificiels nous
a permis de nous placer dans des conditions d'd@igosréalistes par rapport a la
contamination environnementale, tant au niveawndmimposition du mélange qu’a celui des
concentrations auxquelles les organismes sont égpdans le milieu naturel, tout en nous
affranchissant des principaux facteurs confondants sont propres aux eétudes situ
(variation des concentrations en nutriments, luejiéempérature...). Ces expériences ont
ainsi permis d’identifier des descripteurs de I'esition chronique a faible dose de pesticides
en meélange. Les diatomées se sont avérées pamauknt sensibles a cette exposition
puisque des impacts sur la densité, la composgjpécifique et les biovolumes ont été
observés. D’autre part des impacts sur la biomasgeété mis en évidence suite aux
expositions aux pesticides, 'augmentation desuralele PS et MSSC observée dans les
conditions contaminées pourrait étre liée a unelyston d’'EPS accrue comme mécanisme
de défense face aux pollutions toxiques. Lors @etreevaux nous avons eu I'occasion de voir
gue l'interprétation des mesures de fluorescendeade pouvait étre complexe dans le cas ou
le mélange présente des inhibiteurs du photosystieme
Quant aux approches physiologiques (rendement pyattoétique et activités enzymatiques
antioxydantes), nous avons vu qu’elles pouvaiem¢ @al adaptées et/ou difficiles a
interpréter dans le cas des contaminations chresigadaptation des communautés pour le
rendement photosynthétique et variabilité de lanép au niveau des communautés pour les
AEAS).

Lors de cette these, nous avons aussi pu metiggigence le potentiel de descripteurs encore
peu utilisés dans le domaine de I'écotoxicologiecakétude des courbes évaluant le taux de
transport des électrons en fonction d'une irraddarcroissante (courbes RLCs). Ces
descripteurs ont montré leur intérét puisqu’ilseat avéerés plus précoces que les parameétres
classiques de fluorescence,(R/Fn, et Ppg)).

En comparant les réponses du biofilm a une exposéux extraits de POCIS originaires du
Trec et a un mélange reconstitué basé sur la catigpodes produits majoritaires identifiés
dans les extraits, nous avons pu montrer que ¢ddraéchantillonnée par le POCIS, ramenée
a des concentrations environnementales réaliste#, @ sens et était pertinente en termes

d’effets biologiques.
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by

Enfin travailler & une échelle de représentativitéins importante vis a vis I'exposition
environnementale et/ou du temps d’exposition noperenis d’évaluer la toxicité relative des
composés majoritairement retrouvés sur le siteud&tprincipale (la Morcille). Nous avons
ainsi pu mettre en évidence I'importance de la éuféxposition considérée dans I'essai (en
lien avec le mode d’action des substances) et dwis® en compte des métabolites dans

I’évaluation du risque environnemental.

Le travail réalisé tout au long de cette théset sleac inscrit a différents niveaux de réalisme
en termes de contamination environnementale (reptatvité du cocktail en termes de
composés et de concentration) et de durée d’expogigxpositions aigués ou chroniques).
Ces expériences réalisées a différentes échellespdésentativité sont donc complémentaires
pour comprendre les effets des pesticides surdélrbi de riviere et ainsi pouvoir mieux

prendre en compte les pollutions toxiques dansliéation de la qualité des eaux.
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Annexe 1

Abstract

This study was undertaken to develop moleculasstambssess water quality using diatoms as
the biological model. Molecular approaches weraghesl following the development of a
rapid and easy RNA extraction method suited toodimst and the sequencing of genes
involved in mitochondrial and photosystem metalmlisSecondly the impact of cadmium
was evaluated at the genetic level by g-PCR onn@gjef interest after exposureEdlimna
minima diatom populations cultured in suspension undertroled laboratory conditions.
Their growth kinetics and Cd bioaccumulation wexkofved.

Population growth rates revealed the high impadcCdfat 100ug/L with total inhibition of
growth. These results are linked to the high biaaudation values calculated after 14 days
of exposure, 57.0 £ 6.3gCd/g dw and 734.1 + 7fgCd/g dw for exposures of 10 and 100
HgCd/L respectively.

Genetic responses revealed the impact of Cd onntiechondrial metabolism and the
chloroplast photosystem &. minimaexposed to 10 and 100 ugCd/L with inductiorcaxl,
12S,d1 andpsaAafter 7 days of exposure for the concentratiotGff pgCd/L and ohad5

d1 andpsaAafter 14 days of exposure for both conditions.

This is the first reported use of g-PCR for theeasment of toxic pollution on benthic river
diatoms. The results obtained presage interestmgppctives, but the techniques developed
need to be optimized before the design of new wguality diagnosis tools for use on natural

biofilms.

Key words
Eolimna minimaDiatom, Cadmium, Metal, Quantitative real timeRRC
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1.Introduction

Over the past decades, the ever increasing reldfaagricultural, industrial and domestic
waste led to a significant contamination of theiemment and particularly of the aquatic
compartment.

In regard to the resulting degradation of freshwatelity, various diagnostic tools have been
designed. In France, in collaboration with WatereAges and Environment Ministry
services, EMAGREF has developed several diatom indices to estimiateabwater quality
like the “Indice de Polluosensibilité SpécifiquePE, Cemagref 1982) or the Biological
Diatom Index (BDI, Coste et al. 2009), both roulynased for monitoring applications in
several European countries. Nevertheless, theaadiarrently used for general water quality
assessment - including the IPS and BDI - were asigthed to assess specific toxic alterations
(metals, synthetic organic pollutants) and arereatly suitable for a sensitive diagnosis of
this type of pollution. Thus, heavy metals are aftigular concern because of the different
toxic effects they can produce (Sauvant et al. 189i¢io et al. 1995).

Recent works have studied the responses of diatmmmainities to metal pollution, for
example Morin et al. (2008a) observed structurapaot at the community level and
morphological abnormalities in a metal-pollutedeam. Other studies assessed effects of
metal-induced oxidative stress on functional dgsors such as photosynthetic (Antal et al.
2004) or antioxidant (Branco et al. 2010) enzynte/aies.

However, studies assessing genetic responsestofrdido contamination exposure are still at
the early stage principally because of the laclawdilable diatom nucleotide sequences in
genomic databases and difficulties to access gemetierial. OnlyThalassiosira pseudonana
and Phaeodactylum tricornutum two marine diatom species - have as yet beemegnti
sequenced, and genomic information about freshvgatecies is still extremely scarce.
Extracting the genetic material of organisms isfitst step to obtain sequences of interest.
Diatoms require a particular approach for this bseaof their unique external structure.
Diatoms are unicellular algae and their most obwidistinguishing characteristic is their
siliceous cell wall called the frustule. Variouspapaches have been used to break the
frustule, but these are often time consuming (Whawti al. 2002) and/or need specialized
laboratory material such as a French press (Stabilal. 1990, Davis and Palenik 2008,
Hildebrand et al. 1998) or a MiniBeadBeater (Fawéy Fawley 2004). More rapid and
straightforward extraction methods are needed,ifspaty for diatoms. The expression of
many genes is involved in the response of organtentsxicants and can be disturbed by

them. Once inside the cell, metals can cause axelatress (Wang et al. 2004) affecting the
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way in which the mitochondria (Stohs and BagchiS)9® photosynthesis function (Knauert
and Knauer 2008). The mitochondrial superoxide disse $odMrn gene was selected
because of its involvement in antioxidant defencBse mitochondrial metabolism was
investigated using the cytochrome C oxidasex{) subunit and the NADH dehydrogenase
subunit 5 fad9 genes. In addition, the quantity of mitochondriahe cells was estimated
using mitochondrial 12S ribosomal RNA. D1 proteoil)( and PsaA proteinpéaA are
components of PS2 and PS1 respectively and wepztedl to investigate photosystem
metabolism. Cytochrome P450 1AdyplA) was selected as a biomarker for exposure to
polynuclear aromatic hydrocarbons. Two genes contynosed as references in numerous
genetic studies were selected as for study in arkvp actin @ct) and 18S ribosomal RNA.
Consequently, the first objective of this work wasdevelop a diatom-specific extraction
method and to shape molecular tools to select aqdesce genes of interest to assess metal
contamination. We used cultures Bblimna minima a metal-tolerant freshwater diatom
commonly collected within periphytic biofilm samplén running water and especially in
metal-contaminated areas (Morin et al, in pressi. &tention was particularly focussed on
genes involved in mitochondrial and photosystemalmaism and responses Bf minimato

a gradient of cadmium contamination was then chearaed using these selected molecular
tools. Cultures oE. minimawere exposed in the laboratory for 14 days to @GdiL or 100
HgCd/L. The moderate exposure corresponds to tiheeotrations reported in cadmium
polluted rivers like the river Riou-Mort (South WdZance) (Feurtet-Mazel et al. 2003) and
the highest is comparable to those reported in migidy polluted European rivers (lvorra et
al. 1999). Cell numeration, bioaccumulation andegierresponses were followed 1, 2, 7 and
14 days after contamination.

2.Materials and methods

2.1.Molecular methodological developments

2.1.1.RNA extraction method
In order to access the genetic material of diatomsiovel RNA extraction method was
developed. Designing an efficient method able teakrthe external silica wall of diatoms
without degrading the genetic material was a pras#g. For this purpose, cultures of the
diatom Eolimna minimawere grown in batches from axenic strains providgdhe UTEX

algal collection (Texas University, USA). The diatccells were cultured in sterile Dauta
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medium (Dauta 1982) with silica added to a finat@@ntration of 10mg/L in 3L Erlenmeyer
flasks. The cultures were maintained at betweearid 18°C in a thermostatic room with a
photon flux density of 160pumol:is® and a 12:12 h light:dark cycle. Fresh culturesewer
inoculated every seven days to promote optimal groef the diatoms until sufficient cells

were obtained.

30 mL (2.16 cells/mL) were removed from tHe. minimacultures and the cells harvested
after centrifugation at 3 863g for 5 min at roomngeerature. The cell pellet was transferred to
2 mL Eppendorf tubes and resuspended in 1 mL dhyigoyrocarbonate (DEPC) treated
water. Then, the diatoms were centrifuged agai4t9g for 5 min at room temperature and
the supernatant was removed. 1 mL of Trizol (imgen) and 30QL of glass beads (0.10 —
0.11mm-diameter, B. Braun Biotech Internationalyevadded to the cell pellet. Then the
sample was vortexed 3 times for 30 seconds, andsupernatant transferred into a clean
Eppendorf tube and placed in a water bath at 30tG fmin. After addition of 200 pL of
Chloro RECTAPUR (VWR), the sample was vortexed I6rs and placed in water bath at
30°C for 2 min. The tubes were centrifuged at 1ag3®r 5 min at room temperature and the
agueous phase containing the genetic materialnasferred into clean tubes. The end of the
extraction was realized using Absolultely RNA Mirgp Kit (Stratagéne) according to the
manufacturer’s instructions:

550 pL of 75% ethanol were added to the aqueousephthe sample was vortexed,
transferred to affinity columns and centrifuged fomin at 11 360g at room temperature.
Filtrates were removed, 600 pL of low-salt buffeeres placed on the column which was
centrifuged at 11 360g at room temperature for &. faipuL of DNAse 1 [1U] and 50 uL of
activity buffer were added to the column and plarced water bath at 37°C for 15 minutes.
600 uL of high-salt buffer were added to the column wvhweas centrifuged for 1 min at 14
500 rpm. 300 pL of low-salt buffer were added amel ¢column was centrifuged for 2 min at
14 500 rpm. The columns were transferred into ckedoes and 30 pL of elution buffer at
60°C were added and centrifuged for 1 min at 12y2&0room temperature. Total RNA was

analysed on 1% (w/v) agarose gel with ethidium bdentby UV light on an illuminator.

2.1.2.Reverse transcription of RNA
The first strand of cDNA was synthesised from 14 qfltotal RNA (3 to 5 pg) using the
Stratascript first strand synthesis system (Ag)leAtter the addition of 1 uL of oligo(dT)
[1uM], 1 pL of random primers [1uM], 0.8 pL of dNFR10mM] and 2 pL of 10x first-
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strand buffer the reaction was incubated for 5 atiB5°C. Then 1 pL of Stratascript reverse
transcriptase [1U/uL] and 0.5 pL of RNase inhibifor5U] were added, the reaction was
incubated for 1 h at 42°C in an Eppendorf Mastdesyd@ he cDNA mixture was conserved at

-20°C until it was used in a real-time PCR reaction

2.1.3.Cloning and molecular characterization of taeget genes
Genetic research focussed on seven genes involaedesponses to environmental
contamination and/or in which expression can pdg&ie disturbed by environmental factors
(sodMn nad5 d1, cox 1, psaA cyp 1Al and 12S) and for two reference genes (18Saaf)d
Primers were designed by performing ClustalW anglfrem protein or nucleic sequences
(12S and 18S) from marine diatoms and other phyletieally related aquatic organisms
available in NCBI databases. From these alignmgmisier pairs about 20-25 bp long were
designed in the most conserved regions for amatiba of fragments between 280 and 900
bp.
PCR reactions were performed using these primédmmMong the manufacturer’s instructions.
After the addition of 1 pL of dNTP [10 mM], 8L of MgCl, [25 mM], 0.2 uL of Taq
[5U/uL], 10 uL of activity buffer 5X, 0.5uL of each primer (upstream and forward primers)
[100 uM], 34 uL of DEPC treated water andul of cDNA, 40 PCR cycles at 94°C for 1
min, 55°C for 1 min and 72°C for 1 min were caraut in an Eppendorf AG thermocycler.
PCR products were analyzed on 1% (w/v) agarosevigelethidium bromide. The ethidium
bromide stained bands were revealed by UV lighamiiluminator.
After a purification step using the PCR purificatickit (Qiagen) according to the
manufacturer’s instructions, cDNA was cloned wiGBEM®-T, (PROMEGA).
Successful insertion of the fragments was checked®®R using T7 and SP6 universal
primers following the manufacturer’s instructios (cycles at 94°C for 1 min, 50°C for 1
min and 72°C for 1 min.). All the partial gene seqces obtained were submitted to GenBank
under the accession numbers reported in Tablel.

2.1.4.9-RT-PCR primer design and real time g-PCR
For each gene, specific g-RT-PCR primer pairs ¢tab) were determined using the
LightCycler probe design software (version 1.0, kg)c
Real time PCR reactions were performed in a Ligbt€y (Roche) following the
manufacturer’s instructions (one cycle at 95°CXanin and 50 amplification cycles at 95°C
for5s, 60°C for 5 s and 72°C for 20 s).
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Each 20 pL reaction contained 1 pL of activity lkuoff(Syber Green | (Roche)aq
Polymerase, dNTP), 3.2 pL of MgGR5uM], 2 uL of the gene-specific primer pair direal
concentration of 300 nM for each primer, 12.8 pL@EPC-treated water and 1 pL of cDNA.
Specificity was determined for each reaction fréwa dlissociation curve of the PCR product.
This dissociation curve was obtained by followihg SYBR Green fluorescence level during
gradual heating of the PCR products from 60 to 95°C

Relative quantification of each gene expressiorllevas normalized according f&actin
gene expression. Relative mMRNA expression was gateusing the 22CT method (Livak
and Schmittgen 2001).

Table 1 Accession numbers and specific primer pairstierdE. minimagenes used in our study.

Gene name Accession number Primer (5’-3)

sodMn HM 449706 GGTAGTAGGCGTGCTCCE
CCAGGACAACCCGCTE

cox1 HM 449704 CAGTAATTCTCACTGCCCAGC
CCGTGTACCCACCGTT®

nad5 HM 449708 TCAACTTGGTTTGCATACATGGC
TTGAACTAATCCTGTTGTGGAAGC

di HM 449711 ACCACCAAATACACCAGCAAC?
GCGTCCTTGGATTTTCGTAGE

psaA HM 449705 CATAAAGCGGCACCCAAAC?
CTTGGATATAACTGACTCATTAACTCAGG®

cyplAl HM 449709 ACGAAGGAGTCTCCCATCA
CTTGGCCCGAACGATCAG

act HM 449707 GGCTCCACAAAACCCCAAG
GGCGTACCCCTCGTAGAT

12s HM 449710 CGCGGTAATACGGAGGATGE
AGTGCCTTCGCCATCGG

18s HM 449712 CATTGTCAGAGGTGAAATTCTTGGA
CCCCGGAACCCAAAAGT

Abbreviations: sodMnmitochondrial superoxide dismutasegxl-cytochrome C oxidase subunit I;
nad5NADH dehydrogenase subunit §1-D1 protein;psaAPsaA proteingcyplAtcytochrome P450

1A1; act-Bactin, 12smitochondrial ribosomal RNA 129:8sribosomal RNA 18SUpstream primer.

"Forward primer.

2.1.5.Determination of sensitivity limit
In order to optimize the RNA extraction method, sle@sitivity limit was quantified.
Ten dilutions ofE. minimacultures were prepared to obtain theoretical numloé cells
ranging from 1.8x10cells to 1.8 cells (1.8x1p9x1(; 1.8x10; 9x10; 1.8x1C; 1.8x1d;
1.8x10; 1.8x1d¢, 18 and 1.8 cells). Extraction and reverse trapson of RNA were
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performed as described previously on these diffesamples. The resulting cDNA was used

for g-PCR withcox1andact specific primer pairs as described above.

2.2.Experimental protocol to assess cadmium effacEolimna minima

2.2.1.Exposure conditions
250 mL ofE. minimaculture in suspension in modified Dauta mediumengaced in 500-ml
Erlenmeyers to reach a final concentration Sfddis/mL. The organisms were directly
exposed to three Cd concentrationsH; G=10£3.2 and &=96+34.2 ngCd/L, mean values
+ standard deviations over 14 days, from Ca@lick solution, prepared from a 1000 mg vial,
Merck, Germany). The cultures were maintained avéen 16 and 18°C along the 14 days of
exposure with a photon flux density of 59.19 + 7i#Bol.m?%s* and a 12:12 h light:dark
cycle. The Erlenmeyer flasks were closed with Eewtton wool and kept on an orbital
shaker (60 rpm). Triplicate flasks were collectedach of the four different sampling periods
(after 1, 2, 7 and 14 days of exposure to Cd) heath 36 different experimental conditions.
Thus 7.5 mL of culture were sampled after the expodurations assigned for water Cd
analyses, intracellular and total Cd concentragivalyses and cell counting. Simultaneously,

three 100 mL replicates were sampled for genetityars and stored at - 80 °C.

2.2.2.Cd analysis
Cadmium concentrations in water and in diatom ogtse determined by atomic absorption
spectrophotometry (AAS) using a graphite tube asemiafter filtration through a GH
polypropylene membrane (0.45 pum pores, 25 mm dem&ALL) for diatom cell Cd
concentration and on a 0.45um Teflon filter (froAS} for Cd concentration in water. The
analytical method was simultaneously validatedefach sample series by analysing standard
biological reference materials (TORT 2, Lobster dtepancreas; DOLT 3 dogfish liver;
NCR/CNRC, Ottawa, Canada). 3 mL of nitric acid (65 O3) were added to reference the
material before digestion in a pressurized mediborgsilicate glass tube) at 100°C for 3 h.
15 mL of ultra pure water were added and samples stered at 4°C before analysis.
Samples used for intracellular cadmium determimatiithin diatoms were treated first with
EDTA (10 mM) a strong metal complexing ligand remove the metal ions adsorbed to the
diatom cell walls (Behra et al. 2002). In thisesaa drop of EDTA was added to each 2 mL
sample and filtered after 10 min. Samples useddt@ cadmium determination in diatoms
skipped this step. After 24h at 44°C, all samplesendigested by nitric acid (3 mL of 65%
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HNOg3) in a borosilicate glass tube at 100°C for 3 he Hamples were then analysed by

atomic absorption spectrophotometry as describedqusly.

2.2.3.Diatom cell density
1.5 mL aliquots were immediately fixed in forma(Bi7% formaldehyde, Prolabo, Frande)
counting. Each sample was counted in triplicategisi Nageotte counting chamber
(Marienfeld, Germany)After 10 min ultrasonication, 200 pL of samplerevplaced on the
counting chamber. The total number of individuald ¢he number of dead cells were
recorded in 4 fields of the gridded af@a25uL each, 0.5 mm depthinder light microscopy
at 400x magnification (Leitz photomicroscope). Distion between dead and live organisms

was estimated by the observation of the turgescandeolour of the chloroplast.

2.2.4.Statistical analysis
Statistical analyses were performed with R 2.1Xthai the Linear Mixed Effect model
(library nlme). Homogeneity of variances was verified by Levest tand Fisher's LSD was

calculated.

To assess the effects cadmium Bn minima by the molecular tools described above,
expression of the nine target genes sequencedsrstildy was examined. The expression
levels of the nine genes involved in antioxidarfiedees, or mitochondrial or photosynthetic
metabolism were investigated by quantitative remetPCR as described previously using the
g-PCR primers designed in this study.

3.Results and discussion

3.1.Methodological developments

3.1.1.Extraction method and optimization
Electrophoresis revealed the presence of largetigeanof g-PCR amplification products,
underlining the efficiency of this method for bresk open the silicate frustules while
preserving the RNA. Moreover, the analysis of icgtes from the cadmium exposure
experiment by g-PCR showed the regularity in thheghold cycle of most of the genes (apart
from 18S and 12S see below). As shown in figurgeten of the nine genes studied showed a

percentage of variation within triplicates of und®6. This homogeneity reveals the high
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efficiency of the extraction method and suggestom@stant basal level in RNA production

from these genes iB. minima

Figure 1 Average variation of threshold cycle within trgaltes in percentage over the
cadmium exposure experiment for the nine genesestud
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In order to optimize the extraction protocol, thensitivity limit was determined by
performing g-PCR withact and cox1 g-PCR primers. Analysis of dissociation curveghef
different amplification products revealed the aringdition of cDNA for an initial number of
cells in the range 1.8xiGo 1.8x16. Below this number no amplification was detected
through lack of sufficient genetic material. As tménimal number of cells needed to obtain
g-PCR amplification was determined at 1.8%&6lIs for the diatonk. minima,the minimum
number of cells used in subsequent g-PCR analyses fixed at 10 cells. The RNA
extraction method developed in this study showgdigh efficiency in the extraction of total
RNA for the diatomE. minima Moreover the method is simple and only requitesdard
laboratory equipment, which is an important advgeteompared to existing methods that can
require expensive and/or specialised apparatusegttact RNA like a French pressure cell
press (Hildebrand et al. 1998) or MiniBeadBeateaw{ley and Fawley 2004). The RNA
extraction method developed is also rapid compaoeéxisting methods using a muffle
furnace overnight (Wawrik et al. 2002). Moreovée tnethod has been successfully tested on
some quite different diatom specieAclinanthidium minutissimurand Nitzschia palep
suggesting it will be applicable to a large rangdiatom species.
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3.1.2.Nucleotide sequence accession number andRjgrithers
The 9 genes of interest selected in our study veerecessfully cloned and sequenced,
accession numbers of sequenced genes and g-PCRrerare shown in table 1. cDNA

sequences of the 9 genes have been deposited@etitgank database.

3.2.Effects of cadmium oBolimna minima

3.2.1.Cd water concentrations in solution
Cadmium concentration in water for the three dédfertreatments is plotted against time in
Figure 2. During the 14 days of exposure, mean@dentrations in water were 10+3.8/L
and 96+34.2ug/L for nominal concentrations of 10 and 100 pgCddspectively. The
cadmium concentrations in water were very staldenfdays O to 7 in both(J11.5+0.6
ugCd/L) and G (111.3£3.8ugCd/L) treatments. A strong decrease occurred gmaam
concentrations on day 14 with values falling to+4.3igCd/L and 35.2+14.21gCd/L for
treatments €and G respectively. This is unlikely to be explained rogtal adsorption onto
the surface of the experimental units, as no dsereas observed during the first seven days
of exposure: bioaccumulation of cadmium by diatasisnore likely responsible for this
decrease, as shown by the following results.

Figure 2 Cadmium concentration in water + standard desiatiersus exposure time for the
3 treatment$Co=0, G;=10 and G=100ugCd/L). Full and empty triangles represent
contaminated conditions. Full squares represertraaneatments.
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3.2.2.Effect of cadmium on the growtbHEoiminima
The number density, over the 14 days of direct sMpoto the three different concentrations
of cadmium, is plotted in Figure 3. Statistical lges revealed that growth was not
significantly different in controls and with a Carxentration of 10.0+£3.2 pg/L over the
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whole duration of the experiment. Besides, Goldakt(2003) and Duong et al. (2008)
observed a high proportion of small, adnate speties Achnanthidium minutissimuym
Encyonema minuturand E. minimain stations contaminated with around 6 pg/L cadmiu
This suggests the tolerance of these species tolévgls of cadmium and thus their ability to
develop in cadmium-contaminated conditions withuahb10 ugCd/L. Nevertheless, densities
in contaminated samples were on average lowerithaantrol treatments throughout the 14
days of exposure. It could be interesting to stpdgulation kinetics over a longer period to
see if, after 14 days of exposure, significant etéghces are observed between the C
treatment and the control as observed by Morinl.e2808a) who reported differences in
biofilm diatom densities between control and 10 gfScontaminated treatments only after 6
weeks of exposure.

Significant differences in cell densities were olkable from day 7 between the controls and
the series with the highest contamination of cadmi@ 900 000 + 250 000 cells/mL for
control versus 1 300 000 £ 500 000 cells/mL). Aftdr days of exposure, the diatom cell
density was 3.2 times higher than with the contrehtment (4 200 000 = 390 000 cells/mL
versus 1 300 000 = 280 000 cells/mL). Moreovertatragrowth was null with treatment,C
Our results are in accordance with those of Tootr1003) who studied the acute effects of
Cd onAchnanthidium minutissimunior thisspecies, referenced as pollution resistant, the
rate of growth was null after 14 days of exposor&Q0 pgCd/L.

Figure 3 Total density oEolimna minimat standard deviation versus exposure time for the
3 treatment$Cy=0, C=10 et G= 100ugCd/L), significant differences between a and bdjue
<0.05).Solid and open triangles represent contaminataditons. Solid squares represent
control treatments.
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Similar results were observed at the communitylleMerin et al. (2008b) exposed bioflms in
microcosms to 10 and 100 pgCd/L for 6 weeks anembs a significant reduction in diatom
density for biofilms exposed to the higher concatdn compared to the control and the low

cadmium contamination treatment.

3.2.3.Cd bioaccumulation in diatoms
Intracellular and total bioaccumulation are notegivfor days 1 and 2 after exposure because
of the insufficient quantity of cells in the samgldntracellular and total Cd concentration in
diatoms after 7 and 14 days of exposure to therdifit treatments (0, 10+3.2 and 96+34.2
HgCd/L) are reported in Figure 4.
Intracellular and total bioaccumulation increasigghisicantly between days 7 and 14 for the 2
contaminated treatments. For the lower contaminatancentration (¢, the intracellular and
total concentration increased from 3.6+1.8 to 5%.3;1gCd/g dw and from 6.4+3.4 to 57+6.3
ugCd/g dw respectively. For the higher contaminajoessure (), there was an increase
from 5.6 £ 2.7ugCd/g dw to 430.1 = 86.49Cd/g dw and from 11.4 + 3.0 to 734.1 = 70
ugCd/g dw respectively, this latter value is in aege of literature values (Morin et al.
2008a, Duong et al. 2008). The increase in cadnhmio@ccumulation with exposure time was
also shown in environmental samples by Duong et(2008). The cadmium content in the
biofilm increased gradually for days 14 and themamed constant. This could be due to the
saturation of binding sites in the biofilm leadit@a limitation of Cd accumulation. In our
experiment it is difficult to estimate if the sation phase is reached after 14 days of
exposure. In order to determine the kinetics olirsdion and the saturation value fér
minima experiments will have to cover a longer period wahconstant contamination

pressure.
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Figure 4 Intracellular and total Cd bioaccumulationEnminimacultures for the two exposure times
and three treatments (€D, G=10 and G= 10QugCd/L) in pg Cd/g dw. Significant differences
between a, b, ¢, d and e (p value <0.05). White bepresent control treatments, grey bars represent
C, treatments and black bars representtr@tments. Full and hatched bars represent totdl
intracellular cadmium bioaccumulation respectively.
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After 7 days of exposure a significant differenaecwored between the controls and the
cadmium-contaminated treatments, but no such dififee appeared between moderate and
high contamination (€and G) or between intracellular and total bioaccumulatio

After 14 days of exposure, total bioaccumulatiortha controls was significantly different
from that in the cadmium-contaminated treatmepts (0.008 andp < 0.001 respectively).
Total bioaccumulation was significantly higher thamracellular bioaccumulation for
contamination €(430.1 £ 86.41gCd/g dw versus 734.1 + 7@Cd/g dw).

The high values of cadmium bioaccumulated andatgelincrease between days 7 and 14 for
the higher Cd concentration could so explain thal tmhibition of growth observed for this
treatment.

The ratios of adsorbed to absorbed cadmium ardculiffto estimate owing to the
heterogeneity of the results except for exposuré®0 pgCd/L after 14 days. In order to
evaluate this difference better for shorter periadd loweiconcentrations, sampling volumes
would have to be increased. In our study howevereasing sample volumes from 2 to 40
mL still led to very low dry weight measurement®t{been 2 and 6 mg for day 7 and 14)

increasing the incertitude of measurement and ®rior bioaccumulation calculations.
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Therefore particular attention must be paid to \tbRimes tested when diatom cultures are

considered.

3.2.4.Gene expression levels
In our study, two genes were selected as potergferencesf-actin and 18S ribosomal
RNA. Both are widely used as references in g-PCRlyaes. The average percentage
variation in the threshold cycle (Ct) of 18S ribosd RNA within triplicates was 13.7%
against 4.9% fop-actin (figure 1). The Ct value was defined asribmber of cycles needed
for the amplification signal to reach a specificte¢ion threshold, and so is inversely
correlated with the amount of cDNA template preserihe PCR amplification reaction. The
low stability and the high abundance of 18S rRNAlenined by our results (figure 5) shows
the unsuitability of this gene as a reference. €quently, 18S was finally not kept as a
reference gene in our experiments. On the othed,faactin showed a high regularity and
high threshold cycle values and was thus definecefgsence gene in our study. 18S rRNA
has also been described as a poor reference gestbanspecies such as buffaBupalus
bubalig (Castigliego et al. 2010) or humans (Raddaetial. 2004). A recent study underlined
this point; Siaut et al. (2007) reported that 1&NA was a very poor reference gene for
Phaeodactylum tricornutuma marine diatom. Here, we chofeactin as reference gene
owing to the stability of its expression, althougjiaut et al. (2007) show that tfeactin level
appears to be tightly correlated to light with aorease during the light period. In our study,
however, the photoperiod was controlled and sargpfiarformed at a fixed time, which
avoided this source of error and allowed us tofi+gaetin as reference gene. Nevertheless it
would be interesting to study other reference gexseproposed by Siaut et al. (200A¥(

RPS CdkaandTBP) for future analyses and particularly in field sdes.
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Figure 5 Expression of the two potential reference ge@&dndactin all treatments.
MRNA levels of each reference gene is shown inlates€t values during the 14 days of the
experiment. Closed and open circle represent 18aetmespectively.
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Expression of genetic levels during the 14 daysxgosure to cadmium at 10.0£3.2 and
96.0£34.2 pg/L are shown in table 2. During the days, an impact resulting in the
amplification of 5 of the genes studied was obsgr@xl nad5 di1, psaAand 12S).
Different genetic responses are expressed as adoraf time and concentration of exposure.
Differential genetic expression revealed an effent mitochondrial and photosynthetic
metabolism, observed after 7 days of exposure ainliye highest contamination pressure, and
for both contamination pressures on day 14.

After 7 days of exposure;ox], dl, psaA and 12Swere up-regulated for the exposure
concentration of 96.0+34.2 ugCd/L. After 14 daysexposure, there was a strong up-
regulation ofnad5 d1 and psaA for both concentrations. Moreover, a large diffee
occurred between the 2 treatments: expressioradh d1 andpsaAwere 4, 12 and 19 times
higher respectively for than G. We can also see that responsedléndpsaAin the G
treatment increased with exposure time by a fawtdr4 and 6.4 respectively between days 7

and 14.
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Table 2 Differential gene expression as compared to datim E. minimaafter 1, 2, 7 and 14 days of
cadmium exposure to 10 and 0§Cd/L by direct route.

Functions Genes Cadmium contaminated experimentalnits
C1 (10.0 + 3.219/l) C2 (96.0 + 34;@y/l)
1 2 7 14 1 2 7 14
Mitochondrial coxl / / / / / / 9.5 /
metabolism nad5 / / / 2.5 / / / 9.5
12s / / / / / / 15 /
Oxidative stress sodMn / / / / / / / /
Photosynthesis  d1 / / / 2 / / 55 24
psaA / / / 2.5 / / 7.5 48
Xenobiotic
metabolisation cyplAl / / / / / / / /

®Significant induction and repression factors achdated by positive and negative values, respdgtive
compared to the contr@.minima / : identical to control levels.

The disturbance in the expression of the cytochr@noxidase ¢ox1) subunit and the NADH
dehydrogenase subunit Bad5 observed in our study suggests an impact on hntadrial
metabolism. This is in accordance with data inlitezature. Indeed, after entering the cell,
cadmium can inhibit electron transfer in mitochaaldrespiration, and also lead to the
formation of reactive oxygen species (ROS) (Wangle2004, Gonzalez et al. 2006). The
oxidative stress generated then brings about DN@aks and induction of apoptotic
mechanisms leading to cell death (Bagchi et al02@han and Cheng 2003). Nevertheless,
the ratio cox142S was constant throughout the experiment indigathat the number of
mitochondria increases to maintain the level of Ap#duction. This increase afoxl
expression has already been reported in zebrBfsio rerio (Gonzalez et al. 200&}lectron
microscopy studies also in the zebrafish have shaxitensive disturbance of the
ultrastructure of the mitochondria after metal esqpe to methyl mercury (Cambier et al.
2009). In future work it will be of particular imest to use electron microscopy to viéw
minimaafter Cd exposure so as to be able to evaluatagkma the mitochondrial level.
Secondly, with regard to the up-regulation pgfaA and d1 after 7 days of exposure to
100 pgCd/L and after 14 days for the two contanmmalevels, it is clearly shown that the
photosynthetic system &. minimais strongly affected by exposure to cadmium. Thpact

of metals on the photosystem is well known and basn studied in numerous works.

Photosystem inhibition has been reported by Sudd. €2008) at physiological and genetic
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levels with, in particular, repression @f andpsaAin rice leaves after copper stress. Horcsik
et al. (2007) studied the effect of chromium on RS&vities inChlorella pyrenoidosaells:
they showed the inhibition of PS2 by photodestarctf reaction centres in cells cultivated in
the presence of chromium. At the ultrastructuraiele Ouzounidou et al. (1997) showed
damage to chloroplast structures with changes enstimpe and thickness of the thylakoid
membranes in wheat (jiticum aestivuni.) after exposure to 26 Cd/L for 7 days.

Moreover, the impact at the genetic level undeditg the up-regulation afad5 d1 and
psaAafter 14 days of exposure revealed effects at agbdentration of 10 pg/L. This result
is of particular interest because, at a more iatidgr level of population kinetics, this effect
was not noted. Overall, the above findings stréssitportance of considering molecular
markers when studying pollution because of the ni@hy higher sensitivity and the earlier
response of genomic markers to toxic pollution cared to more global endpoints like
mortality or population kinetics.

No significant difference in genetic expressionelewvas observed for the germgplAlor
sodMnduring the experiment, at either of the conceiunattested. Mitochondrial superoxide
dismutase is known to be involved in the oxidatteess response and several studies have
shown the up-regulation of this gene after metatamination. For example Gonzalez et al.
(2006, 2005) demonstrated the up-regulatioeaafMnin the gills of zebrafish after 7 days of
direct exposure to 86 + 0.26 pgCd/L and in anosiedy in skeletal muscle and liver after 21
and 63 days of dietary exposure to methyl mercorgdncentrations of 5 to 13.5 pgHg/g dw.
In our work, this up-regulation was not observesljesal hypotheses can be proposed: the
sampling rate may be unsuitable and/or other engyshthe oxidative stress response may be
involved such as catalase, glutathione peroxidisetber types of superoxide dismutases
(sodFe, sodCu/Zn or sodNi). Other authors haveiedudntioxidant enzyme activities, for
example Branco et al. (2010) observed an increasatalase activity compared to controls
after 5 days of exposure to Cd from 100 to 300 g®a the diatomNitzschia paleand in

the global superoxide dismutase activity for comicgions from 200 to 300 ugCd/L. In a
field study, Bonet et al. (2010) showed a clearhition of glutathione-S-transferase at high
metal exposure and no difference in superoxide aliase activity between sites impacted by
metals at different levels.

For future analyses it will be interesting to satges genes coding for catalase, gluthatione
peroxidise, glutathione-S-transferase and the athperoxide dismutases (sodFe, sodCu/Zn
or sodNi) in order to study their responses to ietgosure together with enzymatic

activities. Cytochrome P450 1Al plays a role in thetabolism of organic compounds such
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as PAH or pesticides, which explains the null geneisponse observed in our study after
cadmium contamination. This gene has been studiddjd?CR primers have been developed
for use in future analyses for diatom exposureotopounds like PAH or PCB.

4.Conclusions and perspectives

In this study, a new glass-bead RNA extraction égple for diatoms was successfully
developed and optimized. Nine genes of interestewsrquenced foEolimna minima
allowing the application of g-PCR tools to this cips.
Our results underlined the toxicity of Cd towaklsminimapopulation kinetics only for the
highest concentration, while g-PCR analyses redeateimpact on mitochondrial metabolism
and the chloroplast photosystem for both Cd exmosoncentrations. Genetic expression of
nad5 cox], 12S,d1 andpsaAby g-PCR could thus constitute an early warnirgmarker of
metal pollution. Future studies should investigstguences of genes coding for catalase or
glutathion peroxidase in order to study the respdaxidative stress.
The present study is the first reported use of &R@ river benthic diatoms and the results
obtained are extremely promising. The techniqueldeed were successfully tested using
simplified mixtures of diatom species. Further iatging steps for the early and sensitive
assessment of metal pollution would firstly involvalidating the results obtained by
examining sensitivers tolerant diatom species response levels, thernnindr confirming
genetic biomarkers for use on natural multispediiizfilms for impact assessment of toxic

pollution.
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Contrasted genetic responses of three freshwater di atoms
under realistic exposures of diuron
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P.
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Abstract

This study is based on three major freshwater speaf diatoms encountered in the river
Morcille, which are exposed to diuron during phwoisary treatments of vineyard in this
region:Eolimna minimaNitzschia paleandPlanothidium lanceolatum.

In order to assess the impact of pesticides, diataere exposed to three concentrations of
diuron: 0; 1 and 10ug/L (respectively,GC; and G) during fourteen days in laboratory.
Diuron water concentrations in solution, cell nuatiem, photosynthetic activity and genetic
responses were followed 6h, 2, 7 and 14 days efteiamination.

Results revealed the toxicity of diuron through theasurements of the optimal quantum
yield of the photosystem Il (PSIl) (decrease otd®0%) and the growth kinetics (complete
inhibition of growth forPlanothidium lanceolaturat 10ug/L).

Genetic responses evidenced the impact of diurothermitochondrial metabolism and the
chloroplast photosystem Il (main target of diuron)the three species exposed to 1ug/L and
10ug/L of diuron. Thus, the analysis of the genpression ofpsaA, d1, cox1l, naddnd 12s
constitute an early biomarker of alert to detedtigeles pollution.

This study revealed different levels of toleraneessbility facing diuron contamination for
the three specie€olimna minimaand Nitzschia paleaappeared to be more tolerant than
Planothidium lanceolatum

The results obtained show that the development @é&cnlar tools and more precisely the

biomarkers is an asset to assess organisms’ cardtioni and water quality.
Key words

Diatoms, Eolimna minima Nitzschia palea, Planothidium lanceolatumesticides, Diuron,

Pulse-amplitude modulated fluorescence, Quantéatal time PCR.
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1.Introduction

The EU Water Framework Directive (2000/60/EC) regsliEuropean countries to assess the
ecological status of water bodies. This policy oégervation and restoration of aquatic
ecosystems aims to achieve good ecological stdtuster bodies by 2015. Thus, tools and
evaluation methods of contamination, also as treratterization of the ecological impacts
associated with aquatic system must be improved.

The ever increasing agricultural activities ledth@® contamination of surface and ground
waters, creating strong, long-lasting degradatiohsaquatic ecosystems. Thus, streams
running through these polluted areas are very BlEn$d contamination by phytosanitary
compounds, like diuron, which is frequently foumndrivers in France and all through Europe
(Loos et al., 2009; SOeS, 2013). Furthermore, titrofexceeds the maximum acceptable
concentration of 1.8 pg/L fixed by the WFD, everidiron is prohibited in most European
countries, including France, since 2009.

In streams and rivers, the majority of microbiatiaty is due to periphytic communities
which are key players in the general functioningaqtiatic ecosystems and more precisely
diatoms, which during certain time of the year esent the majority of periphyton (Mclintire,
1996). Because of their position at the basisagtic food webs, they play an important role
in major ecological processes such as photosysttasil nutrient recycling. Furthermore,
their capacity of adaptation and tolerance towanagronmental factors (light, temperature
...) and aquatic pollution, made them relevant bimatbrs (Potapova and Charles, 2002).
Indeed, facing environmental pressure, communitees adapt irreversibly or temporarily,
leading to structure, diversity and function change

Over the past decades, the development of the ‘&naidowed to highlight, via molecular
biology approaches, new genetic descriptors caldgmmarkers. Facing environmental
pollutants they are assets to determine the celimpacts associated but they can also help to
define better the levels of contamination likelyhi@ve toxic effects on communities. The use
of these new genetic descriptors is currently lagkifor the freshwater microalgal
compartment. Thus, only few nucleotide sequencesliatoms are available in genomic
databases and only two marine diatom species hetveegn entirely sequenced (Armbrust et
al., 2004; Bowler et al., 2008). Pesticides petietnan cells can induce oxidative stress that
might be responsible of DNA breakage or might affextochondrial and photosynthetic
metabolisms and induce apoptotic mechanisms leadirngll death (Fukuyama et al., 2009;
Rutherford and Krieger-Liszkay, 2001; Slaninova at, 2009). The use of molecular

descriptors reflecting these damages could helpalezarly and specific cellular effects. Kim
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Tiam et al. (2012) successfully used these desecsptin cadmium experimental
contamination and highlighted their sensitivity aedrly response compared to more
integrative levels (growth rates). Furthermore,ytitan complete index methods based on
identification of the structure of diatoms commigst still insufficiently sensible to toxics.
This study was undertaken on three freshwater mistocommonly encountered on the
Morcille River (Beaujolais) which are exposed tesf@des during phytosanitary treatments
of vineyards in this region, in particular to diargMorin et al., 2010). This herbicide,
belonging to the substituted urea family, targbts photosynthesis processes by preventing
the formation of oxygen. Diuron binds with high iaffy at the Q@-binding site of the
photosystem |l, preventing gQfrom binding at this location and blocking the atten
transport chain (Zer and Ohad, 1995, Trebst andéral986). Although its persistence in
soil is low (< 1 year), it may last in water moteam three years. This substance is mainly
detected in the aquatic compartment due to saihieg and overland flow (Brignon, 2007).
Consequently, an objective of this work was to ahtarize and study genes involved in
mitochondrial and photosynthetic metabolisms. Tésponses oEolimna minima(Grunow)
Lange-Bertalot, Nitzschia palea (Kutzing) W.Smith, and Planothidium lanceolatum
(Brébisson ex Kutzing) Lange-Bertalot to diuron evassessed in the laboratory during 14
days exposure to O, 1 or 10 pg/L of diuron. The enatt exposure corresponds to
concentrations frequently reported in rivers likee tMorcille River and the highest is
comparable to those reported during phytosanitagtient episodes (Rabiet et al., 2010).
Diuron concentrations, pulse-amplitude modulatedioréscence measurements, cell
numeration and genetic responses were followed @rsho2, 7 and 14 days after
contamination. Specific genetic developments werfopmed on target genes for the diatom
species; these new genetic descriptors were expaztespond earlier, and more efficiently,

than current diagnostic tools used for water qual#tsessment.

2.Materials and methods

2.1.Experimental protocol to assess diuron effeat&olimna minima, Nitzschia palesnd

Planothidium lanceolatum

2.1.1. Algal cultures
Three freshwater species were chosen for the sthithe impact of diuronEolimna minima,
Nitzschia paleaandPlanothidium lanceolatuniThese diatoms are found in abundance at the

site of study, the Morcille River (Beaujolais), ame easy to cultivate in laboratory.
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Eolimna minimawas collected and isolated from periphytic biofisampled in the Morcille
River. Nitzschia paleaand Planothidium lanceolatum,solated from freshwater lotic
environments, were provided by the Thonon CultuodieCtion (http://wwwe6.inra.fr/carrtel-

collection/, strains reference numbers, respectiVelC583 and TCC615).

2.1.2. Exposure conditions
250 mL of each culture of diatoms, in exponenti@vwgh phase, was suspended in 500-mL
Erlenmeyer flasks, in modified Dauta medium (supmated with silica to a final
concentration of 10 mg/L) (Dauta, 1982), to reachnétial concentration of 12.f@ells/mL.
The organisms were directly exposed to three ndncimacentrations of diuron (€0, G=1
and G=10 pg/L) over 14 days, from diuron stock solutidmg/L, dilution in ultrapure
water).
The cultures were maintained between 20 and 226@gathe 14 days of exposure with a
photon flux density of 58+8 pmol:fis* and a 12:12 h light:dark cycle. The Erlenmeyer
flasks were closed with sterile cotton wool andtkap an orbital shaker (60 rpm). Triplicate

flasks were set up leading to a total number o&@¥erimental units.

2.1.3. Sampling and kinetic times
Diuron impact on diatoms was assessed after 6 haursand 14 days of exposure (thereafter
called 6h, D2, D7 and D14). At each sampling dateL of culture suspension were sampled
for water diuron analyses, 2 mL for cell countirtgmL for pulse-amplitude modulated

fluorescence measurements and 35 mL for genetlgsaasia

2.2.Laboratory analysis

2.2.1. Diuron analysis

6 mL of culture suspension was filtered with regated cellulose membranes (0.45 um)
(Whatman, Versailles, France), and samples weredtat 4°C. 6 mL filtered samples from
C, were preconcentrated to 1 mL with a SpeedVab2RP (Thermo), whereas a dilution of
the filtered samples from Qvas performed. Whatever the sample, an aliquot ofL1was
spiked with 10 pL of a diuron-d6 (Dr. Ehrenstor@@mbH, Augsburg, Germany) solution (1
ng/pL) as internal standard, prior to the analygth a liquid chromatography coupled with
tandem mass spectrometry (HPLC-MS/MS). The chrographic separation was done on a
Gemini-NX C18 3um, 110A, 100mmx2mm equipped with SecurityGuard from
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Phenomenex (Le Pecq, France) and an HPLC Ultin@28 8ionex, Voisins-le-Bretonneux,
France), the quantification was carried out witkriple quadripole mass spectrometer API
2000 (AB Sciex, Les Ulis, France). The two eluemése acetonitrile (A) and ultrapure water
with 5 mM ammonium acetate, and a linear gradieas wsed: 10 % of A for 1 min, then 30
% of A after 4 min, 40 % of A after 8 min, 80 % Afafter 9.5 min, followed by 80 % of A
until 10.5 min, a decrease of A to 10 % after 1h.mastly, the initial composition (10 % of
A) was maintained for 4 min. The total running timel5 min and the flow rate was kept
constant at 400 pL/min. Selected reaction monitprigBRM) mode was used for
guantification of both diuron (233>72 and 233>46\BRansitions) and Diuron-d6 (239>78).
Sample injection volume was 50 pL. Further detadgarding sample preparation and
analysis can be found elsewhere (Lissalde et 8l11P Instrumental quantification and
detection limits were respectively 1 ug/L and OggLu

For the samples with a concentration between tlamtiication and detection limits, a one-

half value of the quantification limit was usedlie statistical analyses (Helsel, 1990).

2.2.2. Diatom cell density

The 2 mL aliquots were immediately fixed in fornma(87% formaldehyde, Prolabo, France)
for counting. Each sample was counted using a Nsgemunting chamber (Marienfeld,
Germany). After homogenisation using a vortex, 200 of sample were placed on the
counting chamber. The total number of individuafsl ahe number of dead cells were
recorded in 10 fields of the gridded area (luR%each, 0.5 mm depth) under light microscopy
at 400x magnification (Olympus BX51 photomicroscopgistinction between dead and live
organisms was estimated by the observation ofutgescence and colour of the chloroplast
as described in Morin et al. (2010).

2.2.3.Photosynthetic efficiency
The optimal quantum vyield of photosystem H/F,) was measured using Pulse Amplified
Modulated fluorometry (PhytoPAM, Heinz Walz GmbHem@any).F,/F, was measured
after 30 min of dark adaptation and is describetheyGenty et al. (1989) equation:
Fu/Fm = (Fm-Fo) / Fm
with Fo the minimum fluorescence determined after a waeakdd modulated light arfé,

the maximum level of fluorescence measured durisgtarating white light pulse.

2.2.4.Genetic analysis
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2.2.4.1. RNA extraction method
In order to access the genetic material of diatd®MA extraction was performed. The Falcon
tubes containing the samples were put in a watdr #a25°C to defrost then centrifuged at
1850 g for 7 min at room temperature. The supematas removed and the cell pellet of
diatoms resuspended in 1 mL of Trizol (Invitroganyl transferred to 1.5 mL microtubes. 300
uL of glass beads (2.5 pm diameter, Sartorius AQeveelded to the cell pellet. In order to
crush diatoms, the MPFastPrep machine was used g¢@m/s). The supernatant was
transferred into a clean microtube and placedvmter bath at 37°C for 5 min. After addition
of 200 pL of Chloroform RECTAPUR (VWR), the samplas vortexed for 10 s and placed
in water bath at 37°C for 2 min. The tubes weretrdeiged at 8000 g for 5 min at room
temperature and the aqueous phase containing tiegigenaterial was transferred into clean
tubes. The end of the extraction was realized ushigolutely RNA Miniprep Kit
(Stratagene) according to the manufacturer’s iostns:
550 uL of 75% ethanol were added to the aqueouseplie sample was mixed, transferred
to affinity columns and centrifuged for 1 min at080g at room temperature. Filtrates were
removed, 600 pL of low-salt buffer were placed lo@ ¢olumn which was centrifuged at 8000
g at room temperature for 2 min. 5 pL of DNAse UJ&and 50 pL of activity buffer were
added to the column and placed in a water batlY & 3or 15 minutes. 600L of high-salt
buffer were added to the column which was centatuér 1 min at 8000 g. 300 uL of low-
salt buffer were added and the column was cengdugr 2 min at 8000g . The columns were
transferred into clean tubes and 30 puL of elutiaffds at 60°C were added and centrifuged
for 1 min at 8000 g at room temperature. Total RM#s analysed on 1% (w/v) agarose gel

with ethidium bromide by UV light on an illuminator

2.2.4.2. Reverse transcription of RNA
The first strand of cDNA was synthesized from 14 gflLtotal RNA (3 to 5 pg) using the
Stratascript first strand synthesis system (Ag)leAfter the addition of 1 pL of oligo(dT)
[L1uM], 1 pL of random primers [1uM], 0.8 pL of dNFR1O0mM] and 2 pL of 10x first-
strand buffer the reaction was incubated for 5 ati65°C. Then 1 pL of Stratascript reverse
transcriptase [1U/uL] and 0.5 pL of RNase inhibifor5U] were added, the reaction was
incubated for 1 h at 42°C in an Eppendorf Mastdesyd@ he cDNA mixture was conserved at

-20°C until it was used in a real-time PCR reaction
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2.2.4.3. Cloning and molecular characterizatiorttué target genes
Molecular characterization of the target genes wealized prior to diuron exposure
experiment fronEolimna minima, Nitzschia paleadPlanothidium lanceolaturaultures.
Six genes involved in responses to environmentalacoination and/or which expression can
possibly be disturbed by environmental factors Wraracterized. Three genes are involved
in the mitochondrial metabolisrmd&d5 12S, cox1), two other genes encoded for major
proteins of the photosystems | and ps§Aandd1l, respectively) and one reference gepe (
act). Primers were designed by performing Clustal\raknts from corresponding sequences
belonging to other phylogenetically related aquatiganisms available in databases. From
these alignments, primer pairs were designed imtbst conserved regions for amplification
of fragments between 280 and 900 bp.
PCR reactions were performed, following the manwiae’s instructions. After the addition
of 1 uL of dNTP [10 mM], 3iL of MgCl, [25 mM], 0.2uL of Taq [SULL], 10 uL of activity
buffer 5X, 0.5uL of each primer (upstream and forward primers[iM], 34 uL of DEPC
treated water and dL of cDNA, 40 PCR cycles at 94°C for 1 min, 55%¢ 1 min and 72°C
for 1 min were carried out in an Eppendorf AG thecyctler.
PCR products were analyzed on 1% (w/v) agaroseigielethidium bromide.
After a purification step using the PCR purificatickit (Qiagen) according to the
manufacturer’s instructions, cDNA was cloned wiBEM®-T, (PROMEGA).
Successful insertion of the fragments was checkedP®R using T7 and SP6 universal
primers following the manufacturer’s instructiod (cycles at 94°C for 1 min, 50°C for 1

min and 72°C for 1 min.

2.2.4.4. 9-RT-PCR primer design and real time g-PCR
From the molecular characterization of the targetes, compatible g-RT-PCR primer pairs
(Table 1), for the three species, were determirygpieoforming alignments via the ClustalW.
Real time PCR reactions were performed in a Light€y (Roche) following the
manufacturer’s instructions (one cycle at 95°CIXanin and 50 amplification cycles at 95°C
for5s, 60°C for 5 s and 72°C for 20 s).
Each 20 pL reaction contained 1 pL of activity lkuoff(Syber Green | (Roche)aq
Polymerase, dNTP), 3.2 uL of MgGR5mM], 2 uL of the gene-specific primer pair diral
concentration of 300 nM for each primer, 12.8 uLREPC-treated water and 1 pL of cDNA.
For negative controls, cDNA was replaced by DERfatd water.
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Specificity was determined for each reaction fréwa dlissociation curve of the PCR product.
This dissociation curve was obtained by followihg 8YBR Green fluorescence level during
a gradual heating of the PCR products from 60 @95

Relative quantification of each gene expressiorllevas normalized according fdactin
gene expression. Relative mRNA expression was geareusing the 2" method (Livak
and Schmittgen, 2001).

2.3.Statistical analysis

All statistical treatments were performed with fResoftware (Ilhaka and Gentleman, 1996).
Prior to analyses, the data were checked for natyreaid variance equality.

The differences in diuron concentration in suspmmsi(n=3), as well as the effects of diuron
exposure on the optimal quantum vyield of photosgste(n=3), the cell numeration (n=3)

and the genetic response (n=3) were tested bydhearametric Kruskall-Wallis test using

the (kruskal.test function).

3. Results and discussion
3.1.Effects of diuron orEolimna minima, Nitzschia paleand Planothidium lanceolatum

during laboratory contamination

3.1.1. Diuron water concentrations in solution
Diuron concentration in water was determined fag three species. During the 14 days of
exposure, diuron concentration in water was stdbleng the fourteen days of exposure and
close to nominal concentrations. Indeed, mean dtdgtrd error) diuron concentrations over
the experiment were g/L, 1+0.2ug/L and 10.9£1.3wg/L for nominal concentrations of 0, 1
and 10 pg/L respectively.
Hartgers et al. (1998) and Jones et al. (2003)earghat minimal concentrations comprised
between 1 and 4.pg diuron/L are necessary to create impacts. No riae slight effects
were thus expected in;Cat the low limit of this interval. Moreover, irose cases diuron
concentration in €was below the nominal concentration (e.g.Rtanothidium lanceolatum
and for Nitzschia paleaon D7). This phenomenon could be attributed tcogdin and/or
adsorption by the diatoms, adsorption to the flaaks (even if glass Erlenmeyer were used),
(Pesce et al., 2006), or higher bioaccumulatiothef pesticide either due to differences in
specific uptake capacityP( lanceolatumcompared to the two others diatoms), or linked to
the growth kinetics (peak ®f. paleaon D7).
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3.1.2.Pulse-amplitude modulated fluorescence measurements
The measurements of the optimal quantum yield ef B®Il, over the 14 days of direct
exposure to the three different concentrations ioffoth, are plotted in Figure 1. The
measurements are represented under percentagerednipaontrol conditions, thus, for each
time at G, the optimal quantum yield measurements equal 100%
The study of chlorophyll fluorescence through tlse wf the Phyto-PAM, to evaluate the
physiological state of algae, is a method basedhenquantitative relationship between
chlorophyll fluorescence and the efficiency of misyinthetic energy conversion (H.Walz
GMBH, Effeltrich, Allemagne). Under stress condii®) reactive centres are saturated faster
and the incoming light is used less efficiently \{lade, 2008). Thus, variations in the optimal
guantum yield reflect the physiological state anteptial damages of the organisms. During
optimal conditions, the optimal quantum yield o&tdims varies from 0.60 to 0.65 (Laviale,
personnal communication).
Mean optimal quantum yield measurements fpfdZ the three species and over all kinetics
times were of 99.1+4.6 % compared to thel@ghlighting that diuron did not have important
impact the functioning of the PSII at a concentratof 1+0.2ug/L of diuron. However, for
Eolimna minimaat G, for D2 and D7, the mean optimal quantum vyield wagificantly
lower compared to the,C(in mean 92.2+1.1 % of they)Cthis result reflect a possible impact
of diuron on photosynthetic capacities at environtally realistic concentrations .
For the three species at all kinetics times, thexa quantum yields were significantly lower
in C; (10.9+1.3 ug/L of diuron)than G and G. Eolimna minima, Nitzschia paleand
Planothidium lanceolaturshowed similar variations of their optimal quantyield: 6h after
contamination the optimal quantum yield decreadetb®+6.9 %, highlighting the fast mode
of action of diuron (Legrand et al., 2006). Furthere, from D7, the optimal quantum yield
of Eolimna minimaandNitzschia paleancreased to reach 73+8 % at D14, corresponding to
an increase of 17.5 %. Thus, adaptive mechanisema $e be put in place and they reduce
diuron impacts significantly. According to Ricattad.(2009), diuron contamination induces
the formation of shade-type chloroplasts which valloompensating for the reduction in
photosynthetic efficiency. ConverselpJanothidium lanceolatunoptimal quantum yield at
C,, for D7 and D14, stayed at a low mean value of/54.£6.
Thus, the diatoms studied can be separated in taapg: Eolimna minima/Nitzschia palea
which resist better to diuron contamination @dnothidium lanceolatunwhich is more

sensible. So far, only few laboratory studies assgsesponses of isolated diatoms species to
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diuron contamination (Larras et al., 2012). Howewkatom responses to other pesticides
have been largely assessed in study field andethglslity/tolerance of diatoms facing these
compounds have been described. In a field studgwdad by Morin et al. (2009Eolimna
minima and Nitzschia paleawere found in areas with low pesticide inputs velasr
Planothidium lanceolatunwvas found in areas with higher pesticide inputseske results are
in opposition with the laboratories results obtdimeiring our study, highlighting the need of
combinate laboratory and field studies in ordeoltain a better overview of the system by
these complementary approaches. Moreover pestigidesent often go with metallic and/or
nutrient gradient (Montuelle et al., 2010) makinfficult to clearly identify the particular
effects due to pesticides on diatoms assemblagés icase of multi-contamination.

Indeed, the complexity of natural environments gadulate the effects of the pollutant, by
creating synergistic effects (e.g. between illurioraand pesticides, (Guasch and Sabater,
1998) or lowering the effects of pesticides (fomele nutrients stimulating growth Lozano
and Pratt, 1994).

3.1.3. Effect of diuron on the growth of Eolimnanima, Nitzschia

palea and Planothidium lanceolatum

The density oEolimna minima, Nitzschia palea and Planothidiumdaolatumover the 14
days of direct exposure to the three different eatrations of diuron, are shown in Table 2.
Statistical analysis revealed a clear growth ferttiree species of diatoms over the 14 days of
experimentation at all concentration levels exéepPlanothidium lanceolaturat the G.
Globally, Eolimna minimaand Nitzschia paleahad the same pattern of growth kinetics.
Statistical analysis revealed that growth was mptiicantly different between controls §C
and diuron contaminated conditions of either 14092l or 10.9+1.3ug/L over the whole
duration of the experiment. Thus, diuron, even &igh concentration, does not impact the
growth kinetics oEolimna minimaandNitzschia palea

On the contrary, foPlanothidium lanceolatumthe control and Cconditions showed a
positive growth, with classical curves of exponahgrowth. However, at condition,Cno
growth was observed, the cell number remained losvstable over the 14 days of exposure.
Furthermore, the number of dead cells was sigmiflgehigher at G (17 £ 2%) compared to
conditions G and G (11.4 + 4%). As observed for photosynthetic measiants, the growth

kinetics were impacted negatively by high concditraof diuron. Such results have already
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been highlighted in previous studies, as for thetasth Navicula accomodavhich growth
kinetics was impacted by atrazine (Leboulanget.e@01).

Numeration of dead cells oRNitzschia paleaand Planothidium lanceolatumncreased
significantly over the fourteen days of exposuralitaron, highlighting classical mortality of
an algal culture. In contrast, the number of dealls cof Eolimna minima at the three
concentrations of diuron, was significantly higleempared to the two other species, with an
average of 21 + 3% of dead cells at 6h. This celtuas the oldest of the three, but also the
most concentrated. It is not surprising then thatontained a highest proportion of dead
individuals, highlighting limiting growth conditian Furthermore, a significant decrease of
the number of dead cells was observed after D& phenomenon was linked with a revived
growth of this species due to the dilution of theis under experimental conditions, while
diuron probably did not inhibit growth kinetics.

To conclude, the growth kinetic of the three diasomas not impacted either by 1ug/L or by
10 pg/L of diuron, except faPlanothidium lanceolatunat the highest concentration. This
parameter appeared to be less sensible compardtietmptimal photosynthetic yield

measurements to determine pesticides’ impacts.

3.2. Gene expression levels

The five target genes were cloned and sequencextdér to get Q-PCR primers, compatibles
with the three species, alignments were realisdd thie software ClustalW. For the target
genegsaA 12s andil the nucleotide sequences of the three diatoms uss@. Nonetheless,
for coxlandact only the nucleotide sequence Bblimna minimawas available. Finally, the
sequences dflitzschia paleaand Eolimna minimawere used for the gem&ad5. The g-RT-
PCR primers pairs determined (Table 1).

Gene expression levels Bblimna minima, Nitzschia paleand Planothidium lanceolatum
during the 14 days of exposure to diuron at 1+@@ 80.9+1.3ug/L, are shown in Table 3.
Differential gene expression revealed effects obtirahh on the photosynthetic and

mitochondrial metabolisms after only 6h of expostwe both concentrations.

3.2.1. Gene expression levels of Eolimna minima
For the exposure concentration of 1+0.2 pg/L ofah effects were detected as early as 6h,
with a down regulation of the five target genearkiD2 to D7, the gene expression levels of

Eolimna minimawere equal to those of the controls; exceptdbr(PSIl) and 12s (down
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regulations of 0.5 for both). Finally, on D14, imtions of the genegsaA, d1, coxhnd 12s
were detected (up regulations respectively of 63515 and 2.5).

Concerning the gtreatment (10.9+1.3 pg/L of diuron), an inhibitiohthe gene expression
of psaA(PSI),coxland 12s was observed at 6h (same level of dowragu as the €
treatment). At D2, all the studied genes are upleggd, on average by 4.2. Conversely, at
D7, the gene expression levels were back to nortoathe same levels as the controls.
Finally, at D14, up regulations of the genes imgilkd in the photosystem metabolispsdA
anddl) and the respiratory chaindxl) appeared.

3.2.2. Gene expression levels of Nitzschia palea
According to the differential gene expression ley&br the condition of contamination,G&
down regulation of the genes implicated in phottisgsis processes appeared after 6h of
exposure to 1 pg/L of diuron. At D2, the genetipression levels of those genes were back
to normal. Conversely, at the same time, a downlatign of the genes implicated in the
mitochondrial metabolism was observed (inhibitidhcox1 and nad9. At D7, those two
genes were then strongly up regulated (inductiespectively of 29 and 9). Finally, at D14,
only the geng@saAwas up regulated.
For the pressure of contamination of 10 pg/L ofaln) and as it is the case with the treatment
C,, an inhibition of the photosynthetic genes waseoled at 6h, as well as an induction of
nad5 This up regulation of the mitochondrial genes aawlified from D2 to D7, to reach
levels of 26 and 4.5, respectively foox1 andnadb Finally, at D14, the genefl, 12s and

psaAwere up regulated.

3.2.3. Gene expression levels of Planothidium lalatem
For the treatment {Ca down regulation of the gene implicated in tis¢ saA)and the gene
12s was detected after 6h of exposure. At D2, dadtion of almost all genes was observed.
The gene expression level psaA, d1 and 12were particularly strongly up regulated (the
levels are respectively multiplied by 79, 51.5 &&d between 6h and D2). From D7 to D14,
the gene expression levels were similar to thogkeotontrols.
For the treatment £ strong up regulations were measured at 6h (inchsbf 109.5 focox,
22.5 for 12s and 16 fgrsaA and D2 (inductions of 42 fail, 22.5 forpsaAand 22 for 12s),
for all the studied genes. At D7, the gene expoeskavels were equal to those of the controls

and at D14 a down regulation pgaA d1 and 12s was observable.
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3.2.4. Gene expression levels: conclusion
Studies about the genetic response of diatomsdacicontaminant are scarce because of the
difficulty to access their nucleotide sequencesmKiiam et al., 2012). Genetic expression
level studies are based on the implication of gemegshe organism response facing
contamination. Genes from this study were chosethegsare part of the photosynthetic and
mitochondrial metabolisms, both potentially impaichs diuron.
The genetic study showed, for the 3 species, a algaacts on the expression levels of the
genespsaA d1, cox], nad5 andl12s for both pressure of contamination. This hitit the
fact that diuron has strong effect on the photdsstit and mitochondrial metabolisms. Those
functions alterations can be linked with the sigaift decrease of photosynthetic activity for
the three diatoms and the growth inhibition Riitnothidium lanceolatum,at the highest
concentration of diuron.
Eolimna minimaandNitzschia paleshave a common profile of up and down regulatiohs o
the five studied genes. A decrease of the genestdlyolism appears after 6h of exposure to 1
pag/L of diuron. It implies that the respiratory @haand the photosynthesis are rapidly
impacted at concentration as low as 1 pug/L of diufidhese results are due to the rapid mode
of action of diuron: toxic effects can appear aftér minutes of exposure (Legrand et al.,
2006). At D7, damages are measured; adaptive mecharare put in place to counteract
diuron’s effect. From the previous results in tigdy, no effect was detected at the exposure
condition of 1 pg/L of diuron, neither by photodyettic parameters nor by the growth kinetic
analyses. Thus, genetic responses can reveal fyecirof diuron on both mitochondrial and
photosynthetic metabolisms at a concentration dithhot provoke damages on the classical
endpoints used. Concerning the condition of comation G, comparable effects are
detected. However, damages appear sooner, at D8pé&ed to D7 for the exposure
condition G), suggesting a dose-dependent effect: for higkesicentrations of diuron,
adaptive mechanisms are activated earlier. Thediatmms seem to undergo strong impacts
at the beginning of the experiment and then, ati@acahrough adaptive mechanisms to fight
the contaminant, is observed. Those results ar@coordance with the recovery observed
through photosynthetic measuremenEolimna minimaand Nitzschia paleaundergo a
decrease of the optimal quantum yield and thennarease, indicating an improvement of
their physiological stage, highlighted here by gleaetic expression.
Planothidium lanceolatuninas a different functioning pattern: as early hs damages are
detected and then a metabolism decrease is obsemtidthe end of the experiment.

Planothidium lanceolaturseems to behave at the opposite compar&mbli;mna minimaand
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Nitzschia palealndeed, it reacts from the start of the exposareontamination but quickly
the genetic response is back to the one of thera@seniThis come down highlights that the
disturbance of the two metabolisms studied exceexi#idal levels. These results are in
accordance with the photosynthetic measuremergspptimal quantum yield measurements
for the treatment £stayed low during the 14 days of exposure.

It appears clearly that the photosynthetic metabobf the three diatoms is strongly impacted
by an exposure to diuron through inhibition andhtireduction of genepsaAandd1l as early

as 6h. Diuron impact on the photosynthetic actigityhe physiological level is known and is
well documented (Debenest et al., 2010; Hartgeas. £1998; Idedan et al., 2011; Jones et al.,
2003). Strong impacts are also detected on thechwotadrial metabolism. There are strong
inductions of the genesoxl and nad5 suggesting an increase of ATP production to
counteract the deleterious effects of toxicant (Kimm et al., 2012). Indeed, those two genes
are implicated in the functioning of the respirgtahain. Furthermore, the gene 12s is also
strongly up-regulated, testifying of an increaséhef number of mitochondria (increase of the
ratio cox112s).

Only little literature is available about the gendampact of diuron on diatoms and more
generally about superior plants. Studies basederexposure ofhalassiosira pseudonana
by PAHs (organic contamination) Carvalho (2011)bgrcopper (inorganic contamination)
Davis et al. (2006) highlight a common responsehef biomarkers: during contamination
episode, there is up and/or down regulations oeg@émplicated in the stress response.
Results from this study can be linked with the aMain by Kim Tiam et al. (2012) on
Eolimna minima showing the impacts of a metallic contaminatiam the general and
photosynthetic metabolisms also as the early upkagign of the genes for the highest
pressure of contamination (100ug Cd/L). The bioraerkised in our study highlight impacts
as early as 6h for a diuron pressure of contanunatf 1 pg/L. Classical descriptors
(photosynthetic activity and cell numeration) didnighlight these impacts, as also observed
by Kim Tiam (2012) for metal contamination. It app® clearly that the improvement of
molecular tools and more precisely biomarkers isasset to follow organism contamination

and water quality.

4. Conclusions and perspectives

In the present study molecular tools were developad successfully used in diuron

experimental contamination. The major implicationshe work are:
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* Five genes of interest were sequencedBominima N. paleaandP. lanceolatum

allowing the application of g-PCR tools to theseces.

» Diuron contamination had impacts on growth ratdine@l quantum yield of the PSII
(®PSII) and expression of several genes involveditoahondrial and photosynthetic

mechanisms.

* (-PCR tools appeared to be more sensitive thBSIl and growth rate analyses to

reveal diuron effects

* The study allowed increase knowledge about relatessitivity of diatom species to
diuron in regards to the different endpoints teskEedninimaandN. paleaappeared to
be more tolerant thap. lanceolatum

The present study is one of the few study repottireguse of g-PCR on river benthic diatoms
and the results obtained are extremely promisimduture applications in the field of water

guality assessment.
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Figure 1 - Optimal photosynthetic quantum yieldeaiimna minima (a), Nitzschia palea (b)
and Planothidium lanceolatum (c) after dark adamtg80 min), for the 4 sampling times and
3 exposure conditions. CO =@/L (black bars), C1 = g/L (light gray bars) and C2 = 10

ug/L (dark gray bars) of diuron. Differences betwernes and contamination are marked
with different letters at level p < 0.01. Mean + &€ shown.
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Table 1 - Accession numbers and specific primersgfar the 6 genes @&olimna minima

Nitzschia paleandPlanothidium lanceolaturased in our study.

Tableaul - Accession numbers and specific primer pairs for the 6 genes of E.minima, N.palea

and P.lanceolatum used in our study.
Species Gene name Primer (5°-3°)

All psad GGTCAAGAAATTTTAAATGGTGA ©

TAGTGGAACCAACCAGCAAATA b

All 12s AGGATGCAAGTGTTATCCGGA °
CAATATCTACGCATTTCACCGCT

All dl TCTGCAGTATTCTTAGTATACC *
CAGCCATGTGGAATGGGTGC ©

E.minima coxl ATAGAAGCAGCACCTGAAAGA °
b
GTTTTTGGTTATTACCACCTTC

P?Umkf& coxl CAGTAATTCTCACTGCCCAGC "
. d 1
anceotatum GTTTTTGGTTATTACCACCTTC

E.minima nads TGCTATGGAAGGTCCTACTCC )
CTAATCCTGTTGTGGAAGCAAA b

P?ﬁmkf& nads TCAACTTGGTTTGCATACATGGC *
. o 1
anceotarum TTGAACTAATCCTGTTGTGGAAGC ©

CCAACCGCGAGCGCATGACG
E.minima act CGACAGGACGGCCTGGATGTT

N.palea & act GGCTCCACAAAACCCCAAG
P.lanceolatum ‘ . b
GGCGTACCCCTCGTAGAT

Abbreviations: psaA - PsaA protein ; 12s - ribosomal RNA 12s ; 41 - D1 protein ;
coxI- cytochrome C oxidase subunit I ; nad5 - NADH dehydrogenase subunit 5 ;
act - p-actin.

a Upstream primer.
b Forward primer.
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Table 2 - Total density diolimna minimaNitzschia paleandPlanothidium lanceolaturx
1000cells) * standard errors and correspondingneeitality (into parentheses), for the 4
sampling times and 3 exposure conditions. COug/Q, C1 = 1ug/L and C2 = 10.9g/L of
diuron. Significant differences between the diffaremes and conditions of contamination

are marked with different letters at level p < 0.05

Time exposure

Species Exposure conditions

6 hours 2 days 7 days 14 days
Co 166 £16 " (2422%)  310+48  (2621%)  1.182170° (1422%)  1.6102474° (13£2%)
Eolimna minima 1 27546 (21#4%)  521+54° (26:2%) 840 £ 150 © (21:8%) 1.436 %613 © (12£0%)
C 275337 (1951%) 367+ 10° (2144%) 1.279+481 °(15£1%)  1.470+179 © (13£3%)
Co 160 + 17 7 (5+1%) 697 £ 103 © (9+3%) 1.847 £ 441 " (13£3%)  1.230+ 135 © (1242%)
Nitzschia palea C 180+ 18 ° (3+0%) 636 +49 ° (11+6%) 2172464 °(11£1%)  1.496+213 ° (10£2%)
Cs 198 + 26 (4+2%) 354 42 7 (11+3%) 1.685 =181 “ (1124%)  1.517 = 144 “ (12+4%)
b b
Cy 98 +15 * (120%) 141 %37 7 (821%) 534 + 160 - (9+2%) 515+ 94 (11£5%)
b b
Planothidium lanceolatum o} 866 (1:0%) 117 219 7 (9£2%) 440 £ 248 ° (6:1%) 660 + 99  (12£2%)
C: 158 = 49 ¥ (0£0%) 124 £9° (7+1%) 138 + 42 7 (1423%) 148 + 54 7 (17+2%)
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Table 3 - Differential gene expression as compévexttin fromEolimna minimaa),

Nitzschia paledb) andPlanothidium lanceolatur(c) after 6h, 2, 7 and 14 days exposure to 1

and 10.9ug/L of diuron by direct routd

() W

Functions

Diuron-contaminated experimental units

C; (102 pg/l)

C>(10.9 % 1.3 ug/l)

6 2 7 14 6 2 7 14

hours days days days | hours days days days

Photosynthetic psad 0.5 13 0.5 4.5 4

metabolism dl 0 05 16 4 g

Mitochondrial coxl 0.5 5.5 0 35 2.5

‘ .liltgtcab(::isirlla nad3 0 45 :
125 0.5 05 25 0.5 4.5

(b)

Functions

Diuron-contaminated experimental units

C;(1+0.2pngl)

C,(109+1.3 pgl)

6 2 7 14 6 2 7 14

hours days days days | hours days days days

Photosynthetic psaA 0.5 2 0.5 4 35

metabolism dl 05 05 3

Mitochondrial coxl 0 29 105 26
Y hetabolism nads | 0 9 2.5 6 45

125 2 3

Functions

Diuron-contaminated experimental units

Ci(1+£0.2ngl)

C>(10.9+1.3 ugl)

6 2 7 14 6 2 7 14

hours days days days | howrs days days days
Photosynthetic psad 0.5 395 ' / 16 22,5 0
metabolism dl 515 7 42 0
; 5 9.5 5

Mitochondrial coxl o ’

tabolis nad5 / 4 / j /
fetabotsm 12s 05 55 25 2 /0

a Significant induction (>2) and repression (<0.5) factors are indicated by wvalues, compared to the
respective controls E. minima (a), N. palea (b) and P. lanceolatum (c). /: identical to control levels.
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