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RESUME

Les modifications de structure et de diversité cmamunautés biologiques au sein d’'un
écosysteme soumis a une perturbation, se traduggaméralement par la raréfaction, la
disparition d’espéces sensibles et/ou I'apparitiennouvelles espéces tolérantes ou par la
prolifération d’autres espéces tolérantes déjagomtés mais a une faible densité. Dans le cas
d’'une perturbation d’origine toxique, ceci a poanséquence une diminution de la sensibilité
globale de la communauté par rapport a la (aux)stanbe(s) responsable(s) de cette
modification de structure et de diversité. L’évaiona de la tolérance vis-a-vis d’'un toxique
peut donc nous permettre de révéler a posterexpbsition d’'une communauté biologique a
ce toxique, en mettant en évidence le lien entesgion et impact sur le compartiment
biotique d’'un écosysteme. Malgré de nombreux travexuce domaine, il reste cependant de
nombreuses lacunes scientifiques dans la compréneds cette tolérance induite par les
pollutions (PICT). Le modele d’étude retenu ediitdilm aquatique (ou périphyton), dont les
spécificités biologiques et écologiques en fonbutil d’étude trés intéressant.

Ce travail a permis de montrer que lintégration chncept PICT comme un outil
complémentaire dans les systémes d'évaluation amementale donnerait plus de
pertinence écologique et de spécificité écotoxgigioe a la batterie actuelle des bio-
indicateurs utilisés.

Par ailleurs, le PICT est aussi une approche cénelp, a I'échelle des communautés,
tres riche et qui confirme I'intérét d’aborder laoxicologie avec le regard de I'écologue
plus holistique que celui du toxicologue. En efflets mesures de tolérance-induite qui
prennent en compte la diversité fonctionnelle difilon, ainsi que les analyses taxonomiques
associées, nous ont permis une meilleure comprigimeds la résistance et de la résilience de
cet écosysteme suite a des perturbations d’origmmique. Nos travaux nous ont aussi
permis d’aborder le concept des seuils de résistahde résilience écologiques, et de mettre
en évidence le fait qu'une acquisition de toléraacm stress donné, pourrait se traduire par le
déplacement des communautés d’un état initial werétat « alternatif » stable, méme apres
le retrait du stress. Ces seuils écologiques gjinsicet état alternatif stable signifient que la
disparition des especes les plus sensibles (corfunedés processus expliquant le PICT)
n'affecte donc pas les fonctions de la communaatés dson ensemble au début et ce
seulement jusqu’a un certain seuil de résistaneePICT pourrait ainsi se traduire par une

réduction de la diversité ou avec des modificatidass la composition spécifique, sans pour



autant qu’il y ait un effet négatif sur le fonctirmment de la communauté. Cependant, la
capacité des communautés a devenir tolérantes a pemerbation peut avoir des
conséquences négatives sur les capacités denésikt de résistance des écosystémes. Nous
avons donc abordé dans nos travaux le conceptcdeatérance négative entre especes » et

de colt de la tolérance.



ABSTRACT

Changes in structure and diversity of biologicahaaunities within ecosystems subjected
to disturbances, are generally synonymous of theciyg, loss and/or the emergence of new
tolerant species or by the proliferation of otheedes already present but at low density. This
leads to a decrease in the overall sensitivity i@ tommunity toward the substance(s)
responsible for this change of community structarel diversity. The evaluation (and if
possible the quantification) of tolerance towardexacant may therefore enable us to re\geal
posteriorithe exposure of a biological community to thisi¢axt (its exposure history), and
demonstrate the specific link between pressureimpact on the biotic compartment of an
ecosystem and, more generally, on the ecosystepsit@eiumerous studies in this area, there
are still many gaps in scientific understanding tbé pollution induced-tolerance. The
biological model that we used is the lotic biofilfar periphyton) whose biological and
ecological characteristics make it a very intengstool for study.

This work has shown firstly that the integrationtb& acquired tolerance concept as a
complementary tool in the environmental assessmgstems would allow more ecological
relevance and ecotoxicological specificity to therent set of used bio-indicators.

Furthermore, the PICT is also a conceptual appradcthe community level, which
confirms the interest to address ecotoxicology ftbmviewpoint of the ecologist that is more
holistic than the toxicologist one. Indeed, measwkepollution-induced tolerance, by taking
into account the functional diversity of biofilmand the associated taxonomic analysis,
allowed to have a better understanding of resistamcl resilience of the ecosystem submitted
to chemical perturbations. Our works enabled uadkle the concept of ecological thresholds
of resistance and resilience, and to highlightffe that enhanced tolerance to a given stress,
could result in the displacement of communitiesrfran initial state to an « alternative »
stable state, even after the stress removal. Theesegical thresholds and the alternative
stable state mean that the disappearance of thesestive species (as a process explaining
the PICT) does not affect the functions of the camity until reaching a threshold of
resistance. Thus the PICT could corresponds taaction in diversity or changes in species
composition, without having a negative effect oa filmnctioning of the community. However,
the ability of communities to be tolerant towardtdrbance can have negative consequences
on the resilience and resistance of ecosystemssegoently, we adressed in our work the
concept of "negative co-tolerance between speaied'costs of tolerance
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Avant-propos

CADRE GENERAL ET PROBLEMATIQUE

Les écosystémes assurent de tres nombreuses fanetiqorocessus de transferts et de
transformations physicobiochimiques. Face a laatfgion généralisée de I'environnement,
conséquence du développement des sociétés humaneedes manieres de quantifier I'utilité
des écosystemes pour ces sociétés a été d'enfigletds « services rendus ».. Depuis la
conférence de Rio, et avec Millenium Ecosystems assessm@WiA, 2005), ces services
écologiques ou services écosystémiquemmencent a étre caractérisés et quantifiés, et
certains tentent de leur attribuer une valeur ésogoe (codt de production ou de
restauration). Durant les dernieres décenniesadegités humaines ont modifié la qualité de
ces écosystemes plus rapidement et plus profondéguésu cours de toute autre période
comparable de I'histoire de I'humanité, menacandi & capacité des écosystemes a assurer la
pérennité des services écologiques gu'ils fournisse

En tant qu’écosystéemes récepteurs, les milieux tapes sont particulierement
vulnérables aux différentes pressions anthropiguésont de graves conséquences sur la
biodiversité de ces écosystémes et sur leur famtiment. Depuis quelques années, au-dela
du constat de pollution d’'un milieu, se sont déppkes les notions, plus ou moins précises,
de «santé des écosystemes » et de «bon étaigi@ao> (Costanza et Mageau 1999)
impliquant une approche plus globale du milieu éiqua. Dans ce contexte, les pouvoirs
publics européens se sont intéressés a cette ndt&at écologiqgue des écosystémes
aguatiques, en visant comme obijectif final une @raion nette de leur qualité (ce qui
implique leur restauration) ainsi que leur conseovapour les générations futures. De ce fait,
de tres nombreux travaux de recherche se sontajipés sur cette question, en étudiant en
particulier les relations entre le niveau de comtation des milieux et les impacts possibles
sur les organismes ou les écosystemes aquatiqaks, (B009). Un des grands enjeux actuel
est (1) d’élargir la connaissance de la biodivérsitla connaissance des liens biodiversité-
fonctions au sein des communautés et des écosystr(®) de traduire cette connaissance en
outil d'aide a la gestion des milieu. Un autre gragnjeu est la prise en compte des
changements de nature de la pression polluante; &vemultiplication de composés

xénobiotiques actifs a de faibles doses. Ces engusi que celui des indicateurs, ont été



bien analysés dans le n°1 de la revue SciencesEaarritoires, (SET, n°1, Pont et Garric
Coordonateurs).

Parmi les biocénoses aquatiques, les communau@shignnes qui se développent en
agrégats dénommeés biofillsont des acteurs clés dans le fonctionnement @jédés cours
d'eau. En effet, par leur position a la base dueaastrophique et leurs capacités
enzymatiques, les microorganismes eucaryotes eapates les constituant interviennent de
maniére prépondérante dans différents processusgépoes fondamentaux, tels que la
production primaire, assurée par les organismestraphes, ou la dégradation de la matiere
organique et le recyclage des nutriments, assamélep organismes hétérotrophes. C’est donc
une communauté diversifiée particulierement insapte a étudier et pertinente pour aborder
I'effet de substances polluantes ou toxiques.

Au sein des écosystémes, les effets toxiques désapts sur cette biocénose peuvent
entrainer des changements au niveau de leur di&eisien conséquence, des modifications
d’interactions entre les organismes d’une communa&ttdes modifications des processus
biologiques qui s’y déroulent (Clements et Newm&92). En outre, ces changements se
traduisent généralement par une adaptation etéleeti®n des organismes les plus tolérants a
ces toxiques, ayant pour conséquence un accroigsede la tolérance globale des
communautés. C’est sur cette constatation que olecept PICT (pollution-induced
community tolerance ou acquisition de toléranceuited par la pollution) a été proposé
(Blanck et al. 1988). Le concept PICT est donc basé sur le dailtne communauté
biologique naturelle est constituée de différentaxeons » (espéces, souches, clones) ayant
des sensibilités variables vis-a-vis d’'un toxiquamé. L’exposition d’'une communauté a ce
toxique se traduira par la sélection des organidemplus tolérants ou la mise en place de
mécanismes de détoxication. La communauté réselfmésentera alors, dans son ensembile,
une tolérance spécifique vis-a-vis du toxique <Sepée a celle d’'une communauté
comparable mais n'ayant pas subit de pression eted par ce toxique (Bérard et al.
2002).

Deux approches complémentaires sont possibleséyalumer la réponse microbienne a un
stress environnemental : une approche orientéel'étusle structurale des communautés et
une approche fonctionnelle basée généralementessuivi d’activitées métaboliques. Le
concept PICT englobe ces deux approches puisquiiespond d’abord a des mesures de la
sensibilité des communautés biologiques via des testoxicité aigué (mesure de I'inhibition

L voir le chapitre A « Introduction générale et $ygte bibliographique » pour plus de détails sdéfition
des biofilms.



d’'un parametre fonctionnel par un toxique) qui voohfirmer I'hypothése de la tolérance
acquise, et ensuite ces mesures sont associées anakyses structurelles qui vont étayer
I'hypothése de sélection exercée par le polluant.

Actuellement, les nombreux outils de bioindicatidéveloppés pour I'évaluation de la
gualité des milieux aquatiques ne permettent pa@uos d’identifier des liens de causalité
entre un polluant particulier (en particulier taxé] et un effetLa démarche PICT serait
alors un complément approprié pour mesurer I'importance d’'une perturbation de
nature toxique subie par les communautés, puisqulel permet de renseigner sur un
historique d’exposition aux toxiques (non pas sur me contamination ponctuelle du
milieu), et d’établir ainsi une causalité entre prgsion et impact. Finalement, le PICT,
tout en restant spécifigue au stress d'origine togue, permet par son approche

« communauté et fonction », l'introduction de « plg d'écologie en écotoxicologie »

OBJECTIFS ET HYPOTHESES POSEES

En dépit des nombreux avantages que le concept Bftd dans la compréhension des
conséguences de la pollution anthropique des miliaquatiques, quelques incertitudes
subsistent encore quant a son utilisation commeutih de routine dans I'évaluation de la
gualité des milieux.

L'objectif de ce travail de thése est en premieulid’ordre cognitif en cherchaat
approfondir notre compréhension de la significationécologique de I'acquisition de la
tolérance des communautés microbiennedes biofilms de rivieres & une contamination par
des xénobiotiques (pesticides et métaux lourds) :

(1) quelles sont les causes (facteurs externes eh@deu périphyton) de I'acquisition de

tolérance ?

(2) quelles sont les conséquences de l'acquisitiomléeaince d’'un point de vue structure

et fonctions du biofilm ?

e et en second lieu une approche plus pratiqueea déboucher sur haise au point d’'un
bioindicateur de pollution des milieux aquatiques basé sur la méthode PIQTtdisation
des communautés biologiques des biofilms en tamthgodele biologique.

Afin de pouvoir répondre au mieux aux questionsepesdifférentes hypothéses ont été

élaborées, basées en partie sur les connaissaokedles, acquises dans le domaine de



I'évaluation de la qualité des milieux ainsi que $&s lacunes que peuvent présenter ces
connaissances :

(1) la_premiére hypothésest basée sur le fait gles changements fonctionnels au sein

des communautés microbiennes du biofilm résultant @ la tolérance induite par un
pesticide ou un métal lourd, ne peuvent pas étre Ectérisés en ne ciblant qu’une partie
des composantes microbiennes du périphyto(soit autotrophes, soit hétérotrophes). De
plus, actuellement non seulement peu d’outils fonciels sont proposés dans une approche
PICT, mais généralement ces derniers sont basé&dmmarporation d’éléments radioactifs
(i.e. **C, leucine ou thymidine tritiées) non accessiblésus les laboratoires. C’est pour cela
gue différents parameétres fonctionnels, simplesnglei et qui ciblent les différents groupes
fonctionnels du biofilm seront proposés. Ces dpsaurs nous permettront en premier lieu,
une meilleure compréhension des interactions egtapes fonctionnels au sein du
périphyton pouvant résulter de I'acquisition deetahce. En second lieu, ils pourront, selon
leur pertinence écologique, étre éventuellementgsés comme outils d’évaluation du PICT.
(2) la_deuxieme hypothéspropose quda tolérance acquise vis-a-vis d’'un toxique

donné, serait fortement dépendante des facteurs emannementaux. Nous proposons
donc, pour une meilleure compréhension du concépt Pd’étudier l'interaction de ces
facteurs (et dans notre cas nous avons choisidspptore, pour des raisons de réalisme avec
notre site d’étude), sur les communautés microl@endu biofilm impactées par des
pollutions anthropiques.

(3) la_troisieme _hypothésguggere que l'acquisition de tolérance vis-a-vis atress par

les communautés microbiennes du biofilm pourradirades conséquences sur les capacités
de tolérance de ces mémes communautés a un nostreas. En effet, I'exposition & un
toxique pourrait induire un élargissement de la m&nde tolérance (i.e. co-tolérance) mais
aussi de la sensibilité (i.e. colt de la tolérangs}a-vis d’'un autre toxique auquel les
communautés microbiennes n'ont jamais été exposéiesix comprendre ces conséquences
de la tolérance induite pourrait nous permettréua f[ong terme non seulement d’en évaluer
son «codt écologique », mais aussi de proposedéamarche de sélection de molécules
modele pour des applications PICT ultérieures.

(4) les chroniques de flux de pesticides peuvent &€mement variables en termes de
concentration, nature des polluants, durée deérdiffs épisodes, hydrologie associée (crues
notamment). On constate par ailleurs une varigbitémporelle de la tolérance des

communautés microbiennes des biofilms aux pestcidine quatrieme hypothese été

formulée, et stipule que la nature ainsi que laédudes chroniques d’exposition pourrait



influencer l'intensité de l'impact des phytosaniai sur la biologie des systemes et en

particulier sur la tolérance induite des commursaut&robiennes du biofilm exposées.

PRESENTATION DU MANUSCRIT

Ce mémoire s’organise en quatre chapitres pringipau

¢ Le CHAPITRE A, bibliographique, dans le quel nous présentonsapercu sur

'influence des activités humaines sur la qualigs dnilieux lotiques (d’'un point de vue
réglementaire mais aussi scientifique), ainsi cege différents outils mis en place pour la
caractériser. Un intérét tout particulier est peréles biofilms de rivieres en tant que modele
biologique et sur leur utilisation dans le concedpt la tolérance induite par la pollution
(PICT). Une synthése bibliographique sur le con&dQIT est présentée a la fin de ce chapitre
sous le titre « Microbial pollution-induced commiyniolerance »drticle 1). Cette synthése
constitue un des chapitres du livre « Toleranc&rtgironmental Contaminants » édité pour
CRC Press par Amiard-Triquet, C., Rainbow, P.Rahéo, M.

¢ Le CHAPITRE B est consacré a la présentation du matériel et ndéhodes

d’analyse utilisés au cours des différentes expéeg. Ce chapitre inclus un article intitulé
«Use of the MicroResfl method to assess pollution-induced community talegao metals
for lotic biofilms» et qui a été publié dagsivironmental Pollution(article 2).

¢ Les résultats obtenus sont ensuite détaillés euwds dans I€HAPITRE C qui

s’articule autour de trois parties structurées @mction de nos hypothéses de travail. La
premiere partie aborde la pertinence des descriptéanctionnels du PICT, ainsi que
linfluence d'un gradient de phosphore sur cettééremce acquise des communautés
microbiennes des biofilms vis a vis d'un pesticeted’'un métal lourd. Cette section a fait
I'objet d'une publication intitulée « P dependence of the tolerance of autotrophic and
heterotrophic biofilm communities to copper andrdiu» et publiée danéquatic Toxicology
(article 3).

La deuxieme partie de ce chapitre relative aux @pmsnces de I'acquisition de tolérance
par les communautés hétérotrophes et phototroeekidfiims dans un contexte de pollution
multiple par les métaux lourds, est présentée Eotmme d’un article dont le titre est « An
experimental study on tolerance patterns to mealtipletal exposures of heterotrophic and
autotrophic biofilm communities » et soumis a laue Science of the Total Environment
(article 4).



La troisieme partie est consacrée a I'étude déu@mce des chroniques d’exposition aux
polluants, en terme d’intensité et de durée, sutolérance acquise des communautés
microbiennes des biofilms. Cette section a faibjed de deux articles : le premier concernant
les impacts d’expositions chroniques et aigués a herbicide (i.e. diuron) sur les
communautés autotrophes du biofilm est intitulénpdct of chronic and acute pesticide
concentrations on autotrophic periphyton commustitigesting exposure scenarios and
pesticide partitioning » et publié dans la re8agence of the Total Environmeatticle 5), et
le deuxieme concernant I'évolution spatio-temperell PICT est intitulé kn-situ spatio-
temporal evolution of pollution-induced communitylerance to zinc in autotrophic and
heterotrophic biofilm communities » et soumis aglaueEcotoxicology(article 6).

¢ Le CHAPITRE D présente une synthése des principales conclugigineposent sur

les résultats obtenus au cours de ce travail, gnsiles perspectives de recherche qui en
découlent.

¢ Les deux derniéres parties de ce manuscrit comelgmd aux références
bibliographiques, et a quatre publications présentées aemexes. (1) « Responses of
chronically contaminated biofilms to short pulséslioron. An experimental study simulating
flooding events in a small river » (Tlili et al. @8. Aquatic Toxicology; (2) « Les biofilms
aquatiques : dans quelle mesure permettent-ilsodgpendre l'effet des pesticides sur le
fonctionnement des cours d'eau ? Exemple en zongigihmble. » (Pesce et al. 2009.
Ingénieries-EAT ; (3) « Recovery potential of periphytic commigstin a river impacted by
a vineyard watershed. » (Morin et al. 20E@ological Indicator} ; (4) « The periphyton as a
multimetric bioindicator to assess the impact afdlause on river: an overview on the

Ardieres-Morcille experimental watershed (Franee()Montuelle et al. 201MHydrobiologig).
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Chapitre A. Introduction générale et synthese
bibliographique

L’état écologique d'un cours d'eau est caractémpse ses difféerentes composantes
abiotiques (caractéres physiques, hydrologiqugshgsico-chimiques) et biotiques (diversité
et dynamique des biocénoses). Pour évaluer cet ietddut donc réaliser une analyse
multidisciplinaire de cet écosysteme et du temétaju’il traverse (le bassin versant), en
étudiant d’'une part la géologie et la typographie mdilieu ainsi que les caractéristiques
physico-chimiques de I'eau et du sol, et d’autre fmbiodiversité et les processus bio-géo-
ecologiques associés. Dans le cadre de cette étads,avons abordé I'état écologique des
cours d’eau selon une démarche d'écotoxicologigréeisant les effets des perturbations
anthropiques (contexte de pollutions) sur la biosén

Dans ce chapitre introductif, nous présentons uercapsur l'influence des activités
humaines sur cet état écologique des milieux leggi’un point de vue réglementaire mais
aussi scientifique), ainsi que les différents sutilis en place pour la caractériser. Un intérét
tout particulier est porté sur les biofilms de énds en tant que modeéle biologique et sur leur
utilisation dans le concept de la tolérance indpde la pollution (PICT). C’est a travers ce

concept que nous avons développé notre étude.

A.l. Pollution des milieux aquatiques: contexte rglementaire et
scientifique

Les bassins versants des rivieres présentent daposantes physiques, chimiques et
biologiques, interconnectées et soumises aux @rgates régimes hydrauliques de I'eau. En
conséqguence, toutes les modifications survenaniveau de ces bassins versants pourraient
avoir des implications néfastes plus en aval, enpromettre ainsi la viabilité des
écosystemes aquatiques récepteurs (Allan et ar)1@&ie ce soit d'une maniére consciente,
accidentelle ou par manque d’informations, lesvéaés humaines qui se sont intensifiées ces
derniere décennies, ont conduit, via des rejetgeslet liquides, a des changements
importants dans les milieux aquatiques. Ce faisad,rejets ont entrainé une dégradation de
I'état écologique et chimique de ces milieux etactg les multiples « services écologiques »
fournis par les rivieres, tels que leur capaciépprovisionner en eau les besoins domestiques
ou industriels, leur capacité a recycler les masiezxogenes leur pouvoir auto-épurateur,

(Edeline 2001) ou encore leur capacité a soutarerhiodiversité adaptée a leur état initial.



Les activités humaines, présentent donc a I'éctllgpaysage, la principale menace pour
l'intégrité écologique des rivieres, impactant aiftsabitat, la qualité de I'eau et les biotas
(figure 1, Bernot et al. 2010, Norris et al. 200Parmi ces menaces, les pollutions sont
susceptibles d’agir directement et indirectememtlasi biocénoses aquatiques (Clements et
Rohr, 2009).

A.1.1. Origines et natures des pollutions (figure L

Les principales sources de la pollution de I'eauveat étre groupées en deux catégories
selon leur type :

(1) Les pollutions ponctuelles correspondent & des apports directs et localsa$ois
temporaires de substances chimiques dans les dmas et sont liées par exemple a des
rejets d’effluents urbains ou industriels. Une pidin ponctuelle peut étre issue de plusieurs
sources géographiquement localisables proches Hes des autres, peu nombreuses et
parfaitement dénombrables.

(2) Lespollutions diffusessont dues a des rejets issus de toute la surfaceetritoire et
transmis aux milieux aquatiques de facon indirepts, ruissellement ou infiltration, sous
l'influence de la force d'entrainement des eauxpeavenance des précipitations ou des
irrigations. Les pratiques agricoles ou minieresveat étre a l'origine de pollutions diffuses
par entrainement de produits polluants dans les gaiupercolent ou ruissellent. La pollution
diffuse est d'autant plus difficile a contréler ede nombre de sites émetteurs est important et
gue la collecte des eaux contaminées difficile.

De facon complémentaire, selon la nature des puluane autre classification de la
pollution des milieux aquatiques peut étre adop@e. distingue deux types majeurs de
pollution :

(1) La pollution trophique (eutrophisation) qui se produit lorsqu’un miliexcoit trop de
matieres nutritives assimilables par les alguesyahobactéries) et que celles-ci proliféerent.
Les principaux nutriments a l'origine de ce phénnengont le phosphore (essentiellement
sous forme de phosphates) et I'azote (contenu KEmsonium, les nitrates, et les nitrites).
Leur apport en grande quantité par les effluentscalgs et urbains est responsable de
'eutrophisation, de I'écosysteme aquatique corahtisainsi a sa dégradation (Karaer et
Kucukballi, 2006).

(2) La pollution toxique : les principaux toxiques rencontrés dans I'emviesnent lors
des pollutions chronigques ou aigués sont généraledes métaux lourds (plomb, mercure,

cadmium, zinc...), des halogenes (chlore, bromayrfliode), des molécules organiques



complexes d'origine synthétique (xénobiotiquesstipigles...) ou naturelle (hydrocarbures).
La pollution toxique peut provenir des rejets poetd (industries, stations d'épuration
urbaines,...), et/ou de rejets diffus moins biennes (épandage de pesticides en agriculture,
retombées de micropolluants émis dans l'atmosphérees substances toxiques déversées
dans le milieu aquatique, ont des effets dommageabur ’'homme, la faune et la flore.
Elles contribuent a I'appauvrissement biologique éeosystemes aquatiques et en réduisent
les usages. Certaines d’entre elles peuvent s’adesmndans les étres vivants (bio-
concentration), et passer d’'un maillon du réseaphigue a un autre (bio-amplification).
Elles entrainent des dommages importants pourdedil&es biologiques (Serra 2009, IFEN
2010).

Enfin, pour mémoire, il est juste rappelé ici, temséquences négatives des changements
physiques apportés aux milieux aquatiques (chexialig destruction des habitats rivulaires,
extraction de granulats,..) qui peuvent amplifesr tonséquences des apports chimigues.

Barrages

Industries miniéres - ¥ ﬁ?«

S b Rectification des

Agricultures,
irrigation, élevage

Urbanisation

Piscicultures

Figure 1 Schéma de la diversité des usages sur un bassant@t des causes de dégradation
possible des milieux aquatiques (source : DIREN)



A.1.2. Contexte réglementaire

Suite au constat relatif a la dégradation génémles milieux aquatiques, les pouvoirs
publics en Europe ainsi que le Parlement et le €ibEsiropéen, ont adopté en octobre 2000
la Directive-Cadre sur I'eau (DCE) (2000/60/CE)oljectif de I'Union Européenne est
d’établir ainsi un cadre global pour une politiqgenmunautaire dans le domaine de I'eau et
d’atteindre a I'horizon 2015 un « bon état écologioe de ses eaux de surfaces, souterraines
et cotieres. La mise en place de la DCE se tramtinitipalement en deux phases : établir en
premier lieu un diagnostic général de I'état delennx et mettre en place un réseau de suivi,
et ensuite engager des actions de restauratiofesunilieux n'ayant pas atteint le « bon
état ». Pour tenir compte de la diversité des mys$eaquatiques, la notion de « masses
d'eau » a été introduite pour définir des objecBf¥cifigues et adaptées aux systémes
considérés (par ex., ruisseaux de tétes de bgsamjs fleuves,... Enfin, une prise en compte
des facteurs environnementaux régionaux s’estéévetcessaire pour définir des objectifs de
qualité réalistes (définition d’hydroécorégions).

La phase de diagnostic commence d’abord par latégisation typologique des milieux
sur des criteres purement physiques et qui incldent un cadre géographique (géologie,
altitude et taille des cours d’eau). Cette prem&eactérisation a pour objectif d’établir un
systeme de référence par type de cours d’eauy étypdaoécorégion et ceci afin de permettre
des comparaisons a l'échelle de I'Europe. La denziéttape clé dans cette phase de
diagnostic, est évidemment |'évaluation de I'établégique des cours d’eau, via une
spatialisation des pressions anthropiques. L’aataburs d’eau sera d’abord déterminé sur la
base de deux criteres : (1) hydromorphologiqu&epkysicochimique, qui vont soutenir par
la suite un troisieme critére, a savoir la qualitélogique des cours d’eau (Wasson et al.
2001).

(1) L’hydromorphologie des cours d’eau est caractérns# trois points :

. Le régime hydrologique (quantité et dynamique dbitdd’eau, connexion aux
masses d’eau souterraines...).

. La continuité de la riviere (transfert de sédimenys

. Les conditions morphologiques (profondeur et largeucours d’eau, structure du
lit et de larive...).

(2) La qualité physicochimique est quant a elle éwalaépartir de la présence de trois
éléments :

¢ Les macro-polluants, comme par exemple les mat&resispension ou les nutriments

(qui ne sont considérés comme néfastes qu’a desfddses).
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& Les micro-polluants minéraux, tels que les métauxds et qui peuvent étre toxiques
méme a de faibles doses. Ces micro-polluants pééwend’origine naturelle ou anthropique.

¢ Les micro-polluants synthétiqgues (xénobiotiquegls tque les pesticides et les
biocides et qui ne sont que d’origine anthropiques.
(3) La qualité biologique est évaluée principalemeat putilisation de bio-indicateurs
spécifiques, standardisés et normalisés, calculéapport a I'état biologique de peuplements
de zones de référence. Ces bio-indicateurs, tsaduit format numérique par une note,
s’appuient sur des métrigues qualitatives et qtaives (composition taxonomique,
abondance et biomasse, taxons sensibles...) etitcenstdes indices basés sur quatre
groupes biologiques : les poissons (Indice PoisgomRiviere, IPR), les invertébrés (Indice
Biologique Global Normalisé, IBGN), la flore aguate (Indice biologique des Macrophytes
en Rivieres, IBMR) et le phytoplancton (Indice Rigiqgue Diatomique, IBD) (voir section
1.1.3.2 pour plus de détails).

Cependant, en plus de I'approche « appliquée estirmdtion des gestionnaires, la mise en
place de la DCE souléve aussi de nombreuses guestiordre scientifique et notamment
celle de la définition d'un « bon état écologiqude>I'’écosysteme. En effet, cette notion va
au-dela d’'une simple mesure par parametre, et denglober une vision plus globale de la
compréhension des processus complexes impliqués tarfonctionnement du milieu
(Wasson et al. 2003).

Par ailleurs, L’'Union européenne (UE) a mis en @lan 2006 le systeme REACH,
d’enregistrement, d’évaluation, d’autorisation &t istrictions des substances chimiques.
Cette directive REACH (Réglement (CE) n° 1907/2006inpléte la directive européenne
91/414 qui prévoit I'évaluation des risques ass@éx usages agricoles dpssticides.
REACH oblige les entreprises qui fabriquent et inbgat des substances chimiques a évaluer
les risques résultant de leur utilisation et a grerles mesures nécessaires pour gérer tout
risque identifié. Ces substances chimiques, ericpher les pesticides, font donc I'objet
d’'une évaluation au niveau européen et nationalneaiére par exemple, a caractériser le
risque a priori — pour l'agriculteur, le consommateur et I'envinement. Le risque pour
'environnement est évalué en comparant I'expasigbles effets possibles du toxique. C’est
sur la base d’essais écotoxiques normalisés quisaquee est caractérisé, mais il est souvent
nécessaire de réaliser une évaluation plus apmt@oqui prenne en compte la réactivité des
milieux naturels (approches milieux naturels, ctitges par des approches expérimentales
en cosmes). De plus, une fois la substance chimjgoiee sa formulation phytosanitaire

commerciale) homologuée, il est nécessaire d’awoisuivi des impacts du toxique dans les
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milieux naturels et en particulier dans les milieaguatiques réceptacles potentiels de

pollutions, afin d’avoir un retour entre risgagriori et risquea posterioriévalués.

A.1.3. Contexte scientifique

A.l.3.a. Pollutions et état écologique des couead’: une question de relation entre diversité
et fonction

Un écosysteme, dans ses aspects fondamentauxqumpéi transformation, la circulation
et 'accumulation d’énergie et de matiere par léest vivants. La photosynthése, la
phytophagie, la prédation, le parasitisme, la sy les activités de décomposition des
matiéres organiques représentent les principauxepsus biologiques responsables du
transport et du stockage de la matiere et de kpeekes interactions des organismes engages
dans ces activités en fournissent les circuits idiilolition. Les écologistes étudient depuis
longtemps la fonction (réle) écologique des diffdes espéces. Ces fonctions regroupent
'ensemble des processus liés a I'écologie et aolidion, tels que les flux génétiques
(dispersion des genes...), les cycles des élémentiifauet la réponse aux perturbations.
Leur étude porte sur la maniére dont les difféentemposantes des écosystemes, comme par
exemple I'énergie, les biomasses et les typeséatespévoluent au cours du temps.

Au sein des écosystemes aquatiques, les effetguisides polluants entrainent des
changements de la biodiversité et, en conséqueesemodifications d’interactions entre les
organismes d’'une communauté et les modifications pecessus biologiques qui sy
déroulent. Si le concept de la biodiversité, ains celui de réseau trophique, sont assez bien
définis dans la littérature (DeLorenzo et al., 199%st difficile de mettre en évidence le lien
entre la biodiversité d’un milieu naturel et leansferts d’énergie et de matiere au sein de ce
réseau. D’apres de nombreuses études, la biod&ersntribue d’'une fagcon générale a la
capacité de résilience ainsi qu’'a la stabilité dawosysteme (Chapin et al., 2000 ; Hooper et
al., 2002 ; Loreau et al., 2002). Cette hypotheséac diversité-stabilité » considere que la
biodiversité constitue une « police d’assurancewr g’écosysteme, en pouvant minimiser
ainsi les effets des perturbations qu’il risquesdbir (Chapin et al., 2000). Cette capacité est
basée sur le fait que dans une milieu donné, dtexde nombreuses espéeces qui assurent les
mémes fonctions (redondance fonctionnelle) maisc ades abondances différentes, des
capacités de croissance, de compétition et de isaliion variables. Dans le cas ou l'une
d’entre elles viendrait a disparaitre, suite a pagurbation, les autres prendraient le relais
pour assurer le maintien du bon fonctionnementa®s$ysteme (Hooper et al., 2002 ; Pearce

et Moran 1993). Le bon état écologique d’'un cotesu pourrait donc se caractériser par sa
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biodiversité taxonomique ainsi que par une divérsitune stabilité des transferts d’énergie et
de matiére au sein d’'un méme niveau trophique £trelations (consommation, compétition,

commensalisme,...) entre les niveaux trophiques (Dretml., 2000).

A.1.3.b. Outils d’évaluation des pollutions : entéalisme et réductionnisme

L’évaluation de la qualité des milieux aquatiquepase donc en partie sur des criteres
chimiques tels que les natures et les concentsties polluants (IFEN, 2007) et physiques
tels que la topographie, la géologie et 'hydrobofCarluer et De Marsily, 2004 ; Lagacherie
et al.,, 2006). Méme si cette approche physico-ajumiest incontournable, elle possede de
nombreuses limites (informations ponctuelles, p&s rénseignement sur les risques
ecotoxiques liés aux contaminations, de nhombrecesaintes d’'un point de vue analytique
(nombre de molécules et produits de dégradatiomesemolécules a analyser importants,
molécules inconnues, limites de détection et dentifiGation...). Par exemple, dans les
années 1990, le Ministere de I'Aménagement du tderiet de I'Environnement (MATE) et
les agences de l'eau ont mis au point des outigaldiation de la qualité des milieux
aquatiques basés en partie sur ces critéres ets@ous le nom de Systémes d'Evaluation de
la Qualité (SEQ). En ce qui concerne les micropuits, les grilles d’interprétations du SEQ-
Eau étaient basées sur des valeurs seuils, ellemesébasées sur les données
ecotoxicologiques de la littérature et comparéescmncentrations mesurées dans le milieu.
Cette méthode, inspirée de celle de I'évaluatios dsques, ayant pour intérét pratique
I'identification d'éventuels problemes de qualité tleau et la définition d'objectifs de
gestion, restait donc inféodée aux suivis analggdu milieu. En résumé, les analyses
physico-chimiques, malgré leur importance, ne safft donc pas a tirer des conclusions sur
I'état des milieux aquatiques soumis a des pressaothropiques. Les approches biologiques,
écologiques et, plus récemment écotoxicologiquesgselent indispensables pour une telle
évaluation.

Lagadic et Caquet (1998) proposent ainsi trois auxestratégiques et chronologiques
dans I'évaluation biologiqum situ de la qualité des milieux aquatiques. Le premstruae
mesure chimique des concentrations des substarmes lés organismes, suite a leur
exposition (absorption, bioaccumulation...). Le setoniveau est une mesure de
biomarqueurs qui correspondent a des changemerashifiques, physiologiques,
immunologiques, histologiques, morphologiques, et domportement, a [I'échelle
individuelle, en réponse a au moins une substamxgue (Walker et al., 1998). Enfin, le
troisieme niveau, est une mesure d’effet sur lesmnconautés avec I'utilisation de

bioindicateurs (espéces ou groupes d’especes)ialégignent des espéces biologiques ou
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animales qui, du fait de leurs particularités égmoes, constituent I'indication précoce de
modifications biotiques ou abiotiques de I'envirem@nt dues a des activités humaines (Ham
et al., 1997). Actuellement en France, les indinatebiocénotiques validés par une
normalisation AFNOR sont au nombre de 5:

(1) Iindice biologique global normalisdBGN, 1992 NF T90-350) qui est un outil de
bioindication standardisé, utilisé en écologie ehndé sur I'étude des macro-invertébrés
benthiques d’eau douce qui sont récoltés suivaptrotocole d’échantillonnage normalisé.

(2) I'indice biologique macrophytique en rivierlBMR , 2003 NF T90-395) est fondé sur
'examen des macrophytes pour déterminer le statyghique des rivieres, et qui traduit
essentiellement le degré de trophie lié a des tersuammonium et phosphates, ainsi qu’aux
pollutions organiques les plus flagrantes.

(3) I'indice biologique diatomiquelBD, 2000 NF T90-354) est un outil d’investigation
pratigue de I'évaluation de la qualité des eaux @énig disposition des gestionnaires des
milieux aquatiques et applicable a I'ensemble dessd’eau de France. Cet indice est établi
selon la présence de diatomées, organismes pantamkent sensibles aux variations
environnementales et notamment aux pollutions ogg&s, nutritives (azote, phosphore),
salines, acides ou thermiques. Cet indice a ébédan partir d'une base de données (toujours
alimentée) et d'un travail statistique et de maxdlon original (réseaux artificiels de
neurones).

(4) I'indice oligochétes de bio-indication des seédinge{fOBS, 2002 NF T90-390)
permettant I'évaluation de la qualité biologiques dédiments fins ou sableux permanents ou
stables des cours d'eau. Cet indice est basé sdeskription et le comptage de taxons
d'oligochétes et fait apparaitre les incidenceslo@§mue des rejets polluants (charge
organique ; micro-polluants organiques et métadigju

(5) I'indice poisson en rivierelPR, 2004 NF T90-334) qui mesure sur un linéaire de
court d’eau I'écart entre la composition d'un pempént présent (détermineé aprés péche
électrique) et la composition du peuplement atteedwondition de référence. Il répond a

différentes perturbations concernant la chimie'eul mais aussi I’habitat physique.

Du fait qu’ils ont été congus pour évaluer une camauté par rapport a une référence,
I'IBD, I'IBGN et I'IPR sont les trois indices prirpalement utilisés en France.

Cependant, d'une maniere générale ces indicesma¥ des limites d'utilisation, liés au
fait: (1) qu’ils reposent principalement sur I'dyse des caractéristiques structurelles

(statistiques taxonomiques et abondance) des coaut®s) (2) qu’ils ne tiennent pas compte
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des modifications physiologiques (croissance, @ésvmeétaboliques) que peuvent subir les
communautés biologiques suite a des perturbatiangythe anthropiques et (3) gu’ils ne sont
pas, en leur état actuel, de bons indicateurs Higtipos toxiques.

En complément a ces informations obtenues surrggnsmes et les communautés en
place dans le milieu étudié, la mise en ceuvre dehodes et techniques de I'écotoxicologie
peut apporter un éclairage tres complémentairerevdéterminant, dans la démarche
d’évaluation de la qualité des milieux. On fait @irsouvent appel aux bio-essais pour
déterminer un degré de pollution environnementaé\atluer le risque représenté par les
substances toxiques telles que les phytosanit@itdsés par exemple dans le cadre de la
directive REACH et dans le cadre du SEQ eau). Geai® d'écotoxicité sont effectués au
laboratoire et en conditions contrblées sur desarosgnes seélectionnés selon différents
critéres : sensibilités aux toxiques, facilité daimenance et de culture vitro, pertinence
écologique... lls consistent a exposer ces orgassdifférentes concentrations en toxique et
a évaluer l'impact par rapport aux différents pakes souhaités (survie, mortalité,
reproduction...), qui sont mesurés aprés une countéed(essais aigus) ou une longue durée
(essais chroniques). La plupart de ces bioessatsl'tibjet de norme telles que les normes
AFNOR ou OCDE et garantissent une mesure fiabla dexicité de la substance active pour
'organisme test. L'ensemble des essais d’écottéxippur un groupe d’organismes, sert a
définir des valeurs seuils telles que les NOED LOEC, qui sont spécifiques d’un
organisme et d'une substance. Parmi ces testssurcjter le bioessai algal OCDE 201-1984
96 heures ou le test aigu d'immobilisation des Dagshqui dure 24h (OCDE 202-1984). Un
des défauts majeurs de ces tests est leur manquepdesentativité environnementale et
'approche réductionniste des questions dimpaat. difet, les tests d’écotoxicité sont
généralement appliqués sur des « souches » éldgpas longtemps au laboratoire en milieu
de culture artificiel, et qui ne sont pas forcémegrésentatives localemeie plus, cette
approche est effectuée en monospécifigue et doncn’oriegre pas les interactions
interspécifiques (Bérard et Pelte, 1999 ; LeBoudang004).

! « No Observed Effect Concentration » ou conceintiasans effet observable. Il s'agit de la plustéau
concentration testée pour laquelle I'effet n'egtificativement pas différent des controles

2 « Low Observed Effect Concentration » ou « Hhible concentration entrainant un effet observablé

s'agit de la plus basse concentration pour lagliefiet est différent de celui des contrdles. Claspremiére
concentration testée aprés la NOEC.
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En conclusion, travailler avec différentes apprecheomplémentaires pour la
caractérisation de la contamination des milieuxdesplus grand intérét. La mise en évidence
d’une relation de causalité entre la présence digamts et leurs effets impose de réaliser en
paralléle I'analyse du niveau de contamination @mssystemes (approche physico-chimique)
et celles des effets biologiques (biomarqueursinlicateurs, bioessais d’écotoxicite...).
Cependant, les évaluations de l'effet des pressianthropiques sur les organismes
biologiques dans I'environnement seraient encaune pertinentes si elles étaient effectuées a
I'échelle des communautés (Clements et Rohr, 2@3)'est cette approche que nous avons

privilégié dans cette these.

A.ll. Les biofilms de rivieres en tant que modele imlogique

Parmi les biocénoses aquatiques, les communautéshi@nnes qui se développent sous
forme d’agrégats dénommés biofilms (ou périphyt@ont des acteurs clés dans le
fonctionnement général des écosystemes aquatidtreseffet, le biofilm joue un rdle
essentiel, sinon central, dans le fonctionnemestédesystemes aquatiques car il est le siége
de processus auto- et hétérotrophes intervenard éancycles bio-géochimiques majeurs
(Kostelet al, 1999).

A.ll.1. Définition

Wimpenny (2000), suggere que la définition d’unfibio naturel doit englober trois
points essentiels : (1) la notion de surface owmtefface, qui servira de support pour le
développement des organismes biologiques, (2)atice de polymeéres extracellulaire qui
va jouer un rdle de protection pour les organismess’y développent, et enfin (3) la notion
de communauté et des propriétés fonctionnelles l&éda structure et la composition des
biofilms.

A I'échelle microbienne, le biofilm est un écosys& a part entiere, qui désigne un
ensemble de populations de microorganismes (altpaetéries, champignons...) inclues dans
une matrice d’exopolymeres, généralement fixéesiswupport solide (roche, sable, bois...),
et qui se développent dans les milieux aquatiquesrts (lacs, rivieres...) (Singh et al., 2006 ;
Costerton et al. 1994, Jackson et al. 2003). Qaamerme peériphyton, il désigne a l'origine la
couverture biologique recouvrant les macrophytess nes définitions actuelles les plus
communément admises sont moins restrictives etimigeht pas la nature des substrats
colonisés aux macrophytes (Wetzel 1983). De ce faius considérerons comme de
nombreux auteurs, les deux terme « biofiims» (auee composante phototrophe) et

« périphyton » comme étant similaires.
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A.ll.2. Structure et formation

La formation d’un biofilm, est un ensemble de psstes complexes ou plusieurs facteurs
entrent en compte (surface des cellules, natunggesité du support, conditions du milieu...)
(Singh et al., 2006) (figure 2). La premiére eétaqmmnsiste en l'adhésion des cellules
bactériennes sous forme planctonique a la surfacpport. L'adhésion dépend, de I'entrée
en contact des cellules avec le support, mais Wude la nature de ce dernier ainsi que de
celle des cellules microbiennes. Cette étape implin phénomene de « sensing » (Stanley et
Lazazzera, 2004 ; Singh et al., 2006) ou les migaxismes percgoivent la surface du support
et s’y fixent en premier lieu par adsorption (réiele), suivi d’un attachement (irréversible)
influencé par I'’hydrophobicité de la surface du ma@rganisme et par son état physiologique
(qui influence la composition de I'enveloppe midesine) (Landini & Zehnder, 2002). Elle
varie selon I'espece concernée, et les parameuremitieu tel que la température et la
disponibilité¢ des nutriments (Costerton et al., 4)99Cet attachement se fait soit par
interaction directe entre les constituants de saerfde I'enveloppe bactérienne formée
d’exopolymeres, soit par adhésion grace a destgtagcbactériennes spécialisées comme les
fimbriae et les adhésines (Stanley et Lazazzer@4)2(L'étape suivante correspond a la
« maturation » du périphyton par la croissance obienne et l'instauration des différents
métabolismes et catabolismes nécessaires a laasieammunautés microbiennes au sein du
biofilms (Stanley et Lazazzera, 2004). Les micranigmes se développent alors dans une
matrice formée d’exo polysaccharides (EPS) qui jomerdle protecteur et nutritionnel
(Barranguet et al., 2005). Ces EPS sont sécrétéslgsa organismes du biofilm et
correspondent a des composés chimigues tres veigsque des polysaccharides, des
protéines, des acides nucléiques, des acides hamajudes phospholipides (Freeman et Lock
1995, Flemming et al. 2000, Nivens et al. 2001)s peemiéres cellules a se fixer sur le
support, sont les bactéries, qui sont suivies g &lgues et enfin le reste des

microorganismes benthiques (Lyautey et al., 2005).
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Figure 2. Les 5 étapes du développement d'un biofilm sur suméace dure. Etape 1 :
attachement initial; étape 2: attachement irréblers étape 3 : maturation I; étape 4
maturation II; étape 5 : dispersion (d’apres Mon&2e07).

La diversité au sein des communautés du biofilmaebbrigine d’interactions intra et
inter-spécifiques (symbiose, commensalisme, prédattompétition...) mais aussi avec le
milieu aquatique environnant. L'un des phénoméng@sedaction les plus étudiés entre
bactéries est le « quorum-sensing ». Les N-acyl-bfenineLactone (N-acyl-HSL) sont des
molécules signal, densité dépendantes, synthétetégscrétées par les bactéries lorsque la
densité de la population atteint un seuil précis afarréter sa croissance (Hammer &
Bassler, 2003 ; Stanley et Lazazzera, 2004). Liesacations allélopathiques impliquent, dans
le biofilm, en plus des bactéries, les algues, deampignons et les protozoaires... Le
phénomeéne d’allélopathie décrit les interactiormchimiques directes ou indirectes, positives
ou négatives, d’'un microorganisme sur un autre ayem de métabolites secondaires tels que
les acides phénoliques ou les alcaloides... Cegpasds allélochimiques jouent un rble
important dans la compétition vis-a-vis des ressesienvironnementales que sont la lumiére
et les substances nutritives, mais aussi dans diament chimiqgue de défense des
microorganismes contre leurs prédateurs, et dansodgération intra- et interspécifique
(Flemming et al. 2000).

Les communautés biologiques des biofilms sont btasia de nombreux facteurs
abiotiques (température, luminosité, nutrimentsdrolpgie, oxygene...). Ces derniers
influent sur la structure, la diversité ainsi quer da succession des communautés
microbiennes (Barranguet et al., 2005). La pénétratle la lumiere est nécessaire aux
organismes phototrophes (algues et cyanobactéiés)dépend en partie de I'épaisseur du
biofilm et vice-versa. Le taux d’éclairement a dfeeimportant du point de vue structural et

dans la dynamique de succession des communautgsbieitnes dans le biofilm (organismes
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phototrophes et indirectement les autres compaos@sdirophes du biofilm) (Tuji, 2000). Le
régime hydrologique (vitesse du courant) influeégalement le mode de développement des
microorganismes. Des études menées sur les comt@snauicrobiennes périphytiques,
soumises a différentes vitesses de courant, onttréname différence de composition
taxinomique et de croissance algale ainsi que damshitecture méme du biofilm
(adaptation microbienne) (Fayolle et al., 1999). tamposition des communautés
microbiennes (diversité et abondance), les intemastentre populations au sein de ces
communautés (Rier et Stevenson, 2002), mais atmsihitecture spatiale du biofilm
(I'épaisseur d'un biofilm est plus importante dans milieu riche que pauvre), sont
étroitement liées a la disponibilité des élémenitsitifs (Phosphore, Carbone, Azote...) dans
le milieu aquatique (Barranguet et al., 2005 ; danGrinten et al., 2004).

Le biofilm n’est donc pas une microniche hermétjguais un systeme en interactions
continues avec ses composantes internes et extédroestribue d’'une maniére fondamentale

a la biodiversité et au bon fonctionnement desy&témes aquatiques.

A.Il.3. ROle du biofilm dans les cours d’'eau

Le biofilm joue plusieurs réles de base dans lectionnement des écosystemes
aguatiques, en particulier en riviere, grace aolamexité et a la diversité de sa composition
taxonomique (Battin et al. 2003, Singh et al. 2006)

Au sein du biofilm, les bactéries hétérotrophesam@élisent la matiére organique dissoute
(MOD), permettant ainsi son transfert vers desauwxetrophiques supérieurs ce qui limite sa
perte (Costerton et al., 1994). Cette matiere agganest soit allochtone (provient du bassin
versant), soit autochtone (matiéres organiquesyitiesidans le milieu aquatique) (Romani et
al., 2004). Les biofilms sont des sites majeursssifailation et de stockage du carbone
organique dissous dans les milieux lotiques, ertiqudier ceux de petites tailles. lls
contribuent ainsi d’'une maniére significative agleydu carbone mais aussi a ceux de I'azote
(nitrification, dénitrification...) et du phosphoré\an der Grinten et al., 2004 ; Singh et al.,
2006 ; Romani et al., 2004).

La proximité des différentes communautés microkesnrainsi que l'architecture méme
du biofilm (présence de la matrice d’EPS), facilee phénomenes de transferts horizontaux
de genes (en particulier ceux impliqués dans I'eitijon de résistance aux antibiotiques, la
capacité de dégradation des xénobiotiques, owsistadce aux métaux lourds...), par rapport
a des organismes vivant sous des formes libres,meompar exemple les organismes

planctoniques. Cet échange d’ADN mobile peut rendiresi les microorganismes plus
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tolérants vis-a-vis de changements brusques deditioms environnementales (Singh et al.,
2006).

Au final, toutes ces caractéristiqgues des micratisgaes benthiques (contrble des cycles
biogéochimiques, source trophique, plasticité gégoey mais aussi dégradation des
polluants...) conferent aux biofilms un réle impottdans I'équilibre écologique des milieux
aguatiques soumis a des apports anthropiques. Llrlesegsus microbiens (cycles
biogéochimiques...) qui assurent une transformaties domposés dissous, présents en
grande quantité dans le milieu, peuvent permettre néduction des charges en éléments
nutritifs et contribuer a limiter une hyper-eutrggdtion des hydrosystemes (Abrantes et al.,
2006). La dégradation et/ou le blocage des compog&®biotiques, tels que les
phytosanitaires et les métaux lourds, par les conamtés périphytiques est un phénomene
important pour la détoxification du milieu (Singha., 2006), mais cependant difficilement

guantifiable.

A.ll.4. Pertinence de ['utilisation du biofilm de riviere en tant que modeéle biologique de
bioindication

La sélection d’outils de bioindication pertinentst da clef pour le succes de tout
programme de suivi de la qualité des milieux (qeis@t dans un contexte d'évaluatiorsitu
(DCE), ou dans un contexte expérimental d'évalpatini risque lié a I'utilisation de
substances chimiques (REACH)). Généralement, undiaateur doit étre capable d’intégrer
la complexité des écosystémes, tout en restantlsimdjapplication. De plus en plus
d’écologistes considerent le biofilm de riviere ¢oen étant un indicateur pertinent de
pollution (Montuelle et al. 2010, Sabater et al020 Outre son importance écologique dans
le fonctionnement des cours d'eau, le biofilm deiere présente de nombreuses
caractéristiques indispensables pour la sélection bioindicateur, telles que son ubiquité,
son mode de vie sédentaire, son taux de reprodueldyé, son abondance et la simplicité des
opérations de collecte et de transport (Culp @00, Mc Cormick et Cairns 1994). De plus,
la grande diversité des communautés microbiennesamposent les biofilms (procaryotes
ou eucaryotes, unicellulaires ou pluricellulair@stotrophes ou hétérotrophes) et la multitude
des processus biologiques et physico-chimiquesstuidéroulent, induisent une grande
complexité structurelle et fonctionnelle. Cette edsité biologique génére des sensibilités
variées vis-a-vis des différentes pressions aniho@s que peuvent subir les cours d’eau ainsi
gue des réponses variables a ces pressions. Qgeisation biologique complexe du

biofilm, avec la présence de producteurs, consoeumsiet décomposeurs, permet d’intégrer
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les relations entre les especes d'un méme nivegphitjue ou de niveaux trophiques
différents.

Deux approches complémentaires co-existent podué&véa réponse microbienne a un
stress environnemental : une approche descriptiaséd sur I'étude structurale des
communautés (biomasse, taxonomie, diversité...) e approche fonctionnelle portée
généralement sur le suivi d’'activités métaboligpbotosynthése, respiration, activités
enzymatiques, potentiel de biodégradation...). Lisdtion du biofilm microbien comme
modele biologique permet donc un large choix denjgteurs. Le choix de ces descripteurs
se révele tres important afin de pouvoir discrimiee effets des pesticides des effets associés
aux facteurs de confusion d’origine naturelle @& de courant, luminosité...) et/ou
anthropique (autres composés organiques et inayges), et de prendre en considération les
spécificités des différentes composantes du bisfiéinleur interactions mutuelles (Sabater et
al., 2007 ; Villeneuve, 2008).

A.lll. Le concept de la tolérance acquise ou de «gflution-induced

community tolerance » (Article 1)

Les études concernant les effets des xénobiotiquiemg terme sur les communautés
biologiques du biofilm, ont généralement montré tggecommunautés d’organismes étaient
susceptibles de développer une tolérance vis-a@less polluants. Suite a une perturbation
d’origine anthropique, les changements de strustdes communautés (diversité, abondance
relative), accompagnés d’'un quasi-retour a la nndas activités microbiennes globales
(photosynthése, activités métaboliques, croissamcebienne...), tendent a prouver que les
microorganismes a l‘échelle de la communauté stdpplus ou moins, rapidement aux
nouvelles conditions environnementales (Soldo &r&e2000 ; Boivin et al., 2006).

Le concept PICT (Pollution-Induced Community Toler@) se base sur cette capacité
d’adaptation des organismes et considére que demuanautés biologiques, déja exposées a
un polluant, acquierent une tolérance a ce toxpgueapport a d’autres, comparables de point
de vue écologiqgue mais qui n'ont pas été exposBemdck, 2002). Cette différence de
tolérance, que I'on peut évaluer par des bioesimaisourte durée et avec des concentrations
croissantes en toxique, peut donc révedemosteriori I'exposition d’'une communauté
biologique a ce toxique (son historique). Cetterapipe permet la mise en évidence du lien
entre la pression et son impact sur le compartiniéotique d'un écosysteme et d'une

maniere plus générale sur I'écosystéme dans salgéotMillward et Klerks 2002).
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L’application du PICT comme méthode de bioindicatidbasée sur l'utilisation des
communautés naturelles du biofilm en tant que neotélogique, se justifie parce qu’elle
satisfait de nombreux criteres établis par DalBegteler (2001) pour le choix d’un indicateur
de l'état ecologique des écosystemes: (1) spééifide réponse a un stress particulier
(Blanck et al. 1988, Boivin et al. 2002). (2) faéilet rapiditédes mesures (Millward et Grant,
2000). (3)_intégratiomle la complexité structurale et fonctionnelle @edmposante biotique

des écosystemes (Tlili et al. 2008, Dorigo et &1®. (4) spatialisation temporellges

pressions anthropiques, c’est a dire révéler urmstion présente ou passée au toxique
(Dorigo et al. 2004, 2010, Pesce et al. 2010). l&dhode PICT présente donc un intérét
comme outil de diagnose et d’évaluation du risqoetaxicologique en milieu aquatique
(Bérard et al., 2002).

Une synthése bibliographique relative au concePiTRdt réalisée au cours de mon travalil
de thése est présentée dans ce chapitre sou®le Microbial pollution-induced community
tolerance » (Tlili et Montuelle 2010). Cette syrgbéconstitue un des chapitres du livre
« Tolerance to Environmental Contaminants » édiréAmiard-Triquet, C., Rainbow, P.S. et

Roméo, M.
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Microbial Pollution-Induced Community Tolerance

A. TLILI & B. MONTUELLE

In « Tolerance to Environmental Contaminants » (20Q), Amiard-Triquet,
et al. (eds). CRC press. pp 85-108
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Ahmed TIili 2, Bernard Montuelle®®
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1. Introduction — from the simple to the complex

The assessment of the ecological quality of natcasystems is partly based on chemical
criteria such as the chemical nature and concémtisabf pollutants and physical criteria such
as topography, geology and hydrology (Carluer aadMarsily 2004; Lagacherie et al. 2006).
Even if such a physico-chemical approach is esaeriti has many limitations (specific
information, no predictive information on the eocatwmlogical risks associated with
contamination) and many constraints from an ar@ltpoint of view (large number of
molecules and degradation products of these masctd analyze, unknown molecules,
detection and quantification limits, etc.). In ddxh, biological approaches measure the
impact of exposure to toxic contaminants on bialajicommunities in natural ecosystems.
According to the scheme proposed by Lagadic andi€ta({998), three strategic levels for
thein-situ evaluation of the biological quality of ecosystesheuld be considered. The first is
the measurement of the concentrations of chemidadtances in organisms after exposure to
toxicants (absorption, bioaccumulation...). Theoseclevel is a measurement of biomarkers
(biochemical and physiological) such as enzyme vitieis (catalase, glutathione
peroxidase...). And finally, the third level is a rsaee of the effect of the toxic contaminant
on populations via the use of bioindicators (spe@e species groups) such as the diatom
biological index or the IPS (pollution sensitivitydex) in aquatic ecosystems for example.
These indices are based primarily on species ceaisteccs analysis (taxonomy, species
abundance statistics and identification of key sgm¢cbut do not reflect functional changes
(growth, metabolic activities) that can develop himlogical communities in response to
anthropogenic disturbances. In addition to obtgnectological information fronin-situ
organisms and communities, ecotoxicological methants techniques have the potential to
improve environmental assessment.

Mono-specific bioassays are often used to deterntivee degree of environmental
contamination and the risk associated with toxibssances. These ecotoxicity tests are
performed in the laboratory under controlled candd on selected organisms based on
different criteria (sensitivity to toxicants, eas# maintenance andn-vitro culture,
repeatability), and the impact is assessed by cemmense tests in relation to different
parameters (survival, mortality, reproduction.A)major shortcoming of these tests is their
lack of environmental representivity and the redungst approach to effect issues. Indeed,

ecotoxicity tests are generally applied to “strathsit are cultivated in artificial culture media
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in the laboratory, sometimes using genetically rhiedistrains (e.g. several bacterial tests:
Ames, Microtox). Moreover, this approach is perfedhwith single species and therefore
does not include interspecific interactions. To roeene this drawback, it is essential to
develop ecotoxicological studies that take intooact both the biodiversity and functioning
of microbial communities. Biological and ecologicgecificities of microbial communities
make them very interesting tools for environmenqgtality assessment and impact assessment
whether atin-situ level or using a “cosms” techniques to developsehty studies. The 20
year old concept of Pollution Induced Community éfahce (PICT), first introduced by
Blanck et al. (1988), is an ecotoxicological toblatt provides a good alternative for
environmental status characterization, useful &seasing not only an immediate impact but
also taking into account the contamination histingcosystem at the community level. It is
also a tool that allows a better understandindnefeicological drivers in adaptation processes.

Finally the PICT concept allows the introductiorf'miore ecology in ecotoxicology”.

2. The PICT concept in brief: principle, objectivesand application

The large diversity of microbes in natural ecosystgalgae, bacteria, protozoa, fungi,
viruses...) and the associated multitude of biaalgand physico-chemical processes induce
high structural and functional complexity into nabral communities. This generates various
sensitivities and a highly variable type of resgote anthropogenic pressures. The presence
of an increasing bioavailability of xenobiotics esally leads to such structural and
functional disturbances of microbial communitieseQesult is adaptation and the selection
of the most tolerant species or strains of micranigms to these toxicants, resulting in an
overall increase in tolerance towards the toxicafitthhe whole exposed communities. This
process underlies the concept of Pollution InduGssmmunity Tolerance. Assessing the
acquisition of tolerance is a method that triegdtablish a cause-effect relationship between
one pollutant and its impact on biological commiasit Indeed, the PICT approach is
primarily a measure of the sensitivity of biolodicammunities to a toxicant, combined with
taxonomic analysis (Fig.1). However a lot of issaes still open: is it possible to target the
effect of a given compound in an environmental ygalts cocktail? What are the relevant
endpoints for PICT studies? What is the threshmicbinclude that a community is impacted?
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Fig.1 PICT concept is based on the fact that exposuaebidlogical community to a toxicant,
will induce an inter-and intra-specific selectioi e most tolerant organisms or the
establishment of mechanisms for detoxification. Shine entire community may be
restructured, present physiological alterations emde finally to display an overall increase
in tolerance to the toxicant compared to a refezggmmmunity that has never been exposed.
This tolerance difference, which is evaluated ibyitro short-term bioassays and with
increasing concentrations of toxicant, may giveiratication of past exposurén(situ) to
toxicant of the different sampled communities.

Basically, the main goal of such a method is tdlgit differences in tolerance towards
a toxin of two “comparable” biological communitiesjth one of them being “naive” with
respect to this substance (the reference communityprinciple, the PICT concept can be
applied to all types of ecosystems, aquatic oestrial (Hjorth et al. 2006; Niklinska et al.
2006), and to all microbial communities such astdré (Boivin et al. 2005) or
photosynthetic microorganisms (Dahl and Blanck 1399Bable.1 summarizes a non-
exhaustive list of microbial PICT-studies (in aqoaecosystems and different targeted

organisms).
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Table.1 Main characteristics and biological targets of PKEudies in different aquatic ecosystems.

Selection Detection

Ecosystg:[ns Targeted organisms (structural endpoint) (functional endpoint) References
Photoautrophic - Taxonomic analysis by - Photosynthesis:*C incorporation Wangberg et al. 1991; Nystrom et al. 2000; Paulsson
(algae and cyanobacteria) microscopy andIn-vivo induced fluorescence) et al. 2000; Soldo and Behra, 2000; Bérard and
community in periphyton; - Molecular Biology by Benninghoff, 2001; Schmitt-Jansen and Altenburger,
phytoplankton or sediment DGGE ; TTGE or PFLA. 2005; Hjorth et al. 2006; Dorigo et al. 2007; Nawar
- High-performance liquid et al. 2008; McClellan et al. 2008; Schmitt-Janaed
chromatographie. Altenburger, 2008; Tlili et al. 2008; Eriksson dt a
2009; Blanck et al. 2009; Debenest et al. 2009¢c&es
et al. 2010.
Heterotrophic - Bacterial enumaration - Thymidine (Tdr) and leucine (Leu) Lehmann et al. 1999; Nystrom et al. 2000; Barrabgu

(bacteria and fungi) (DAPI-FISH, flow cytometry)
community in periphyton; - Molecular Biology (DGGE ;

et al 2003; Blanck et al. 2003; Brandt et al. 2004;

incorporation techniques. Massieux et al. 2004; Boivin et al. 2005; Boivinakt

phytoplankton or sediment ~ TTGE or ARISA). - Biolog® ECO plates 2006; Hjorth et al. 2006; Tlili et al. (2010)
i} Community-level o o iration (gas chromatography or
physiological profiling P 9 graphy

(CLPP) MicroResp™)

- Extracellular enzyme activity.

(river; lake; Estuary; Marine and coastal system

Aquatic
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Besides impact assessment, and as a result ofagi@metime and microbial dynamics
specificity, the PICT approach could also be used dnvironmental recovery studies.
However, this application is less developed thapaaob studies (Blanck and Dahl 1998;;
Larsen et al. 2003; Boivin et al. 2006; Demolingl &aath 2008a,b).

3. Selection process, detection and validation dfi¢ PICT

According to Molander and Blanck (1991), the PICONICEPT can be summarized in
two phases, a selection phase and a detection pdzss®el on the functional response of
biological communities. The selection phase is thase how communities adapt to stress
conditions, with several levels of biological respes (from strain-specific sensitivity and cell
responses with detoxification capacity and contamiirstorage to selection of resistant strains
and changes in diversity and specific individuamipers). The detection phase concerns the

expression of the acquired tolerance and the waldoacterize it by short-term bioassays.

3.1. Selection phase or “survival of the fittest”

Basically, exposure of communities to toxicantslgeto the selection of the most tolerant
species. This tolerance could result from cellulaetabolic processes that detoxify the
contaminant. As examples, stress proteins are afitevived in the tolerance to a metal or
changes may occur in the activity of an enzyme thadifies metal speciation (e.g.,°Cto
the less toxic Cf resulting from reductase activity Methylococcus capsulatél Hasin et
al. 2010).

This section deals with other drivers of tolerasaeh as selection processes and their role
in PICT acquisition. Taken as a whole, tolerancguaition depends on (1) inter- and intra-
specific diversity, and (2) the specific sensitastof the strains and/or species that comprise

the community.

3.1.a. Intra- and inter-specific selection

Selection of a strain by a toxicant can lead toiramteased tolerance in the species,
population and community concerned. There are mawmgmples demonstrating the
phenomenon of intra-specific selection, especialfyalgal populations in aquatic ecosystems
contaminated by metals or xenobiotics (Kasai e1993; Bérard et al. 1998; Debenest et al.
2009). Hersh and Crumpton (1989) isolated and coedp&hlorophyceae strains from
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different aquatic systems either highly contamidatey atrazine (agricultural areas) or
uncontaminated. Chlorophyceae from the contaminsystems exhibited increased tolerance
to atrazine compared to the Chlorophyceae isofated the uncontaminated systems. Bérard
et al. (1998) also tested the atrazine tolerancetwaf strains of Chlorella vulgaris
(Chlorophyceae) isolated from two limnic systemsaké Geneva (with low herbicide
pollution) and Villaumur barrage (highly pollute¢ berbicides inhibiting PhotoSystem II).
Results showed that the strain from the pollutéel wias more tolerant to atrazine than the
strain from the unpolluted site, suggesting thatéhhas probably been a genotypic selection
by herbicides inhibiting photosynthesis, confirmthgrefore intra-specific selection.

The second selection level is inter-specific andthad the studies on PICT have shown
that some species can survive at the expense efsptivhether for bacteria (Dorigo et al.
2007; Demoling et al. 2009) or for algae (Schmattssen and Altenburger 2005; Dorigo et
al. 2007; McClellan et al. 2008; Morin et al. 2018)study conducted by Boivin et al. (2005)
showed the selective effect of copper on bacte@ahmunities in river biofilms, by using
DGGE analysis of the 16S rDNA gene. McClellan et(2008) studied interspecific algal
community selection after exposure to diuron. Thegdin-vivo algal induced fluorescence
(measured by PhytoPAM) and showed a 45% increageinyanobacterial proportion of the
community, whereas the relative contribution oftailas decreased to about 50% in the
contaminated microcosms compared to the controfaoasms. Serra (2009) also reported
changes in the algal biofilm community exposed apper, with the development of green
algae and the decrease of diatoms and cyanobactstexting the copper tolerance of green
algae.

Intra- and inter-specific selection takes placeusiameously. Several contributing factors
related to biological interactions and environmefdators (varying according to the studied
sites and seasons) may affect the specific respohsarganisms to different selection
pressures (DelLorenzo et al. 1999a,b; Espeland @08l; Dorigo et al. 2004). Rimet et al.
(1999) show that algal sensitivity increases wtk tomplexity of the algal communities
studied: the E of nicosulfuron was higher for the algae from maudtures than for those
studied in microcosms inoculated with phytoplanktofiected from Lake Geneva. Hjorth et
al. (2006), investigating the role of interactimnmplexity between marine phytoplankton and
zooplankton under stress from the antifouling conmabzinc pyrithione, provided evidence
of effects on the function and structure of theimeaplankton communities. Direct selective
effects were observed immediately (such as reduystedoplankton activity inducing a

decrease in grazing rates of zooplankton), leathrgascading indirect effects throughout the
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community, such as a change in the algal commutiticture over time due to the decrease
of the zooplankton predation pressure.

3.1.b. Ecosystem characteristics and their role ithe selection process

Many studies have shown the influence of envirortaldiactors on the bioavailability of
toxicants and therefore on the control of theindiy (Lock and Janssen, 2005; Brack et al.
2008). PICT reflects the accessibility to enviromta¢ chemicals by the local micro-
organisms and the bioavailability of these contamia (metal speciation, adsorption of
toxins onto organic matter...). Measures of concéntra of in-situ total contaminants are
too widely inclusive, and can then appear poorlyedated with the PICT values of impacted
communities.

For example, Almas et al. (2005) emphasized thedliwation in the soil matrix could
influence organism exposure to trace metals, eitherdiffusion constraints, by metal
sequestration onto soil colloids (providing a loealironment with low chemical activity), or
both. Neither of these mechanisms provides perntgetection if high metal concentrations
occur in macropores for prolonged periods, but tlweyld protect against transient peaks in
macropore concentrations. To confirm this hypothes$ie authors used a set of Zn- and Cd-
contaminated soils to explore the relationship leetw the binding strength of micro-
organisms to surfaces and their decreased PICTy @iamonstrated that free and loosely
attached cells had developed a strong PICT in respto 80 years of Zn and Cd pollution,
whereas strongly attached cells were virtually fewéd. It appears that the position of
strongly attached cells in biofilms and micropowdssoil has effectively protected them
against toxic metal selection. In an aquatic edesysstudy, Guasch et al. (2002) evaluated
the effects of chronic copper exposure on natuesippyton in a non-polluted calcareous
river. In this study, copper exposure for 16 dayslar variations in pH similar to those
observed in the stream (i.e. diurnal changes frotht8 8.6) affected the biomass and
community structure of the stream algal communty,the replacement of metal-sensitive
species by metal-tolerant ones. The authors coedltitat the water alkalinity was important
in affecting the bioavailability of the metals atiterefore their selection pressure on the
biological community. On a broader study scalenBkaet al. (2003) showed in a study on
fifteen European rivers that Zn tolerance of therobial community was driven by different
factors (e.g. pH, calcium or bicarbonate conceitnatand that only regional models could
describe this tolerance. Variability in Zn tolerasovas high, reaching 1.5 to 2.5 orders of

magnitude, ranging for example from 25 to 8145uMahresponses in photosynthesis.
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Environmental factors (e.g. temperature, light otrient availability) which interact with
toxicants, may also influence micro-organism sensgjtand thus the selection process within
a community exposed to pollutants (Bérard and Beghnoff 2001; Guasch et al. 2003;
Villeneuve et al. 2010). Effects of antibiotics tre PICT of the soil bacterial community
could be modulated by the organic matter and mitwentent of soil. Schmitt et al. (2005)
studied the microbial induced tolerance in resporn®e increasing sulfonamide
sulfachloropyridazine concentrations in bulk saidan nutrient amended soil. They found
that the antibiotic-induced tolerance (measurech wite single carbon source microplate
Biolog® technique) of the microbial community wasiieased if the soils were amended with
nutrients. In the same way, Guasch et al. (2004¢stigated the influence of phosphorus
limitation on copper toxicity in periphytic commudieis, and they observed an enhancement of
the phototrophic community tolerance to Cu in theniched microcosm, coupled with a
shift in the community structure between the exdosed the non-exposed periphyton
communities.

More globally, Brack et al. (2008) considered thatEffect-Directed Analysis (EDA) that
combines chemical fractionation, chemical analysisl biotesting could help to identify
hazardous compounds in complex environmental mestuss this combined approach avoids
artefacts in establishing relevant cause-effecatiggiships. The PICT approach is well

adapted to such an EDA approach.

3.1.c. Exposure time and species succession duratio

The type and the duration of exposure are obvioofsiyajor interest for the development
of tolerance. PICT studies have been mainly comducin small organisms with fast life
cycles, mainly algae and bacteria, facilitating émalysis of short-term contamination effects
(pulse contamination) (Tlili et al. 2008). The shgeneration time of bacteria and microalgae
is a real advantage for comprehensive studies@m#thanism of tolerance acquisition at the
community level. One of the most important paramseter the selection process in a PICT
approach is the exposure time to the toxicant,esinenust exceed the generation time of a
non-exposed community. Moreover, the contact betwegicants and community must be
established (Schmitt et al. 2005). The rate at WwiHeCT develops has rarely been directly
investigated. However, Ivorra et al. (1999) comgdata- and Cd- tolerance in young biofilms
and old biofilms (2 and 6 weeks old respectivelnpled in a Zn- and Cd-polluted river to
the tolerance of naive biofilms. These authors ghbthhat 2 weeks exposure to Zn and Cd

was not sufficient to observe PICT developmentkenthe 6 weeks exposure. In a field study,
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of irgarol tolerance in marine periphyton conductacer a decade, Blanck et al. (2009)
showed that, despite the fact that the irgarol eatrations had not changed in the polluted
sites, PICT development was observed between tgerieg and the end of the study,
supporting the hypothesis that the PICT potentiakvow initially and that a persistent
selection pressure was required to favor the dewedmt of irgarol-tolerant species. Such
time-dependent acquisition of PICT is supportedh®y generation and growth time of algal
or bacterial species, but also by the rate of immatign/emigration of cells in the
environment, especially in biofilms.

The taxonomic analysis of biological communitieghiights these structural differences
and diversity evolution between impacted and nopaated communities, and subsequently
supports the species selection hypothesis, for pleain the case of algae, at a global level
(Bérard and Benninghoff 2001; Guasch et al. 2004)more specifically in the case of
diatoms (Morin et al. 2008). Non-taxonomic methadiso provide interesting evidence for
microbial diversity changes. Fatty acid analysid HR) was used especially to detect
structural changes in microbial communities in eomhated soils (Baath et al. 1998;
Demoling et al. 2009). Molecular biology tools amso used, such as the use of PCR
(Polymerase Chain Reaction) on 16S rDNA (prokag)otend 18S (eukaryotes), followed by
Denaturing Gradient Gel Electrophoresis (DGGE) oemperature Gradient Gel
Electrophoresis (TGGE) (Dorigo et al., 2002, 20(igh-pressure liquid chromatography
(HPLC), which allows the identification of photoslatic pigments of major algal groups,
allows investigation of the structural changes bbtpsynthetic communities (Dorigo et al.
2007).

3.2. Measuring PICT (detection phase)

To detect tolerance acquisition, short-term biogssare applied, allowing the
establishment of a dose-response curve for thedokiexposed and reference communities.
Tolerance is subsequently expressed as andp@lied to the selected endpoint parameter.
The difference between the E@btained for the toxicant-exposed and referencenconities

allows the assessment of PICT (Fig.2).
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Fig.2 Dose-response curves for PICT characterizatiore fidterance level of biological
community to a toxicant is measured by estimathey éffective concentration of this toxic
reducing x % of the selected functional descripttensity (EG). This estimation is based on
the analysis of dose-response curves establishedmbgns of short-term bioassays.
Comparison of ECobtained for different communities allows theref@valuation of their
level of tolerance for a toxicant: the highest,E@@lue means a greater resistance to a
pollutant. Thus, in the figure, community B is cheterized by an E{g higher than the Efg

of community A which means that the exposed comtyusimore tolerant than the reference
community to the tested pollutant.

The initial composition of a community that refleagénvironmental conditions before
exposure to any stress (time reference) or underemce conditions (spatial reference)
should be considered for PICT assessment. Thissivasn for phytoplankton, particularly in
connection with seasonal events and algal succes@érard and Benninghoff 2001).
Similarly, differences in periphyton microbial drggy between lotic and lentic areas in rivers
(an effect of flow speed) resulted in differencesensitivity and tolerance to a similar toxic
exposure (Villeneuve 2010). The choice of the miee community is therefore an important

step for the validation of a PICT approach. Accogdto Blanck et al. (1988), a reference
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community is a community able to acquire significaslerance after exposure to a toxicant:
the tolerance acquisition depends not only on tmnounity itself but also on its interactions
with the toxicant. A highly diversified communityitlv a large range of specific sensitivities
towards a toxicant has an important selection pgialeand thus an important potential for
tolerance (so-called “background tolerance”) tadarts.

The choice of a functional parameter in the induiderance assessment is also crucial,
because its relevance as an ecotoxicological entidepends firstly on the mode of action of
the toxicant (and its bioavailability) and secondiyp the mechanisms involved in the
community tolerance. In a recent study, Tlili et(@010) investigated the potential effect of a
phosphorus gradient on biofilm tolerance to copged diuron in indoor microcosms. To
assess biofilm sensitivity to Cu and diuron, vasiqhysiological parameters were used in
short-term inhibition tests, targeting the autohiopand heterotrophic communities. It was
concluded that induced tolerance to Cu or diuramedaaccording to the considered toxicant
and the functional endpoint chosen, confirmingribed to focus on functional diversity using
complementary indicators for ecotoxicological invgetions in river biofilms. Moreover, the
combination of assessment tools for different @ty (heterotrophic and autotrophic) can
highlight possible interactions between differemtnenunities. Thus, Nystrom (1997) showed
a replacement of autotrophic communities by hetepbic communities in atrazine-
contaminated microcosms.

The most commonly used tests (Table.1) are therpocation of labeled elements, such
as carbon as labelédC to measure primary production, considered asezart endpoint in
the tolerance assessment in aquatic photosyntbeganisms in both the phytoplankton and
the phytobenthos (Dahl and Blanck 1996; Bérard|e2@03), and the incorporation of
tritiated thymidine or leucine to measure bacteaglvity, mainly in soil studies (Almas et al.
2005; Niklinska et al. 2006) and increasingly iruatic environments (Pesce et al. 2006).
Other tests such as the induction of algal fluaase by photosynthesis inhibitors or the use
of Biolog® plates and measures of respiration (eatr@tion of CQ or O,) are also applied
(Witter et al. 2000; Niklinska et al. 2006, Tlili al., 2010).

3.3. Gaps in PICT: Nobody is perfect

As explained above, the advantage of the PICT ambras, on the one hand, to give
information about the history of exposure to a ¢axit (not an occasional and brief

contamination of the environment), focusing thertlum link between selection pressure and
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impact, and, on the other hand, to generally pmadaster and complementary response than
available from a taxonomic analysis of communitldswever, to validate the PICT approach

as a bioindicator tool of ecosystem pollution, masyes still need to be considered.

3.3.a. Short or long term endpoints: which are thenost relevant?

Most of the experimental studies on PICT use andpaoe the classical parameters of
long-term stress (biomass, chlorophyll concentratimacterial total density...) and primary
production (e.g.**C, bacterial leucine or thymidine incorporatian;vivo algal induced
fluorescence) used in short term bioassays. TheTl Pd@proach can therefore be well
validated, and tolerance results are in agreematft Biomass or activity measurements
realized during a study. However, in some casesyaional endpoint measures of long-
term stress appear to be more sensitive than ttypseally used in the PICT approach.
Molander and Blanck (1992) showed, in a study enpbllution-induced tolerance in marine
periphyton exposed to different concentrations frah, that some long-term parameters
(increase of diatom species richness and increashlorophylla) were more sensitive than
the lowest detection of PICT at 40 nM diuron, whRéCT was more sensitive than other
long-term parameters such as a decrease of camborporation rate. In a most recent study,
Tlili et al. (2008) highlighted the ecotoxicologiqaotential impact of the herbicide diuron on
biofilms during flooding events in a small rivertime Beaujolais vineyard area (France). The
authors investigated the responses of chronicaltyamminated biofilms exposed to short-term
pulses of diuron. Biofilms were grown in indoor mucosms that were either non-
contaminated or exposed to low-level chronic commation (1 ug.[* of diuron), and not
exposed, or exposed to single or double pulsew@Environmental concentrations of diuron
(7 or 14 pg.r* of diuron). Exposure to pollution and its impaat lmofilms were assessed by
using a various set of long-term stress parametact; as biomass parameters gldsh-free
dry weight (AFDW)), community structure (using 18®d 16S rDNA gene analysis by
DGGE, and HPLC pigment analysis to target eukasyotecteria and photoautotrophs,
respectively), and also by performing photosynthéshibition bioassays (by*‘C
assimilation). In this study, long term stress paeters appeared to be more sensitive and
discriminatory than PICT measurement. Whatever #osure situation, no PICT
development was observed, whereas biomass, fllrescand structural analysis showed a
diuron pulse effect on biofilms.

Molander and Blanck (1992) proposed a conceptuaetbtage model to explain the

impact of diuron on marine periphyton as a functdrwater diuron concentrations. During
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the first stage, exposure to diuron has no longreffect, but during the second stage there is
a slight long-term effect on biomass and structare] during the third and final stage, the
diuron stress is so severe that sensitive spece<laninated, resulting in a decline in
biomass diversity and chlorophglHn parallel with an increase in community toleranc

giving an easily detected PICT.

3.3.b. Environmental factors and PICT

In the global context of assessing the impacts @hmex pollution on microbial
community diversity and function in natural ecosyss, one of the most critical points
remains the distinction between the relative effeat selective pressures resulting from
xenobiotic pollution and those resulting from eowmimental factors. As explained above,
PICT is detected by comparing the tolerances oélacked community and an unselected
“naive” community, this latter having an initial roposition reflecting environmental
conditions before application of stress (time refee) or reference conditions (spatial
reference) and an original sensitivity (“base-linelerance, Molander 1991). This base-line
tolerance probably fluctuates with the environmeotaditions (such as nutrient, temperature
and light) of the reference community, inducing ited variations in biomass, species
composition and phenotypic adaptations (Bérard Behinghoff 2001; Dorigo et al. 2003;
Guasch et al. 2003; Schmitt et al. 2005). Wheretlaee significant variations of the base-line
tolerance, it will be difficult to prove an inducéalerance exclusively caused by the toxicant
selection pressure. It is therefore necessary ve hat only a reference site that is globally
comparable to the study site, but also a sampliradegy (spatial and temporal) minimizing
the interference of environmental factors in theedigon of PICT. In a study of the effect of
copper and temperature on aquatic bacterial contregnBoivin et al. (2005) showed that
the copper tolerance at 10 and 14 °C increasedt &times, whereas copper tolerance at 20
°C increased about 6 times. Temperature therefadeam effect on tolerance development,
indicating that the effect of exposure to coppes wahanced at the higher temperature. In a
soil study, Demoling and Baath (2008a) investigatteel toxicity of different phenols on
bacterial communities at different temperaturesubyg leucine incorporation in bioassays
as an endpoint, and they observed that the indtalechnce to phenols increased at lower
temperature. Some studies have also focused oneffleet of nutrients on tolerance
acquisition (lvorra et al. 2002; Brandt et al. 2D0Suasch et al. (2004) observed a clear
influence of phosphorus limitation on copper toiciBiofilm communities that were

previously fertilized for 18 days were three timmasre tolerant than control communities
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indicating that phosphorus limitation enhanced Guxicity, and tolerance induction was
probably related to the higher phosphorus avaitgb{hegative correlation between Cu
toxicity and algal biomass which is stimulated typgphorus supply). On the other hand, in a
more recent study, these authors (Guasch.,eR@07) tested the influence of phosphorus on
the tolerance of periphytic communities to the rede atrazine, and, conversely to copper,
tolerance induction to atrazine did not require heogphorus supply (because of the fast
sorption kinetics and low rate of bioaccumulatioh atrazine, which make its toxicity
independent of the water chemistry and thus of phagis enrichment). In contrast, light
history seems to influence the sensitivity of pleyic algae to atrazine (Guasch and Sabater
1998).

Finally, considering the variability of terrestridnd aquatic environments, PICT
assessment should take into account the mosaiciabmabitats to establish a reliable
sampling strategy (Almas et al. 2005 in soil; Dorgg al. 2009 in watercourses). These small-
scale spatial, but also temporal, variabilities arefact of major concern for population
succession during PICT acquisition. They are samegi considered as “stochastic events”
(Brandt et al. 2004).

3.3.c. The phenomenon of co-tolerance

Co-tolerance (Table.2) may occur when communitlet have been exposed to one
toxicant, but not to another, become tolerant tth ioxicants. Occurrence of co-tolerance
depends on the means of acquiring tolerance anthe@rtolerance mechanisms involved
(Blanck et al. 1988). This phenomenon is mainlyseauby substances having a similar mode
of action (Molander and Blanck 1991; Soldo and BeR000) or inducing a similar
detoxification mechanism (Gustavson and Wangbe@pH)1According to Molander (1991),
two classes of mechanisms at biochemical leveldcowuce co-tolerance. The first concerns
tolerance mechanisms related to the uptake, treaistm or metabolization/excretion of the
toxicant, while the second is related to modificas of the target site or of by-pass reactions.
Co-tolerance is a phenomenon that should not bused with the “multiple tolerance” of a
community subjected to exposure by several toxgcamultaneously.
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Table2. Examples of co-tolerance between toxicants astbaading factor for PICT assessment.

Long term  Community Endpoint: Co-tolerance with References
exposure !Selection
ZDetection
Diuron Phototrophic marine periphyton Taxonomic analysis by microscopy - Atrazine Molander al. 1991
2 Photosynthesis-{C incorporation) - Bromacil
- Metribuzin
Zinc Soil bacteria L Plate count method (CFU) - Copper Diaz-Ravina et al. 1994
2 Thymidine incorporation - Cadmium
- Nickel
- Lead
Ultraviolet radiation Phototrophic freshwater » Taxonomic analysis by microscopy - Cadmium Navarro et al. 2008
periphyton 2 Photosynthesis (fluorimetry by MINI-
PAM)
Oxytetracycline Soil bacteria - Plate count method (CFU) - Tetracycline Schmitt et al. 2005
2 Biolog® ECO plates - Tylosin
Copper Freshwater phytoplankton L Taxonomic analysis by microscopy - Zinc Gustavson and Wangberg, 1995
2 Photosynthesis-{C incorporation)
Arsenate Phototrophic marine periphyton  *Taxonomic analysis by microscopy - Thiophosphate Blanck and Wangberg, 1991
2 Photosynthesisi{C incorporation) - Low co-tolerance with Arsenic and
diuron
Phenol Soil bacteria L Phospholipid fatty acid pattern - 2-chlorophenol Demoling and Baath. 2008c
2 Leucine incorporation - 2,4-dichlorophenol
- 2,3,6-trichlorophenol
- No co-tolerance with Copper and Zinc
Atrazine Freshwater phytoplankton L Taxonomic analysis by microscopy - Isoproturon Knauer et al. 2010
2 Photosynthesis (fluorimetry by Toxy - No co-tolerance with diuron
PAM)
Diuron - Atrazine
- Isoproturon
Copper Phototrophic freshwater »Taxonomic analysis by microscopy - Zinc Soldo and Behra, 2000
periphyton 2 Photosynthesis-{C incorporation) - Nickel
- Silver
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Some studies have reported a co-tolerance of matbmmunities between copper and
some metals such as Zn or Ni (Gustavson and Wagdi®95; Ivorra et al. 1999). Soldo and
Behra (2000) have shown a strong co-toleranceltersin autotrophic biofilm communities
exposed to 5uM of copper. In contrast, Tlili (pecem) did not detect any co-tolerance
between copper and silver in a study based on sheofithe MicroRes' method to assess
PICT to metals for lotic biofilms. These contradist results may be explained by the fact
that most of the studies that have detected alecattice were based on photosynthesis as an
endpoint to measure PICT (targeting the photoamgpbtcommunity in the biofilm), whereas
Tlili (pers. com) used the substrate-induced resioin endpoint, targeting the heterotrophic
community in the biofilm. Thus, depending on thadkiof targeted activities and associated
communities (phototrophic or heterotrophic), caetahce assessment can be variable, and the
combination of different endpoints may provide d&tdreapproach. Knauer et al. (2010)
examined the specificity of PICT by evaluating tletolerance pattern for three photosystem
Il inhibitors herbicides (atrazine, diuron and ismtpron) to the phytoplankton community,
exposed separately over the long-term to these theebicides. These authors demonstrated
that pre-exposure to diuron induced similar toleeamo all three herbicides. While it is
difficult to distinguish the specific PICT effect two toxicants, the PICT method, however,
can separate molecule groups with common effeetsatte associated with different pollution
types (herbicides inhibitors of PS II, groups oatye metals...). The PICT method, used with
a particular caution with respect to the phenomewiono-tolerance, might for example be
proposed as a preliminary approach in the assessphiestosystem pollution, choosing a
« model » molecule for each different group of piahts.

4. The PICT concept and its position in the ecosyatn functioning

Even though the PICT concept has been proposedresghendological approach based on
comparative community ecotoxicology, it has theeptial also to be integrated into a broader
vision of ecosystem functioning. Any investigatiohthe ecological basis of PICT needs to

have a wide knowledge of the ecosystem itself.

4.1 PICT CONCEPT, REDUNDANCY AND RESILIENCE : WHAT IS THE CONNEXION ?
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One important and up-to-date question in microb@dlogy concerns the nature of the
relationship that may exist between biodiversitg @sosystem functioning. Several theories

attempt to explain the impact of diversity on eateyn functions, such as matter and energy

flows like photosynthesis, gene flow or nutrientloyg. On the basis of assumptions about

the functional role of diversity, there is the nesary assessment of the unequal ecological
roles of various species in the ecosystem: the eqmncof keystone species, guilds or

functional redundancy. It is generally admittedttltzage species richness allows a greater
stability of the community, but the link betweersle two characteristics might vary, thereby

leading to applicability of different models (Clemte and Newman 2002; Fig.3).
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Fig.3 Four models showing the relationship between ggetithness and functional stability

in communities. (A) Linear model: functional statyildecreases linearly with the reduction of

species number. (B) Rivet model: a functional retfunty protects the system from loss of
species until a threshold level. (C) Ildiosyncratmdel: species disappearance effect is
dependent on species interaction and hardly predictD) Drivers and passengers model:
stability depends on the species ecological impeda Disappearance of driver species
(keystone species) have more effect than disappeamf passenger species. Modified from
Figure 6.2 in Clements and Newman 2002.
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One of the theories regarding the impact of spenigmber on ecosystem function is
based on the assumption of redundancy, which cerssithat the number of functions in an
ecosystem increases with the number of specieriiytto a certain threshold. Beyond this
threshold, species that are added can be considapaifluous because they do not enrich
ecosystem functions. According to this theory,disappearance of the most sensitive species
(as one of the processes underpinning PICT) doesaffext ecosystem function as a whole
initially, but only beyond a certain threshold gqfesies loss (Schwartz et al. 2000). If this
theory assumes that the degree of diversity andystem function are closely related, others
estimate that these two entities do not maintafixed relationship between them, and that
ecosystem functions are a result of interactiot&den species. In this case, it is not only the
number of species that counts, but their relatibendance, their organization in the
community and the environment in which they livikgehmitt et al. 2001).

Biological diversity appears therefore to have tmajor roles. The first is to ensure
essential ecosystem function, and the secondalaw adaptation to changing environmental
conditions (e.g. stress conditions). The concemofinsurance policy” which stipulates that
each species has advantages that enable it tosdeed¢ssfully with certain environmental
circumstances, explains why a more diversifiedesysshould be more stable. If a community
contains a large number of redundant species,rtit@pility that a functional role can still be
exercised even after a strong disturbance is graateugh the survival of at least one of the
more tolerant species (Mertz et al. 2007). In tase, PICT could correlate with a reduction
of diversity or with changes in species evennehss festructuring finally leads to changes or

losses in ecological functions of the communityd ao to a lowering of community stability
(Fig.4).
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Fig.4 Ecological response and associated PICT responsecommunity to a stress or a
recovery. Modified from Clements and Newman, 2002.

The notion of ecosystem stability is also relateather concepts, which are a matter of
discussion: resilience (return of ecosystems taasiginitial state following a disturbance),
robustness (resistance to interference) and atgstability to restore quickly the biomass to
its initial value after disturbance). All these cepts are more or less involved in a
comprehensive analysis of PICT. Barbault (1997hilgts “the probable importance of
biodiversity to ecosystem resilience, which meaw$ only their recovery ability after
disturbance, but also their resistance to invasipecies and therefore their long-term
persistence”. “Ecophysiological” demands of spe@es never identical, even when the
species provide the same functions (identical egodd niches, redundant species...). The
numerical balance (abundance and richness) betihese species may vary depending on
environmental changes, while the interactions betwilbem remain unchanged.

These phenomena should also be considered foromnvéntal recovery processes after a
disturbance, and the PICT approach could also leel der studying the dynamics of
environmental recovery. However, this applicatieanless developed than impact studies
(Demoling and Baath 2008a; Blanck and Dahl 1998sém et al. 2003; Boivin et al. 2006).
Kinetics of recovery at community level after diftances are variable, and physiological

recovery from a chemical stress is generally mdfreient at high microbial diversity and at
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high functional redundancy. However, recoveringracfion after a stress does not necessarily
mean that a community returns to its original cosifpan and tolerance (Fig.4). Dorigo et al.
(2010) studied the structural and functional recp\wd bacterial and eukaryote communities
in biofilms naturally grown on stones for 9 weeks a pesticide impacted site, after
transferring them from the pesticide-polluted doingemm site to a non-contaminated
upstream site (Fig.5). Their results revealed toaicant-induced changes between non-
impacted biofilm (NIB) and impacted biofilm (IB) somunities remained present after
translocation throughout the recovery period. Tia@dfer of biofilm from impacted site to
reference site did not break up structural diffeemnbetween NIB and IB, and brought on
only weak functional changes. Several causes ceypdain the maintained structural and
functional differences. It is likely that persistetifferences are preserved via long lasting
effects of the toxicant on the periphyton commausitiparticularly of copper, considering its
adsorption onto biofilm and its incomplete relefisen biofilm matrices (Dorigo et al. 2010).
This is in accordance with the results of Larsemlef{2003) indicating that phytoplankton
PICT was maintained over more than 2 weeks afterhiocide Sea-Nine 211 had been
degraded. It is also suggested that the limiteduwery could also be due to limited new cell
immigration and to the difficulty for microbial spes to invade an already established
community rather than invade non- or recently cizled substrata.

The use of biofilm recovery capacity assessed ByRICT appears to be an interesting
bioindicator of the recovery of freshwater ecosystgit is ecologically relevant and could

potentially be a management tool (Blanck et al.8 ¥8moling and Baath 2008b).
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Fig.5 Periphytic community response after translocafmnan impacted site (IB) to a non-
impacted site (NIB). The translocated biofilm (8%-lhas a PICT intermediate between NIB
tolerance (reference or background PICT) and th&ol&ance. Similarity Indices at 5 and 7
weeks after translocation of IB to the referente sidicate a low similarity with IB diversity
for prokaryotes and an incomplete one for eukasy@teodified from Dorigo et al. 2010).

4.2. Cost of induced tolerance and additional distlpances

The PICT approach has been employed to demonsti@teommunity structural changes

are the direct result of contaminant exposure. Hemnefew studies have investigated the

effects of this community restructuring on its sewvisy to other stressors. Acclimating or
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adapting to one set of environmental stressors imagase community sensitivity to novel
stressors, suggesting a potential cost associattd telerance acquisition (Wilson 1988;
Clements and Rohr 2009). Mature stable ecosysteensharacterized by a preponderance of
organisms referred to as k-strategists, specigssieceed by being well adapted to their
environment. Earlier stages in a succession may laagreater proportion of r-strategists,
organisms with broad environmental tolerances dieahot survive so well in stable habitats
where they cannot compete favorably against theenaolapted k-species. By contrast, r-
strategists have high reproductive rates, floodetim&ronment with their cells, and are ready
to colonize opportunistically any habitat space aahmay become available. In stressful
environments, either under man-made stress oraitimarsh conditions, tolerance to abiotic
factors becomes a greater determinant of commagnityposition than biotic interactions and
r-strategists predominate.

Kashian et al. (2007) showed that benthic commemisubjected to long-term metal
pollution were generally more tolerant to metal$ more sensitive to UV-B radiation than
communities from a reference site. The authorsidptsa that the increase of metal tolerance
and the increase of sensitivity to UV-B were prdpakelated to population-level responses
(acclimation and adaptation) and shifts in commugmposition. The elimination of the
most sensitive genotypes by pollution in a popalgticausing a loss of genetic variability,
could reduce the ability of these populations &poad to future disturbances. Likewise, the
same phenomenon could be possible with eliminadiothe most sensitive species from a
community, inducing an alteration of the ecosyssefuhctions and augmentation of the
sensitivity of the restructured community to adshal perturbation (Paine et al. 1998). In
2004, Montuelle (pers. com) showed that the impaict2,4 D on denitrification and
respiration of a microbial soil community was maonarked after thermal stress. This loss of
functional tolerance due to an additive effect ofhbstresses, was incidental to a change in
diversity, as indicated by 16S rDNA fingerprints.

Most studies dealing with the cost of toleranceehsivown that the ability of organisms to
tolerate a disturbance has variable consequenteleifint genotypes are favored and genetic
diversity will be reduced (Wilson 1988; Courtneyda@lements 2000; Zuellig et al. 2008).
Moreover, apparent structural recovery, based am@dnce or community composition, does
not necessarily mean a functional recovery singela communities with different histories
of exposure can show divergent response trajestafeer the removal of the stressors
(Kashian et al. 2007). The cost of the inducedrtmice may therefore explain the non-return

to the initial state of a community after the reraloef stress.
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4.3. PICT and management implications in ecologicalsk assessment

Toxicants can disturb the sustainability of natieabsystems by a variety of effects on
species, populations, communities and ecosysterepses. However, such systems have
some capacity to absorb potentially toxic substarmecause of their “dynamic stability”.
Toxicity testing has limitations in predicting eoglcal effects and chemical measurement of
environmental toxicant concentrations must be agaomed by ecological monitoring. A
complementary approach is needed to distinguistveset ecological effects resulting from
the pollution and those due to naturally-occuremgironmental conditions.

Ecological risk assessment (ERA) is aimed to evaluhe likelihood that adverse
ecological effects may occur, or are occurringa assult of exposure to one or more stressors
(U.S. EPA 1992). The process is used to systentigtievaluate and organize data,
information, assumptions, and uncertainties in orae help understand and predict the
relationships between stressors and ecologicalctsffen a way that is useful for
environmental decision-making. Such assessment maglve chemical, physical or
biological stressors, and one stressor or mangssire may be considered.

The value of risk is obtained by comparing preadi@avironmental concentrations of the
toxic substance in the environment (PEC) with aioted no-effect concentration (PNEC) on
exposed organisms. Whereas the PEC is determined dictual measurement of the toxic
substance in the environment or estimated fromrenmental fate models, the PNEC is
commonly derived from concentration—response cureégained with single-species
laboratory species. But PNEC and PEC are not basedhomogenous data set and this risk
assessment ratio PEC/PNEC could then be questmnabé PICT approach can be easily
integrated into an ERA process and applied as alytaral tool in the analysis phase. In this
way, McClellan et al. (2008) showed, for examplgttthe chronic community-level effects
of the herbicide diuron were not predictable fromgke-species tests. PICT methodology
allows the minimizing of such uncertainty in an ERecause it takes into account the
species interactions by working at the communiteleFurthermore, Efroymson and Suter
(1999) emphasize that the use of small organisrofies omitted in ERA endpoints, and the
PICT method is mainly based on small organismsghéir review of the significance of PICT,
Boivin et al. (2002) proposed the connection of WET method to the conceptual model of
the ecosystem (e.g. inclusion of higher trophieleycommunity structure analysis and food

web modeling) in the planning stage of the ERA t@roome this problem. An active
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integration of PICT measurements as a complementaiyand as a microbial community
endpoint in environmental assessment schemes vgigdmore ecological relevance to the

present battery of bioindicators.
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Chapitre B. Matériel et méthodes

Dans ce chapitre, nous présentons I'ensemble de&giaia et méthodes utilisés au cours
des études constituant ce travail de thése. Dampsamier temps, les sites d’études ainsi que
les systemes expérimentaux seront décrits. Ensdgtent exposées les différentes méthodes
d’analyse utilisées pour la caractérisation physitimique des écosystemes étudiés. Enfin,
les protocoles des parametres structurels et fomwtls des biofilms étudiés seront décrits,
avec un intérét tout particulier pour les bioessai®urt-terme, utilisés dans la caractérisation
des niveaux de tolérance aux polluants. L'artidasdlequel chaque parameétre a été utilisé

sera mentionné tout au long de ce chapitre.

B.l. Sites d’études et systemes expérimentaux

B.l.1. Sites d’études

B.l.1.a. La riviere Morcille

Ce travail de these, réalisé au Cemagref de Lyent appuyé essentiellement sur le site
d’étude la riviere Morcille (ordre 1).

Le bassin versant de la Morcille (9,5 km?) estésiaw nord du département du Rhone,
dans le Haut-Beaujolais, entre la bordure orierdal®assif Central et I'extrémité ouest de la
vallée de la Sadn@igure 1). Il constitue un sous-bassin de I'Ardieres (22C)kavec lequel
il compose le Site Atelier Ardieres-Morcille (SAAMntégré dans la Zone Atelier du Bassin
du Rhoéne (ZABR). Le bassin versant de la Morcilie essentiellement forestier en amont et
planté de vignes en aval. Ce site atelier est slguis plus de 15 ans d’'une maniere
pluridisciplinaire, qui repose majoritairement sur couplage chimie - physique - biologie —
écologie et, selon le programme implique, la caltabion de nombreux organismes
(Cemagref Lyon, INRA (Thonon, Dijon), ENTPE LyonniJersité Claude Bernard Lyon,
CNRS, Agence de 'EAU RMC, Université de Bourgoge®&JESAD Dijon). Sur ce cours
d’eau, trois sites d’échantillonnage sont généralgnprivilégiés pour la caractérisation
chimique et biologique du cours d’eau: un site aimdanommé « Saint Joseph » ; un site
intermédiaire, dénommé « Versauds » ; et un sigd, @énommé « Saint Ennemond ». Ces
trois stations sont représentatives de 'augmenntade la proportion relative de vigne sur la
surface de bassin versant drainée par le cours dieda station amont (7%) a la station aval
(69%) (figure 1). Cette augmentation est associée a un gradiergsard des teneurs en
pesticides (majoritairement a action herbicide maassi fongicide), en métaux

(principalement cuivre, zinc et arsenic) et en imgnts (surtout phosphore) tout au long du
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cours d’eau (Dorigo et al. 2007, 2010, Gouy et Nia®07, Pesce et al. 2010, Rabiet et al.
2010).
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Figure 1 Localisation des trois stations de prélevementdesbassin versant de la Morcille.
Pour chague station est indiquée la surface drapaéde cours d’eau et son occupation des
sols (Pesce et al. 2009).

B.I.1.b. La riviere Osor

Dans le cadre d’'une collaboration avec I'équipecdlégie microbienne de I'Université
de Gérone (Espagne), une étumlsitu a été menée dans la riviere Osanti¢le 6). Osor est
une riviere d’ordre 2 située en Catalogne (norg{espagne), et est un affluent de la riviere
Ter (igure 2). Cette riviere de 23,5 km de long draine un basgrsant (depuis les
montagnes Guilleries) de 8890 ha. Le lit de laér@iOsor est principalement siliceux, avec
une minéralisation modérée (173 mg.CaCQ, ACA 2009). Cette riviére est relativement
bien préservée, et les pressions anthropiquesessahtiellement liées a d’anciennes activités
miniéres (achevées en 1980). Les pressions urbaoes faibles, avec des apports en
guantités faibles d'eaux usées résiduelles dugeiliOsor (354 habitants) et d'une usine de
traitement des eaux usées située en amont (Sti Hdaalm avec 5064 habitants). Cing sites
d’échantillonnage ont été sélectionnés dans ceitae (figure 2) : deux sites sans pollution
métallique situés en amont des rejets miniers etomiénés « Colonization site » et
« Reference site », et les trois autres site®¢lide I'amont vers 'aval) sont caractérisés par

des niveaux de pollutions métalliques différentsiMning.1 » est situé avant le principal
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effluent minier et recoit des apports diffus en a&t (pollution intermédiaire), « Mining.2 »
se situe juste apres l'effluent de la mine et prtessglonc un taux de contamination par les
métaux relativement élevé et enfin « Mining.3 wuéifuste aprés une digue, est caractérisé
par une faible contamination due a des phénomeaeprékipitation et de stockage des

métaux dans les sédiments.

Figure 2 Bassin versant de la riviere Osor (Espagne) etsies d'échantillonnage (CS:
colonization site, Up: Reference site, M1: Mining\2: Mining.2 et M3: Mining.3)

Pour des raisons de réalisme, excepté pour I'étudiu correspondant a l'article 6 qui a
été effectuée en Espagne, toutes les études exgrdalms réalisées au cours de ce travail ont
été construites en se basant sur les caractégstigjuysico-chimiques de la riviere Morcille.

B.l.2. Microcosmes de laboratoire et mésocosmes situ

B.l.2.a. Microcosmes de laboratoire

Deux dispositifs de microcosmes de laboratoire éétutilisés au cours de ce travail et
nous ont permis d’avoir des biofilms qui se sonteli@ppés (sur des lames de verre avec une
surface dépolie) sous des conditions physico-chiesgontrolées (e.g. lumiére, température,
exposition aux polluants...). Ces systémes corresgrural:
(i) des aquariums en verre d’'une capacité de 40 Lplrermvec de I'eau et dans lesquels le

biofilm s’est développé sur des substrats artific{@gure 3) (article 2 et article 3). Des
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pompes centrifuges ont été plongées dans I'eaeslaguariums pour simuler un mouvement
de l'eau ;

Figure 3 Systeme expérimental : aquariums installés au ébive.

(i) des petit canaux de laboratoire en vefigufe 4) (63 cm de long, 11 cm de large et 4 cm
de profondeur) dans lesquels le biofilm s’est déweé sur des substrats artificiels (lames de
verre sablé)drticle 4). La circulation de I'eau dans ces canaux étainede fermé : grace a
des pompes centrifuges, 5 L d'eau étaient mis realation avec un débit de 1,2 L / min a
partir d'un récipient en verre situé a l'extréngdééchaque canal. Tous les récipients en verre
étaient placés dans un bain d'eau thermostatée lpocwntréle de la température, et un

robinet a 'amont de chaque canal a permis d’ade# débits similaires entre tous les canaux.

Figure 4 systeme expérimental : canaux installés au labioeato

B.l.2.b. Mésocosmesx situ
Un systeme expérimental de plus grandes dimengioes extérieur a été utilisé au cours
d’'une étude simulant des phénoménes de contamigasissociées au cruesticle 5). Ce

dispositif consiste en une plate-forme de 4 mésnessxtérieurs (INRA, Thonon-les-Bains,
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France) en acier inoxydable (4 m de long, 0,4 rradge et 0,35 m de profondeufiglre 5).
Chague canal se compose de trois modules indépsndanune partie linéaire, de section
rectangulaire constante (la veine d’étude : 4000xx435 cm) , (2) une cuve située en
extrémité amont de la veine d’étude qui joue le k# cuve de tranquillisation du flux (70 x
70 x 125 cm) et (3) une cuve aval qui sert esd@attient a la remise en circulation du fluide
lorsque l'installation fonctionne en circuit sereriné ou fermé (130 x 92 x 124 cm). Les
canaux fonctionnent en circuit semi-ouvert graeamarop plein et sont alimentés avec I'eau
du lac Léman prélevée en continu a 36 m de profandee volume total d'eau dans le
systéme (2,2 fhpar canal) est remplacé 4 fois par jour. Le déHila vitesse de I'eau dans
les canaux sont contrdlés en utilisant un systéeneadines et by-pass. L'eau évacuée par le
trop-plein est reversée au lac au travers d'umefii charbon actif destiné a piéger les

pesticides. Ces canaux ont été initialement miscant a 'ENTPE (Volatier, 2004).

Figure 5 Mésocosmes extérieurs : 2 des 4 canaux, avec ésersbir de sortie.

B.Il. Les paramétres mesurés

B.11.1. Analyses physico-chimiques

Les analyses physico-chimiques (chimie des majenisopolluants dans I'eau et dans
les biofilms) ont représenté une composante reatent importante dans ce travail de these.
Ceci nous a permis au cours de nos difféerentesegtdd faire le lien entre caractéristiques
physico-chimiques des milieux et impact des pressianthropiques sur les communautés

microbiennes des biofilms. Ces analyses ont étiéséésa par le Laboratoire d’Analyse des
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Milieux Agquatiques (LAMA) du Cemagref de Lyon etlaboratoire de chimie de 'INRA de

Thonon.

B.1l.1.a. Physico-chimie des eaux

Les produits mesurés ainsi que leurs méthodes lggasasont les suivant :

¢ Les orthophosphates selon la norme NF EN 1189apaethode de colorimétrie Murphy
et Riley.

¢ Le carbone organique dissous (COD) selon la norid& B0-102, par la mesure de
I'absorbance IR apres oxydation chimique du cartmganique en COpar du persulfate de
potassium.

¢ La conductivité selon la norme NF EN 2788 / ISO&8&ar la méthode de correction de
température automatique a une température de 2eGsst mesurée par sonde.

. Le pH par pHmetre (Meter-pH 196).

¢ Lirradiance par luxmetre LUX-METER LX-101 (Biobl&cScientific).

¢ Les métaux dissous selon la norme NF EN ISO 566¥aBJes méthodes d’analyse par
spectrométrie d’absorption atomique (AA) ou speutitrie de masse avec plasma inductif
(ICP-MS).

¢ Les polluants organiques par HPLC (SDS, France).

B.1l.1.b. Dosage des micropolluants dans les il

¢ Les métaux totaux, bioaccumulés dans les biofilmaternalisés dans les cellules, sont
dosés selon la norme NF EN ISO 5667-3 par les métha’analyse par spectrométrie
d’absorption atomique (AA) ou spectrométrie de raasgec plasma inductif (ICP-MS), aprés
minéralisation des biofilms et traitement des Miodi & 'EDTA pour les mesures
d’internalisation dans les cellules.

¢ Les polluants organiques, ainsi que leurs principaroduits de dégradation sont dosés
par ESI-LC-MS sur une colonne Purospher star RRM8rck, France).

Remarque Les protocoles détaillés pour les analyses desonpolluants organiques (i.e.
diuron) sont décrits dans Tlili et al. (2008) (ax@4.).
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B.11.2. Analyses biologiques

B.1l.2.a. Mesures de la structure générale du lbpiofi

¢ Estimations de la biomasse totéieus les article$

La masse seche sans cendre est évaluée selonhiagtex classique de perte au feu
(Scholz et Boon, 1993). 2 mL de chaque suspens@iplptique est filtré sur un filtre
Whatman GF/C (porosité 1.2 um) pré-séché a 1107@ae 12 h et pré-pesé JmCe filtre
est alors séché a 110°C pendant 24 h, pesg fmis calciné pendant 1 h a 480°C (four
Ventoux HM, Serlabo) et enfin pesé a nouveay).(@haque pesée s’effectue a l'aide d’'une
balance de précision, les échantillons étant soutidessiccateur le plus rapidement possible.
La masse séche (MS) (équation 1) et la masse szatsecendre (MSSC) (équation 2) se

calculent alors de la fagon suivante :

x(ml—mo)an Eq (1) et MSSC=%X(ml—m2)XMn Eq (2)

filtré filtré

(S = surface analysée du biofilm).

¢ Dénombrement bactérien par cytométrie en flux (CkMijcle 3)

Le protocole suivi est inspiré de Duhamel et Jacq(006). Trois réplicats,
correspondant chacun & 2 mL de suspension péripteytisont prélevés par date de
prélevement. 3 mL d’eau du site de référence €ltsur 0.02um) et du formaldéhyde 2%
final sont ajoutés au biofilm. Les échantillonstspar la suite congelés a I'azote liquide puis
conserves a -80°C. Le jour de I'analyseul5 de Tween 80 (10%), 1 mL de solution de
sodium pyrophosphate (10 mM) et 4 mL d’eau millightsajoutés, dans le but d’extraire les
bactéries de la matrice périphytique. Les échansillsont ensuite placés dans un sonicateur
(3 fois 1 min) puis incubés dans la glace (15 miis)sont ensuite centrifugés 1 min a 800g
puis filtrés sur 10um. Le surnageant est ensuite dilué au '9725Un microlitre d’une
solution de billes calibrées, servant d’étalon riike (Fluoresbrite Carboxy YG 10 Micron
Micropshere [2,57 % Solids-Latex], Polysciences)agsuté a 1 mL du surnageant dilué. Les
bactéries sont marquées avec du SYBR-I a la coratiemt de 1/10000 dilué dans du TE
filtré a travers 0,02um. Les échantillons sont incubés 15 min a I'obdéud température

ambiante puis 10 min a 70°C. L’analyse se fait ameccytométre FACSCalibur (Becton
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Dickinson) possédant un laser d'une capacité dem\dba 488 nm avec des filtres standards.
L’analyse des résultats a été effectuée avec leid@ YTOWIN (Vaulot, 1989).

B.11.2.b. Caractérisations de la structure et deolaposition des communautés périphytiques

¢ Analyse de la composition pigmentaire par HPLC [HidPerformance Liquid

Chromatographyjtous les article$

L’analyse des pigments phototrophes a été réghaeelPLC, ce qui nous a permis d’une
part d’établir un profil de diversité de ces pignseret d’autre part de déterminer 'abondance
relative des principales classes phytobenthiquéseptes dans les échantillons, grace a leurs
pigments caractéristiques (i.e. fucoxanthine poes Hiatomées, zéaxanthine pour les
cyanobactéries et lutéine pour les algues veresplus, cette technique a été utilisée pour la
guantification de la chlorophylle-a (considérée omemindicateur de la biomasse phototrophe
totale) qui a été réalisée a partir d'une gammb@td'une solution chlorophylle-a standard
(C55H72MgN405, Carl Roth GmbH & Co).

Selon Jeffrey et al. (1996), les pigments sonta@xttans un solvant (98 : 2 méthanol :
ammonium acétate 0,5 M). 5 mL de la suspensiorpipgique sont centrifugés pendant 30
min a 9750 g et a 0°C. Le surnageant est par ta sliminé et le culot conservé a —80°C.
Dans le cas ou on travaille avec des pastillesegresablé (sur lesquelles le biofilm s’est
développé) cette étape de centrifugation est guplisque les pastilles sont directement
placées dans les tubes et conservées a —80°C.

Le jours de I'analyse, 4 mL du solvant d’extractsmmt rajoutés aux tubes qui sont par la
suite passés au sonicateur pendant 1 min a 180Mtlesant un sonicateur équipé avec une
sonde de 4 mm de diamétre directement inséréeldawvant. Apres sonication les tubes
sont centrifugés pendant 6 min a 6000 g et a 0&S.durnageants sont collectés et purifiés a
travers un filtre de 0,22 um de porosité (Cameaos@hige nylon filtre ; Micron Separation
Inc.). Les surnageant ainsi purifiés sont injectéss des tubes ambrés de 2 mL qui seront
stockés au congélateur (-20°C) jusqu’a leur analyBeC (Chaine HPLC Waters ; pompe
600, passeur 717 et barrette de diodes 996 ; celBhenomenex Lunai8C18(2), 240 mm X
4.6 mm). Les pigments sont identifiés grace a l@mps de rétention et leur spectre
d’absorbance. Des standards sont utilisés afirodérmer l'identité de divers pigments clefs
et de les quantifier dans les échantillons.
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Le systeme de solvants utilisé au cours de 'aealyBLC est constitué d’une ensemble
de 3 solvants A (methanol : 0,5 M ammonium acetate; 80 : BOjacétonitrile : eau milliQ ;
90 : 10) elC (éthyle acétate).

Le programme de passage des solvants dans la eadshprésenté dans le Tableau 1

Tableau 1Programme HPLC pour I'analyse des pigments phgib#s.A (methanol : 0,5 M
ammonium acetateB (acétonitrile : eau milliQ) e€ (éthyle acétate) correspondent aux
trois solvants utilisés).

Temps (min.) %A | %B | % C |Evénement

0-4 100 0 0 | injection

4-18 0 100 0 | Gradient logarithmique
18 -21 0 20| 80| Gradient linéaire
21-24 0 100| 0| Gradient linéaire

24 - 32 100 0 0 | Gradient linéaire

32 100 0 0 | Retour aI'équilibre

¢ Analyse taxonomique des diatomées par microsdqapliele 6)

Ces analyses ont été effectuées par Soizic Mori@atnagref de Bordeaux (UR REBX).
L’identification des diatomées présentes dans tbatillons de périphyton (préalablement
fixé au formol) est réalisée d’apres I'examen nscapique de leur squelette siliceux. Le
protocole normalisé AFNOR (NF EN 13946) consistaupa premiére étape de digestion de
la matiére organique par un traitement des échamdilformolés a I'eau oxygénée b},
30%) bouillante de 10 minutes. Un deuxieme traiteimné I'acide chlorhydrique (HCI, 35%)
bouillant pendant 5 minutes est parfois nécesgaitg obtenir un nettoyage satisfaisant des
frustules. Ensuite, les résidus d'eau oxygénée 'atidk sont éliminés par des cycles
successifs de centrifugations (5 minutes a 2500dggeaincages a I'eau distillée. Une partie

aliquote est déposée sur une lamelle propre elydestiée par séchage. La lamelle est ensuite
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retournée sur une goutte de résine réfringentdlajghraX (Brunel Microscopes Ltd, UK),
déposée au préalable sur une lame, le chauffageepde chasser les bulles d’air et d’aboutir
a la fabrication de lames permanentes.

L’identification des diatomées se fait par I'obssign en microscopie photonique (au
grossissement x1000) des lames préparées, setmmrtee NF EN 14407 (2004). L'effort de

détermination porte sur 400 valves au minimum.

¢ Analyses moléculaires

(i) Extraction de 'ADN

Une des étapes clés dans la réalisation des asatgs&culaires est I'extraction de
'ADN génomique des échantillons de biofilm. Poetacnous avons utilisé le kit DNAeasy
Plant kit (QIAGEN). La premiére étape consiste atmiger 2 mL de la suspension
périphytigue pendant 30 min a 14.000 g et a 4°Gula le surnageant est éliminé et le culot
est conservé a —80°C jusqu’a l'analyse. Le joufeidraction de I'ADN, les cellules sont
éclatées par lyse mécanique : broyage a I'aide Bast-Prep avec addition de billes de verre
de différentes tailles. Ensuite 'ADN est extragian les instructions du fournisseur et dose

par spectrophotométrie a 260nm.

(i) Amplification de I'ADN par PCR (Polymerase Ghdeaction)

Les réaction d’amplification ont été réalisées dams thermocycler T-Personal48
(Biometra, France). Les ADNr 18S eucaryotes (airpadet 60 ng d’ADN génomique) ont été
amplifiés partiellement par PCR a l'aide des anwEgk1Af et Euk516r-GC. Les ADNr 16S
procaryotes (a partir de 30 ng d’ADN génomique) @étamplifiés partiellement a I'aide des
amorces 341f et 907rM. L'amplification des séquenogergéniques bactériennes 16S-23S a
été realisée avec les amorces S-D-Bact-1522-b-&-20D-Bact-132-a-A-18, et celle de la
région fongique ITS1-5.8S-ITS2, avec les amorcexl@2et 3126T.
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L'ensemble des amorces utilisées pour les difféseRCR est présenté dans le Tableau 2 :

Tableau.2Seéquences et cibles des différentes amorceseslidans cette étude

Amorce

Séquence

Cible

PCR pour DGGE :

Euk1Af

Euk516r-GC

341f

907rM

5-CTGGTTGATCCTGCCAG-3

5
GCCCGGGGLCGLGLLCLCCGGGL

GGGGCGGGGGCACGGGGGGAC

CAGACTTGCCCTCC-3

18S eucaryote (Sogin et
Gunderson 1987)

18S eucaryote (Amann et al.
1990)

5-CGCCCGCCGCGCGCGGCGGG 16S procaryote (Muyzer et Smalla
CGGGGCGGGGGCACGGGGGGC 1998)

CTACGGGAGGCAGCAG-3'
5-CCGTCAATTCMTTTGAGTTT-
3l

16S procaryote (Schauer et al.
2003)

PCR pour ARISA :

S-D-Bact-1522-b-S-
20
L-D-Bact-132-a-A-
18

2234C

3126T

5-TGCGGCTGGATCCCCTCCTT-

3!
5'-CCGGGTTTCCCCATTCGG-3’

5'-
GTTTCCGTAGGTGAACCTGC-3’
5
ATATGCTTAAGTTCAGCGGGT-
3!

16S-23S bactérien (Ranjard et al.
2001)

16S-23S bactérien (Ranjard et al.
2001)

ITS1-5.8S-ITS2 fongique
(Ranjard et al. 2001)
ITS1-5.8S-ITS2 fongique
(Ranjard et al. 2001)
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Les mélanges réactionnels des réactions de PCRdé&nits dans le Tableau 3 :

Tableau.3 Réactifs pour les différentes réactions de PCRdtriples d’amorces sora etb
= ADNr 18S eucaryotecg etd = ADNr 16S procaryotee etf = région 16S-23S bactérienne ;
g eth = région ITS1-5.8S-ITS2 fongique).

Réactif PCR-DGGE PCR-ARISA

] . 0.25 uL soit 1.25 0.25 pL soit 1.25
Taq polymérase (Eurobio)

U U
Tampon 10X SpuL SpuL
dNTP (2 mM) 3L 3L
BSA (10 mg.mLY) 2.5uL 2.5uL
Euk1Af (12.5 pM) 4 -
Euk516r-GC (12.5 pM) 4P -
341f (12.5 uM) 4 -
907rM (12.5 uM) 4° -
S-D-Bact-1522-b-S-20 (12.5 uM) - 4
L-D-Bact-132-a-A-18 (12.5 uM) - 4
2234C (12.5 pM) - 49
3126T (12.5 pM) - "
ADN génomique 2 puL 2 uL
Eau ultra pure gsp 50 pL gsp 50 u
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Les conditions d'amplification choisies sont préées dans le Tableau 4 :

Tableau 4Paramétres de I'amplification par PCR pour la DG&BRour I'ARISA.

PCR-DGGE PCR-ARISA
18S eucaryote 16S procaryote 16S-23S bactérien ITS1-5.85-ITS2
fongique
ETAPE Température| Durée Températurel Durée| Température Durée | Température Durée
Dénaturation initiale 94 °C 3 min 94 °C 5mi 94°C| 5min 94 °C 5 min
Dénaturation 94 °C 309 94 °C 45 g 94 °C 1 mjn ©C4°| 1min
Hybridation | Cycle 57 °C 30s 57 °C 45 s 55°C 1 min 57 °C| 1min
Elongation 72 °C 1 min 72 °C 1 min 72 °C 90 s 72 °C 90
Elongation finale 72 °C 7 min 72 °C 10 mi 72 °C rhin 72 °C 10 min
Nombre total de
eycles 30 35 31 31

(iiAnalyse DGGE des ADNr 16S (procaryote) et 18&caryotes) et révélation du gel
(article 3, article 4 etarticle 5)

L’analyse DGGE est effectuée avec le systeme DGBHE ZCBS Scientific Company)

selon le mode opératoire décrit par Muyzer etX98) et les conditions expérimentales de

Shauer et al. (2003). La premiére étape consistéaepréparation d'un gel de 1 mm

d’épaisseur contenant 6% de polyacrylamide et adignt de substance dénaturante allant de

40 a 80% pour I'étude des communautés procarydtete 10 a 60 % pour I'étude des

communautés eucaryotes (une solution contenant 1@@gent dénaturant est composée

d’une solution d’'urée a 7M et de formamide déiorig% (v:v)). Ensuite 30L de produits
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PCR sont déposés et leur migration se fait pentuhta 100 V dans un bain de TAE 1X (40
mM Tris, 20 mM acétate de sodium, 1 mM d’EDTA) maitu a 60°C. L'ADN est par la
suite coloré avec du SYBR Gold (Molecular Probeshdant 45 min & I'obscurité et les
fragments d’ADN sont révélés sous UV et photograph{Scion Corporation cameéra).
Finalement, les OTUs sont identifiées et les woBIGGE eucaryotes et procaryotes sont
analysés avec le logiciel GelCompar Il (Applied MalV). Une matrice basée sur la
présence/absence ou sur I'intensité relative deddsaest créée a partir de I'analyse du gel.

(iv) Analyse ARISA des régions 16S-23S (bactétie)l81-5.8S-ITS2 (champignons)
(article 6 etarticle 2)

Les analyses ARISA ont été effectuées avec le mgstdgilent 2100 Bioanalyzer
(Agilent Technology Mfg GmbH & Co. KG) avec le ki high sensitivity » d'apres les
instructions du fabricant. Les profils ARISA de elisité bactérienne et fongique obtenus ont
été analysés avec le logiciel GelCompar Il (ApplMdth NV), conduisant & une matrice

basée sur la quantification des intensités relatiles bandes.

B.1I.2.c. Production primaire par incorporation’d€ (article 5)

Ces analyses ont été réalisées a 'INRA de Thod@apyes le protocole décrit par Dorigo
et LeBoulanger (2001). Des pastilles de verreéfriit.5 cm?2), contenant du périphyton, sont
placées dans des fioles a scintillation contenaniL1d’eau du milieu filtrée a 0.2 um et
auxquels on rajoute 25ul de NaH14CO3 (20uCi/mL)rpane activité finale proche de
0,25uCi/mL). Les fioles sont par la suite incubgesdant 2 heures a la méme lumiere et
température du milieu (un contrdle est réalisé awee pastille placée a I'obscurité). La
photosynthese est par la suite stoppée en ajol@hil de formol 4% et les échantillons
peuvent étre par la suite stockés. L’étape suivanbsiste a €liminer le carbonate radioactif
en rajoutant 100 pL d’acide acétique et les fislast ensuite mises a agiter pendant 1 heure a
150 rpm. Les échantillons sont ensuite séchés penda heure a 60°C, 1 mL de DMSO est
introduit dans chaque fiole et les échantillonst stg nouveau mis a sécher pendant 1h a
60°C afin de solubiliser la matiére organique. Enfi5 mL de liquide de scintillation (Ultima
Gold LLT, Perkin Elmer) sont ajoutés, et apres uneubation pendant 48 heures a
'obscurité (pour éviter un phénomeéne de chimiohesicence), la radioactivité est mesurée
avec un compteur a scintillation (2100-TR, PacKkastruments) et est exprimée en DPM
(désintégration par minute).
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B.11.2.d. Efficacité photosynthétiquéo(s les article$

L’efficacité photosynthétique est basée sur la meesiu rendement quantique (Yll) des
communautés phototrophes (Schreiber, 2002). lleteefle nombre de photosysteme-ll
fonctionnels et par conséquent, plus généraleniétat Iphysiologique des communautés
phototrophes. Les mesures ont été effectuées leantiun fluorimetre Phyto- ou Mini-PAM
(amplitude d’'impulsion modulée). Les pastilles @erg fritté contenant les biofilms (ou 3 mL
de suspension périphytique) sont incubées pendanmi® a I'obscurité et ensuite, la
fluorescence de la chlorophylle-a est mesurée ards5Une seule impulsion lumineuse

saturante a été appliquée pour calculer le rendeguamtique maximal :

Yllgesnn —F Eq (3)

ou Ry, correspond a la fluorescence maximale obtenues dpréulsion lumineuse saturante,

et iycorrespond a la fluorescence de base en équilibre.

B.1l.2.e. Bioessais a court terme pour les mesdeg®lérance

Le niveau de tolérance global des communautés amoes du biofilm aux différents
toxiques étudiés dans ce travail de these, a &@tié&\a partir de tests de toxicité aigué
effectués en laboratoire. Brievement, les biofilort été soumis au laboratoire a des
concentrations croissantes en toxique et la répomseobienne, en fonction du niveau
d’exposition, a été appreciée en termes d’effiéapiiotosynthétique [cible la communauté
phototrophe] ainsi que des activités enzymatiquesaeellulaires (leucine-aminopeptidase
(LAP) et B-glucosidasef{ -Glu)) et de la respiration induite par un sulis(&lR) carboné
[ciblent la communauté hétérotrophe]. Les courlmses-réponse (ou doses-effet) établies ont
ainsi permis de déterminer la concentration efécan toxique inhibant 50% (Gg de

I'activité mesurée de chacune des communautéséetsidi

¢ Bioessais baseés sur I'efficacité photosynthétiqoes(les article$

Les bioessais basés sur linhibition de [l'efficacpphotosynthétique ont été réalisés
d’aprés le protocole décrit par Schmitt-Jansen kénburger (2008). Les biofilms (en
suspension (2,7 ml) ou sur des pastilles de vexipée} ont été exposés a des concentrations

croissantes de toxique (3 témoins et 3 réplicatsr phacune des 5 concentrations de
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toxique). Ensuite les biofilms ont été incubés @amdies durées variables (déterminées au
préalable) selon le polluant étudié, a la mémensité lumineuse et température que celles de
la croissance du biofilm et sous agitation dougare& 30 min d’adaptation a I'obscurité, les
mesures ont été effectuées grace un fluorimetréoPBy ou MiniPAM, comme indiqué
précédemment pour les mesures de l'efficacité @yotbétique. Le pourcentage d'inhibition
du rendement de fluorescence a 665 nm par rappogiuh du témoin a été calculé pour
chaque bioessai et une courbe dose-réponse aéheé tfin de calculer les &E

Les gammes de concentrations utilisées et les slud@xposition appliquées pour chaque

toxique étudié sont présentées dans le tableau 5.

Tableau 5Récapitulatif des gammes de concentrations et dieesd d’exposition appliquées
pour chaque toxique étudié au cours des bioeBaaés sur I'efficacité photosynthétique.

POIIuant Gamme de concentration Durée d’exposition

Diuron 0OMa3.2.10 M 3 heures
Cuivre 0M &2.10° M 2 heures
Zinc 0Ma6.10 M 4 heures
Arsenic 0OMao0.2wm 2.5 heures

¢ Bioessais basés sur les activités enzymatiques-estiulaires

Ces bioessais ont été réalisés afin de détermmeplérance acquise au cuivre des
communautés hétérotrophes du biofilm, au cours’ulee lde nos étudesarticle 3). Les
activités enzymatiques sont mesurées par fluorienéiapres Chrost et Rai (1993) avec
guelques modifications. Le principe de ces mesastdasé sur l'utilisation d’'un ensemble
non fluorescent composé d'un fluorogéne associ@eamolécule analogue au substrat de
'enzyme étudiée (substrat-analogue). L’hydrolyseyenatique casse la liaison de cet
ensemble, libérant ainsi le fluorogene qui devimbrescent. Les activités enzymatiques
peuvent étre ainsi quantifiées par 'augmentatiedadfluorescence, compte tenu du fait que
la réaction d’hydrolyse est molaire (1 mole de fagene pour une mole de substrat libéré).

Les ensembles substrat-fluorogéne pour les dewxtastenzymatiques étudiées sont :
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+ Le 4-methylumbelliférylB-D-glucopyranoside (MUF-GIlu) pour [aglucosidase
+ Le L-leucine-7amido-4-methylcoumarin hydrochloridCA-LAP) pour la leucine-
aminopeptidase.
Les fluorogenes libérés lors de I'hydrolyse enzyquet sont :
+ Le 4-methylumbelliferone (MUF) pour I8-glucosidase.
+ Le 7-amino-4-methyl-coumarin (MCA) pour la leuciastinopeptidase.

Remarque Afin d’éviter un effet limitant de substrat masissi pour pouvoir comparer les
résultats obtenus entre les échantillons, ainsh ghlaque campagne de prélevement, il faut
déterminer la concentration saturante en substgEcifique pour chaque activité
enzymatique. Pour cela, une premiére étape d'inimurbau biofilm avec une gamme de
concentrations croissantes de substrat (allant deMOa 2000 puM) est nécessaire. La
concentration saturante est déterminée en réalisaet courbe : valeur de fluorescence
obtenue = f (Gstra). La valeur de cette concentration saturante @haisrrespond a celle ou
la courbe atteint un plateau

Le protocole employé au cours des bioessais basdgss deux activités enzymatiques
extracellulaires étudiées a été mis au point auscda mon travail de these. Les différentes
étapes sont les suivantes: 0.7 mL de la suspensfniphytique sont exposés a des
concentrations croissantes en cuivre (0.3 mL)nalee 0.2 uM a 2000 uM (3 témoins et 3
réplicats pour les 6 concentration testées), peandandurée de 4 heures. Cette incubation est
réalisée a l'obscurité et a température ambiaBtesuite, 2 mL de substrat-fluorogéne
(concentration saturante) sont rajoutés et les réitlomas sont par la suite incubés a
I'obscurité et a température ambiante, sous agitgtendant 20 min. La réaction est arrétée
en rajoutant 0.3 mL d’un tampon glycine (Glycin@®mole.L* + NH,OH 0.2mole.[*; pH =
10.4). Les échantillons sont ensuite centrifugé®@0g pendant 10 min. L'étape suivant
consiste a distribuer les surnageant dans une piécyoe a 96 puit (300 pL par puit) et a lire
la fluorescence dans un lecteur de microplaguasy(ieur d’onde :_excitation360nm =+
40nm ;_émission 460nm + 40nm). Les quantités de MUF et de MCAt salculées grace a
des droites étalons établies a partir de dilutierfldorogénes standards, et les résultats sont
exprimés en pmole de MUF ou MCAMISSC.K. Les résultats obtenus servent par la suite

a établir des courbes dose-réponse et a calcsl€rbg.

¢ Bioessais baseés sur la respiration induite paubstsat carboné (SIR)
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Dans un premier temps, afin de déterminer la tolBgdétérotrophe au cuivrar{icle 3),
les mesures de SIR ont été réalisées selon la deéth® Furutani et Rudd (1984) qui a été
adaptée par Doriget al. 2010, et mesurées par chromatographie en phaseigga{CPG)
avec un microcatharometre MTI 200 par quantificatidu CQ produit. 7 mL de la
suspension de biofilm, placés dans des flacons %@ rhL, sont pré-exposés a des
concentrations croissantes en cuivre (1 mL), altant 0.2 uM a 2000 uM (3 témoins et 3
réplicats pour les 6 concentrations testées), pengae durée de 2 heures. Ensuite 2 mL
d’une solution nutritive (15 g.mtde glucose et 14.6 g.ritld’acide glutamique) sont ajoutés
et les flacons scellés (t = Oh) et incubés a I'abge sous agitation douce a température
ambiante. Le rajout de la solution nutritive perrdet mesurer une activité potentielle en
s’assurant que les substrats sont toujours saturdnt = 5h et t = 8h, les aires de pics
correspondant au GQproduit sont mesurées. Finalement, une droit@@tatablie avec des
guantités connues et croissantes de &met de convertir les aires de pics en ng deefO
les résultats sont exprimés en ng-@IMSSC.h™. Les résultats obtenus servent par la suite
a établir des courbes dose-réponse et a calcsl€rEg.

Cependant, l'utilisation de la chromatographie émge gazeuse pour les mesures de
respiration reste laborieuse et lente, surtout gusEnnombreux échantillons microbiens sont
dosés dans une multitude de flacons qui doiver &&ités séparément pour mesurer la
quantité de C@eémise. Les systémes miniaturisés offrent donafitage de permettre la
multiplication des échantillons et des réplicatanb les études sur du sol, Campbell et al.
(2003) ont développé la technique MicroR&5pqui est une méthode qui combine les
avantages de la technique Biolgen utilisant un systéme de microplaques, etap@ibche
SIR avec la capacité de mesurer la production de @&ndant l'incubation a court terme
d'une communauté microbienne totale du sol. Nooagdonc au cours de ce travail de thése
développé un protocole basé sur la respirationbé&rdes communautés microbiennes des
biofilms, en utilisant la technique MicroRé&pdans une approche PICAriicle 4 etarticle
6).

Ce travalil a fait 'objet d’'un article qui est pedgé dans ce chapitre sous le titre «Use of
the MicroResp"” method to assess pollution-induced community talegato metals for lotic

biofilms» et qui a été publié dans la revue « Emvinental Pollution »a(ticle 2).
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Abstract

Understanding the ecological status of aquatic ystemis and the impact of
anthropogenic contamination requires correlatingposyre to toxicants with impact on
biological communities. Several tools exist foresssng the ecotoxicity of substances, but
there is still a need for new tools that are ecoltly relevant and easy to use. We have
developed a protocol based on the substrate-indesgdration of a river biofilm community,
using the MicroResP' technique, in a pollution-induced community tolere approach. The
results show that MicroReEp can be used in bioassays to assess the toxieigrdobiofilm
communities of a wide range of metals (Cu, Zn, &gl, Ni, Fe, Co, Al and As). Moreover, a
community-level physiological profile based on thaneralization of different carbon
substrates was established. Finally, the utilityMdéroResp" was confirmed in an in-situ
study showing gradient of tolerance to copper d¢ated to a contamination gradient of this

metal in a small river.

Capsule: A modified MicroResp" technique as a tool for measuring induced toleraioc

heavy metals of a microbial biofilm community.

Keywords: river biofilm; pollution-induced community tolere@; substrate induced

respiration; heavy metals; MicroRé¥p
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1. Introduction

In a setting of agricultural land use, small laticosystems (Strahler order below 3) are
very sensitive to pollution because of generally idilution and contiguous contamination
sources (spraying of pesticides, run off...) (Dorgal., 2003). In these ecosystems, biofilms
(attached microbial communities of autotrophic &eterotrophic, eukaryotic and prokaryotic
populations) play a fundamental role in the aquatiphic web and geochemical cycles
(Battin et al, 2003). In agricultural watershedens, biofilms are exposed directly to toxicants
that run off from fields, and their structure amghdtion can be affected. The vast diversity of
microbial species and the multitude of biologicat gohysico-chemical processes induce a
large structural and functional complexity into timatrix biofilm. Also, species composing
the biofilm may have ranging sensitivities and oeses towards various anthropogenic
pressures (Barranguetat, 2003). During exposure to toxic agents suchessry metals, the
most sensitive organisms may be overtaken by nesistant or more tolerant ones. Thus the
entire community may be restructured, present plygical alterations and come finally to
display an overall increase in tolerance to thecemt. This process underlies the concept of
pollution-induced community tolerance (PICT), degsd by Blanck et al. (1988) as an
ecotoxicological tool to assess xenobiotic impatha community level.

Diverse approaches to examining the tolerance sistemce of a bacterial community to
heavy metals have been developed. For example,-Rdgifia et al. (2007) investigated
vineyard soil copper contamination inducing baeletolerance with growth measurements
using thymidine (Tdr) and leucine (Leu) incorpasatitechniques. In aquatic systems Tdr or
Leu incorporation techniques have also been usedstess the tolerance of bacterial
communities in biofilm and sediments (Paulsson let 2000; Ogilvie and Grant, 2008).
Despite good results, these techniques remaircdiffto implement and are not possible in
all laboratories as they use radio-labelled elemeBtolog" is a conventional approach
applied first to obtain catabolic fingerprints dfet bacterial communities or a community-
level physiological profile (CLPP), and more redgrib assess tolerance to metals of the
bacterial communities in soil and aquatic biofilBoivin et al., 2006; Stefanowicz .,
2009). However, this microplate technique, basetheranalysis of a bacterial community’s
use of several carbon sources, has major drawbawtsmplete assessment of the whole
microbial community, a long incubation time indugirbacterial selection and growth
(Preston-Mafham et al., 2002) and the use of auificulture media with buffer that may

have artificial significant effects on the spe@atiand in consequence on the bioavailability
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and the toxicity of toxicants (Barranguet et al02pD A respirometric technique based on the
analysis of the substrate-induced respiration (Skgponse (using gas chromatography
analysis) was also investigated with a multipleboarsource substrate for CLPP (Garland
and Mills, 1991), and in a few studies, to testnoidal tolerance to heavy metals at the
community level in soils (Witter edl., 2000; Rajapaksha et al., 2004). More recethily
approach was used to assess induced toleranceppercof bacterial communities in river
biofilms (Tlili et al., 2010). However, the methasl still tedious, especially when assaying
many microbial samples simultaneously in a muletud bottles that have to be processed
separately to measure the amount of released (CBapman et al., 2007). Miniaturized
systems offer the considerable advantage of allpwample and replicate multiplication. In
soil studies, Campbell et al. (2003) developed MieroResg" technique, which is an
alternative method that combines the advantagesh@fBiolog" technique, using the
microplate system, and of the SIR approach withitglib measure C@production during
short-term incubation from a whole soil microbiahamunity.

We hypothesized that the use of this new microresgetric technique could be modified
and applied to perform ecotoxicological bioassapsriwer biofilms for metal tolerance
comparison purposes. The objectives of our studsevtieus (i) to test the MicroReSh
technique for a metal-contamination assessment iagaiatic ecosystem, using biofilms as a
biological model in a PICT approach, (ii) to takeaabolic fingerprint of the heterotrophic
biofilm community, and (jii) to implement an in-siPICT application of MicroRed} in a

copper contamination context.
2. Materials and methods

1. In-situ biofilm

The biofilm used in our study was taken from thedRiMorcille, located in the Beaujolais
vineyard area. The Morcille is a small first-ordéream (7 km long) under strong agricultural
pressure, essentially from vineyards, which occaipyut 80% of its 8.5 kfncatchment area.
The Morcille watershed is part of the Long-Term Bgical Research Rhone Basin (ZABR).
Regular physico-chemical surveys (hydrology, natsgpesticides and metals) and biological
monitoring have been conducted on this site (Doetad., 2007; Rabiet et al., 2008; Morin et
al., 2010; Montuelle et al., 2010). Three samplaigs were selected along a gradient of
increasing percentage contribution of vineyardthécatchment area: Saint-Joseph (vineyard

percentage cover 11%), Les Versauds (53%) and-Gamtmond (65%) (see Table. 1 for
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physico-chemical details). Several annual surveysewperformed to characterize metal
contamination. In 200N(= 43 samples), Saint-Joseph was the least polsitedvith a mean
0.51+ 0.02 pg.* of Cu, 1.13+ 0.21 ug.[* of Zn and 1.94 0.46 pg.L* of As. By contrast,
the two other sites studied were considered pallutes Versauds was characterized by a
mean 2.0% 0.25 pg.[* of Cu, 0.83+0.42 pg.L* of Zn and 11.5 0.46 pg.[* of As, and
Saint-Ennemond by a mean 393.77 pg.[* of Cu, 7.05+ 3.56 pg.[* of Zn and 9.26
+4.99 ug.* of As. Other metals including Cd, Ni, Fe or Al walso detected at low levels

(means near limits of quantification) and there was gradient of contamination from

upstream to downstream.

Table.1 Means £ standard deviatiom = 43) of selected chemical parameters (pH; cond.:
conductivity [uS.cril]; DOC [mg.LY]; NHs* [mg.LY]; NO, [mg.LY]; NOs [mg.L"] and
PO,> [mg.L™]) obtained from the three sampling areas (J: Skiseph; V: Les Versauds and
E: Saint-Ennemond) over two years (2009 and 2010).

Site pH cond DOC NH," NO, NO3 PO
3 7.27 161.72 2.67 0.04 0.02 6.82 0.07
+0.29 +17.65 +0.88 +0.03 +0.01 +1.28 +0.03

v 7.41 201.33 3.28 0.05 0.03 7.58 0.23
+0.27 +18.57 +0.91 +0.04 +0.01 +3.03 +0.13

E 7.51 233.61 4.52 0.08 0.06 7.33 0.28

+0.24 + 33.52 +1.82 +0.04 +0.06 +2.69 +0.17

2. Biofilm microcosm

During the different experiments with the MicroRE$pa biofilm was grown on artificial
substrates (microscope slides previously cleaneal diilute nitric acid bath and rinsed with
milli-Q water before use) in laboratory microcosamsler controlled conditions. Fifteen-litter
aquariums were filled with river water from theaednce site (Saint-Joseph), which had been
filtered through a 50 um mesh to remove most ofgrezers (water was renewed once a
week). The water was kept at a temperature af 28C, and exposed to a light intensity of
260 pmol nifs?, with a light/dark regime of 18:6 h. Three-week-tiiofilms were used for
the MicroResp" assays (Tlili et al., 2008).

3. The MicroResp™ procedure

MicroResp" system has been described in detail by Campbell. €2003), but only a

few ecotoxicological applications of the MicroR&8gtechnique have been investigated on
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soils (Kaufmann et al. 2006) and none on aquatarghial communities. Here we present an
adaptation of the procedure of Campbell et al. a0 aquatic biofilm suspensions and
toxicological bioassays. MicroReShis a colorimetric method based on the colour chasfg

a pH indicator dye caused by the release of 6YDheterotrophic communities. The system
consists of two microplates (96 wells) placed faoeface. One of these is a deep-well
microplate (1.2 mL capacity, 96-deep-well microp|aUNC) in which each well contains
the microbiological sample (we used a 500 pL mofuspension obtained by scraping
biofilm off glass substrata using a polypropylematsla and suspending it in 0.2 pm of
Nuclepore-filtered water from the reference sit@hwhe carbon source (30 pL per well, 6.2
mg of C per well). To this deep-well microplate agded the toxicant (50 puL per well). The
second microplate contained the detection gel ¢¢resl dye (12.5 ppm), potassium chloride
(150 mM) and sodium bicarbonate (2.5 mM) set iadel of noble agar (final volume 150
uL per well)). The two microplates were sealed tbge with a silicone seal, with
interconnecting holes between the correspondindgswEhe assembly was clamped together
and the system was incubated in the dark (to aaoydphotosynthesis interference with £0O
release) at room temperature. £€ap absorbance was measured at 590 nm (Biote&r&yn
HT spectrophotometer) immediately before sealingh® deep-well plate (coefficient of
variation below 5%), and after incubation. Quaesitiof CQ produced by the microbial
samples were calculated using a calibration cufvabsorbance values versus £quantity
measured by gas chromatography (MTI 200 microcathater). Results were then expressed
as pg COmg* of sample.R. In our biofilm study, the sample was consideredbagnic
matter (ash-free dry weight, AFDW) of the biofilmspension tested, and measured using the
protocol described by Tlili et al. (2008). Brieflijhree aliquots of each homogenized biofilm
suspension (2 mL) were filtered through individ@adlmm CF/C Whatman glass fibre filters
(1.2 um pore size). Total dry matter was measureavéighing the filters after drying at
105°C for 24 h. The filters were then combustednnoven at 480°C (Nabertherm P320) for
1 h, and reweighed to calculate mineral matter. WFDas calculated by subtracting mineral

matter from total dry matter.
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4. Development of the MicroResP" protocol (Table. 2)

Table. 2 Chronological summary of the different experimeantsl steps performed during the

study

Step No. Biofilm used

Experiment 1

Development of the
MicroResp™
protocol, applied to
aguatic ecosystems
and using river

biofilms.

1. Incubation time Cultivated in laboratory
To ensure a relevant measure in the well microcosms under
airspace of the CQeleased from the controlled conditions
sample.

2. Pre-incubation test with toxicant

To cope with artefacts causing a chemical
release of C@

3. Short-term bioassays

To validate the utility of the MicroReSp

method for short-term bioassays with

different metals.

Experiment 2

Application of the
microrespirometric
method to a field

situation

1. PICT approach (short-term bioassays) Collected from the three

To validate the relevanc# the
MicroResp™ technique in a PICT

sampling sites in the
Morcille River.
approach, by testing copper, silver and

cadmium.

2. Catabolic diversity fingerprint

To establish a CLPP of the heterotrophic

biofilm compartment, using a multiple
carbon-source substrate.

3. Molecular biology analysis

To characterize the diversity of the river
biofilm bacterial communities, using the

ARISA molecular fingerprint technique.
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4.1. Incubation time

Campbell et al. (2003) propose an incubation tiné b with soil samples. However, in
our case, we have to take into account the rat€@f diffusion at the air-water interface,
which may be low. To ensure a relevant measurdenwtell airspace of the GOeleased
from the sample (the biofilm), we tested a rangenctibation times: 4, 6, 8, and 15 h.
Individual MicroResp™ microplates were used for each incubation timghEileep wells of
each microplate were filled with 500 pL of biofilsuspension with 50 pL of milli-Q water
and 30 pL of D-glucose (Prolabo) (the remaininglsvet the microplate were filled with 580
uL of milli-Q water). Quantities of released €®ere measured at each incubation period, as

described in Section 3.

4.2. Pre-incubation test with toxicant

To enable the toxicant to penetrate into the cafid to cope with artefacts causing a
chemical release of CGdLindsay, 1979), a metal pre-exposure period weessary before
adding the carbon substrate (glucose) and statimgncubation. The different tested times of
pre-exposure to Cu were 0, 0.25, 0.5, 1, 2, 3,d46Gah.

4.3. Short-term bioassays

To validate the utility of the MicroReS method for short-term bioassays, using
biofilms, a wide range of heavy metals was tes@adSQ (Merck KgaA; purity99.0%:;),
ZnSQ, (Sigma-Aldrich  GmbH), CdpDs.7H,O (Fluka Sigma-Aldrich; purity99.0%),
AgNO; (CARLO ERBA reagenti; puriy©9.8%), NNiOg.6H,O (Fluka Sigma-Aldrich
Chemie GmbH; purity97.0%), FeSQ7H,O (Sigma Chemical co.; pur99.0%),
CoNyO6.6H,0O (Fluka Sigma-Aldrich Chemie GmbH; pue§8.0%), AINeOy.9H,O (Merck
KgaA,; purity=98.5%) and Na#HAsO,.7H,O (Sigma-Aldrich GmbH; purity98.0%). Briefly,
stock solutions containing 200 mM of each metalenygrepared in water and stored at 4 °C,
before dilution in the test wells. A semi-logarititnseries of concentrations was freshly
prepared by serial dilution of the stock solutiam®.2 pum-filtered river water. Final nominal
test concentrations in the deep wells ranged froqhu® to 17.2 mM (4 blanks and 4
replicates for each of the 9 concentrations). Theban substrate used for all the SIR
toxicological bioassays was D-glucose. Quantitieseteased C@were measured for each
bioassay as described in Section 3. Dose-respamsesc were plotted using GQralues
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produced by biofilm at each metal concentratioa psrcentage of Gproduced by a control
biofilm (without toxicant).

5. Application of the microrespirometric method toa field situation

5.1. PICT approach (short-term bioassays)

The relevancef the MicroResp" technique in a PICT approach was tested with Ibisfi
sampled from the River Morcille. Induced tolerant@<Cu, Cd and Ag of the heterotrophic
biofilm communities were then tested by toxicola@gibioassay using the MicroRé&p
method. Briefly, biofilms were scraped from sto(®80 cm?2 per sample) collected from the
three sampling sites described previously (St. plos@d), Les Versauds (V) and Saint-
Ennemond (E)), and homogenized in 150 mL of 0.22filtered water from the reference
site (J). Biofilm suspensions were placed dirertlthe deep well (500 uL) and 50 pL of each
tested metal (Cu, Cd or Ag) was added separatdtygr Are-incubation 30 pL of glucose was
added to each of the deep wells, and the MicroResgstem was assembled as described
previously and incubated in the dark at room teajpee (23+ 1 °C). After incubation, the
absorbance of the detection microplate was measatef90 nm (Biotek Synergy HT
spectrophotometer), the amounts of released @€re calculated and the results were
expressed in pg GOng *AFDW.h™.. Dose-response curves were plotted using Cfues
produced by the biofilm at each metal concentrasisra percentage of the €@roduced by
control biofilms (without toxicant). The Egvalues were calculated for each metal and for
each site.

5.2. Catabolic diversity fingerprint

With a view to establishing a CLPP of the hetenoiio biofilm compartment, a multiple
carbon-source substrate-induced respiration apbrausing the MicroResp technique) was
used. The different carbon substrates used werglu@se (Prolabo), D-fructose (Sigma
chemical Co.), D-sucrose (Fluka biochemica), Ds@¢Prolabo), D-galactose (Prolabo), D-
maltose (Prolabo), L-arginine (Sigma Chimie Flukglycine (Sigma Aldrich Chemie), L-
lysine hydrochloride (Sigma Chimie, Fluka), L-glotig acid (Sigma Aldrich Chemie) and
citric acid anhydre (Sigma Aldrich Chemie). Stockusions containing 120 mg.nilof each
substrate were prepared in 0.22 pm-filtered milkv&er and stored at 4 °C, until used. The
pH of each solution was adjusted to river pH (7)ptevent any substrate-pH effects on
microbial communities and minimize chemical artedadue to carbonate-derived €®inal
concentration was 6.2 mg of C per mL in each deelh Whe results were expressed in g

74



CO,.mg*AFDW.h™%. In addition to the SIR measurements, the basspination (without
substrate addition) was measured for each biofilm.

6. Biofilm DNA extraction, amplification and automated ribosomal intergenic spacer
analysis (ARISA)

To characterize the diversity of the river biofilbacterial communities, we used the
ARISA molecular fingerprint technique. Three repties of 2 mL of each biofilm suspension
were centrifuged at 14,090for 30 minutes, and the supernatant was discaashedpellet
stored at -80 °C before extraction. Nucleic acittaotion was performed on biofilm pellets
using the FAST DNA kit (QBIOgene, lllkirch, Francagccording to the manufacturer’s
instructions. The PCR conditions and the PCR tetageeparation for the ARISA conditions
were those described by Ranjard et al. (2003).prlmeers used were S-D-Bact-1522-b-S-20
(3'end of 16S genes) and L-D-Bact-132-a-A-1®i(8 of 23S genes) (Ranajard et al., 2003).

7. Data treatment

ECsy values were calculated wusing the Regtox model Viidimian,
http://eric.vindimian.9online.fr/). The CLPP datats (normalized by the basal respiration
values) were subjected to principal component amlfPCA) (XLSTAT Software Package.
2009 version). The significant level was set to & all the statistical tests with four
replicates for each parameter. Bacterial ARISA ifgsfwere compared with regards to the
presence or absence of bands, using the Pearsdarisymindex. Matrices were used to
perform Ward’s method of hierarchical cluster as@yHCA) using the XLSTAT Software
Package (2009 version).

[1l. Results and discussion

1. MicroResp™ protocol applied to ecotoxicological bioassays anicrobial biofilms

In toxicological bioassays, adding a mineralizatdebon source overcomes a problem
that arises when measuring basal respiration, nammeheralization of unknown native
organic matter that may be different between sargpbtations. Glucose mineralization
activity was detected by our MicroRé¥pmodified design within 8 h incubation time, and
net CQ production was approximately linear between 8 &6 h incubation time, with
respiration rates of 160€14.9 and 160.6& 12.1 pg CO2.mAFDW.h* for 8 h and 15 h
incubation time respectively. In addition, analysif the bacterial community profiles
(ARISA) of each of the four incubation times tesstwwed no change in the diversity of this
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community (data not shown). Incubation for 8 h vebl&ve sufficed, but for practical reasons
we opted to conduct our bioassays with an incubatioe of 15 h (overnight).

During preliminary bioassays with Cu, no dose-resgocurves were obtained (data not
shown). The quantities of measured LC&rresponding to the well containing the most
concentrated Cu solutions were high. The pH measeme of these biofilm solutions showed
that the addition of large amounts of Cu to thdilmosuspensions induced a very rapid and
marked pH decrease, linked to an abundant relda8©g which could not be of biological
origin but was probably due to chemical reacticdDeen and Steinberger (2008) suggested
that dissolution of CaCg)contained in the biological samples, in theirecasil) may follow
pH decline, and be accompanied by abiotic, @2olution that may be mistakenly taken for
respired CQ Fig. 1 shows that 3 h of copper pre-incubatiomegded to obtain a dose-
response curve and a percentage SIR inhibitionb2@6 (19.0k 0.1%) with the maximum
copper concentration (17.2 x20M). This dose-response curve did not change liifilms
pre-incubated for longer times (4 h and 6 h). Ehesults suggest that this chemical artefact

has ceased after 3 h. We therefore opted forithis of 3 h pre-incubation with copper.

120%,

80%

60%

% Respiration

40%

20%

0%
0 0,01 0,1 1 10 100 1000 10000

Cu concentration (uM)

Fig. 1 Respiration values (expressed as a percentagmtb) after short-term bioassay with
different pre-incubation perioda(0; ¢ 0.25;@ 0.5;m 1; % 2; & 3 ;04 andA 6 h) before
addition of the carbon substrate (glucose). Erews lbepresent standard deviatioms@4).
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Finally, the protocol used for short-term bioassaggs be summarized as followte

biofilm suspension was distributed in deep well30(BL per well), to which we added 50 pL
of the metal solution (increasing nominal concdidrs). The microplate was then pre-
incubated in the dark at room temperature for 3ChL of the glucose solution (120 mg.mL
') was added to each well and the detection micteplas positioned. The system was sealed
and incubated for 15 h in the dark (without photdkgtic activity, which could induce an
increase of the pH and interfere with the @lease) and at room temperature £23°C).
CO.-trap absorbance was measured at 590 nm (or bettes70 nm, Rowell, 1995)
immediately before sealing to the deep well plate] after 15 h incubation.

The MicroResp" technique enabled us to plot dose-response cwithsall the tested
metals. The E€g obtained with the different tested metals in stemn bioassays are shown
in Table.3. Compared with the other metals, sikagms to be the most toxic metal to the SIR
(ECso = 3.96 uM). Aluminium (EG = 2317.86 uM) and cobalt (E&£= 6170.63 pM) were
the least toxic, while Zn, Cu and Cd had simildeimediate toxicities. However, in our study
some of the metal salts used included a nitrogancso(e.g. AGN@ NyNiOg.6H,O or
CoN;O6.6H,0) that could interfere with the respiration measwents and so bias the &C
values. A second control using NallGn addition to glucose might be a good option to
overcome this interference. Witter et al., (2000jamed similar results when testing soil
bacteria tolerance (based on SIR) to these thréalsne.g. EG Zn value of about 250 ppm).
ECso values calculated for the percentage of 95 sulestnased completely within 8 days of
incubation in Cu (0—300 mM)-amended BIOLOG GN maiteoculated with a river biofilm
bacteria consortium were in the range 10-30 uM réBayuet et al. 2003). Sensitivities
obtained with other bioassays such as the well-kndicrotox® (based on bioluminescence
reduction of the marine bacteriuvfibrio fischer) are also comparable to our range ofs&C
values (e.g. E6(5 mn) = 941 uM CdGland 168 uM CuGland EGy(15mn) = 421 uM
CdCh and 49 uM CuG| in Macken et al. 2009). Therefore, our dose-raspacurves and
ECso obtained with the SIR, related to heterotrophigamisms, confirm that the MicroRé&p
technique could be a useful method to classify hWeaetals according to their toxicity toward

river biofilms.
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Table.3 Sensitivity (expressed as Efn uM) of the heterotrophic biofilm community to
different tested metals in short-term bioassayaguicroResp™. C.I. confidence interval

(n=4;a=0.5)

Tested metal EGouM

C.l.

Silver 3.96
Zinc 82.41
Copper 156.45
Cadmium 194.95
Arsenic 244.46
Nickel 403.53
Iron 772.88
Aluminium 2317.86
Cobalt 6170.63

2.60-6.27
15.77 - 323.18
122.27 - 196.44
110.99 - 336.18
178.52 — 348.43
87.14 — 1184.89
392.85 - 1532.95
1515.83 — 3731.99
4270.30 — 8519.66

2. Application of the microrespirometry method to afield situation

2.1. Copper-induced tolerance

Cu EGy values were estimated to evaluate tolerance ® pbilutant of the biofilm

communities sampled at three sites along the Ra@rcille. EGs, values increased upstream

to downstream, ranging from 48.5 to 179.4 uM cofpeble.4, Fig.2).

Table.4 EGs values (in uM of copper, silver or cadmium) foe tthree sampling sites (J:
Saint-Joseph; V: Les Versauds; E: Saint-Ennemdidl) confidence intervah(= 4; a = 0.5).

Tested metal Site ECso UM C.l.
J 4852 41.02-59.13
Copper \% 172.37 133.50-227.91
E 179.42 117.11-266.18
J 31.99 25.99-40.67
Silver Vv 22.39 17.25-31.37
E 25.52 19.22-36.01
J 82.48 65.59-103.61
Cadmium V 111.15 91.04-142.36
E 82.48 65.59-103.61
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Fig.2 Copper tolerance of heterotrophic communities egetsampling areas along a copper
contamination gradient in the River Morcille. Syrnigofor each area#(. Saint-Josephm: Les
Versauds;A: Saint-Ennemond), represent average SIR expressea percentage of the
corresponding controls and obtained during the &Resp" short-term bioassay. Dose-
response curves>( Saint-Joseph;: Les Versaudsa: Saint-Ennemond) represent the Hill
equation model applied to the same SIR measurem@at@meters were calculated by
nonlinear regression and statistics (four replegateere obtained using a Bootstrap-Monte-
Carlo simulation (from Regtox model:_http://eriadimian.9online.fr) allowing to calculate
ECsp values with a confidence interval of 95%.

The most Cu-sensitive communities were from thdérepm site “Saint-JosephJd), while
the most Cu-tolerant communities were downstreatfSant-Ennemond”E). The measured
sensitivity at the intermediate site “Les Versaud¥) was closer toE than toJ. Cu
concentrations in the water from the three sampditeg, collected in the same period as our
study, and the E£g values measured were closely correlated @, Pearsoi? = 0.72,p =
0.0004). Also, diversity analysis by ARISA of batdécommunities showed a differentiation
of J, E andV. Bacterial diversity from the intermediate Sitevas more closely similar to the
most contaminated sité than the pristine ared (Fig.3). These results agree with previous
studies (Boivin et al., 2006; Dorigo et al., 20@nd are congruent with the predictions of the
PICT concept and validation (Blanck, 2002), sugggsthat Cu constitutes a selective
pressure, at least on the bacterial and heteratropbrtion of the Morcille biofilms,
producing changes in species composition, catalsttieccture (see paragraph 2.3) and Cu

substrate-induced respiration tolerance. Howeveiveng the presence of gradient
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contaminations with other metals (As and Zn) frdra Morcille upstream to downstream,
these differences in bacterial structure cannattvéuted to Cu alone.

Fig.3 Cluster analysis (hierarchical ascendant clasdio based on Pearson correlation
coefficient) of the bacterial community (ARISA aysis of PCR amplified IGS gene
fragments) from three sampling areas (J: Saintplgsé: Les Versauds; E: Saint-Ennemond)
on the River Morcille (three replicates per sanmplanea).

On the other hand, environmental factors suchgig, licurrent velocity, temperature or
nutrient content could affect toxicant bioavailityil and the biofilm tolerance to these
toxicants. During long-term exposure, for exam@aasch et al. (2004) and Tlili et al. (2010)
showed that phosphorus supply caused an increadaded tolerance of biofilms to copper.
Also, Guasch et al. (2002) evaluated the effecthobnic copper exposure on natural
periphyton in a non-polluted calcareous river, émely concluded that the water pH in the
river was important in affecting the bioavailalliof the metals and therefore their toxicity
towards the biological community. It is thereforecassary to have not only a reference site
that is globally comparable to the study site, blg#o a sampling strategy (spatial and
temporal) that minimizes the interference of enwinental factors in the detection of PICT
(Dorigo et al., 2009). Care must also be taken FHG@T approach to ascertain that bioassays
are controlled and standardized, and that differphiysicochemical parameters are
homogeneous and similar during short-term exposifiréghe tested communities. Blanck
(2002) stipulated that bioavailability may intedein the PICT detection as a confounding
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factor, for example when the waters used in thetdban tests are different. This could then
affect the EG values obtained and finally the PICT signal magresent a bioavailability
gradient. However, this remark concerns a regisaaley (Blanck et al., 2003) that compared
very different sampling sites (from different rigesind countries) in the context of bioassays
that used the filtered natural water from each dmmparea. This was not the case in our
study, where we used the same filtered water ouifistream sampling arda(pH values in
the range 7.2-8) for periphytic suspensions andt teglutions of all bioassays and in the
context of a small river basin. In addition, inr@yous study we measured pH in the biofilm-
river suspension (using water from sije glucose and copper added at the beginning athd en
of the short-term incubation, and observed no pldngks during the bioassays despite
demonstrating an induced tolerance to copper basdte substrate-induced respiration as a
functional parameter (measured by gas chromatograjaia not shown). Rusk et al. (2004)
investigated tolerance of soil biological nitrificn to metals using sterilized, metal-treated
soils from the reference area reinoculated withiraila soil containing the microbial
communities to be tested. Our approach using ddtevater from a reference area (upstream)
to perform the PICT bioassays, in which we suspémgiphyton scraped from the different
investigated sites, is comparable to the appro&é&tusk et al. (2004), who wanted to exclude
the potentially confounding effects of variatioms metal bioavailability in their tolerance
bioassays. We can conclude that the bioassays ctutdduring our study were performed
under homogeneous standardized conditions and mzedhvariations in metal bioavailability
among the microbial samples tested.

In previous studies, a respirometric technique ¢hase the analysis of the substrate-
induced respiration (SIR) response was developééstothe microbial tolerance to toxicants
at the community level in soil ecosystems (Witeal., 2000). These studies demonstrated
that microbial tolerance to metals increased alsnsetal pollutant concentrations increased.
However, there are few studies on the toxicity sss®nt of contaminants in aquatic
ecosystems using the SIR to assess the inducedroéeto metals of heterotrophic biofilm
communities. Dorigo et al. (2010), investigated #fects of Cu on heterotrophic biofilm
communities collected from the same sampling %iie¥ andE), using the SIR measured by
gas chromatography and the 16S rRNA gene DGGE mdthbighlight induced tolerance to
Cu and bacterial diversity respectively. Like outsr results strongly suggested Cu
contamination-driven changes in biofilm communitsusture and in the tolerance to Cu of

the bacterial community, confirming the PICT hypesis.
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This first biofilm ecotoxicological bioassays usidicroResp" applied in a river
contamination assessment context, highlights theiezicy of this technique for measuring
the induced tolerance to metals of the heterotmbpiufilm community based on SIR.

2.2. Co-tolerance assessment

Co-tolerance may occur when communities that haenlexposed to one toxicant, but
not to another, become tolerant to both toxicaDtzurrence of co-tolerance depends on the
means of conferring tolerance and on the tolerameghanisms (Blanck et al., 1988).
Tolerance to Ag and Cd was measured for biofilmafthe three sampling site} ¥ andE)
(Table.4). In contrast to results for copper, mgngicant changes in tolerance to Ag or Cd
were observed from upstream to downstream sitessd hesults are congruent with Ag and
Cd concentrations measured in water friyrv andE sites, which were constantly below the
limits of quantification. Therefore, these SIR measnents with MicroResf did not reveal
any co-tolerance between Cu and Ag or Cd. Someaestuthve reported a co-tolerance of
biofilm communities between copper and some metath as Zn or Ni (Gustavson and
Wangberg, 1995; Ivorra et al., 1999). Soldo andrB&l2000) have shown a strong co-
tolerance to silver in autotrophic biofilm commues exposed to 5uM of copper. In contrast
to our study, all these co-tolerance measuremeats vased on photosynthetic activity, and
therefore especially targeted the phototrophiciloo€ompartment. Detection of co-tolerance
implies difficulty attributing a tolerance shift tthe presence of a particular toxicant in the
environment. Our results and those obtained inatheve-cited studies show that depending
on the kind of targeted activities and associatadraunities (phototrophic or heterotrophic),
co-tolerance linked to specific modes of actiontaficants and detoxification processes
(Soldo and Behra, 2000; Knauer et al., 2010) cavebi@ble. MicroResp use, in addition to
other tolerance measurements based on other ediuitthe context of co-tolerance studies,

could thus offer a complementary approach to ingashg mechanisms of tolerance.

2.3. Community-level physiological profiles

Principal component analysis (PCA) was appliechtodata set obtained with the various
carbon sources, normalized by the basal respiraaues for each site (Fig.4). The first two
axes of the PCA accounted for more than 80% of vheability. Pristine areal and
downstream arel were separated from the intermediate &fam the first axis F1, while the
second axis F2 separated aldaom areaE (left panel). Biofilms fromV were characterized
by a higher mineralization of the glutamic acid amitic acid substrate and biofilms frodn
and E were characterized by a higher mineralization cdtglucose substrate (right panel).

Thus multivariate analysis showed a clear discratiom between the biofilms from the
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F2 (23,31 %)

different sampling sites. Several soil studies stigated functional diversity with CLPP
measurements and showed the utility of the MicrpR&snethod to discriminate different
soils or soils submitted to different pressuresni@bell et al., 2003, 2008; Oren and
Stenberger, 2008). Applied to an aquatic envirortmditroResp™ seems also to be a useful
tool for assessing changes in the functional ditxecs the microbial community (CLPPS) in

biofilms.
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Fig.4 Principal component analysis (PCA) of communityelephysiological profiles (CLPP)
of biofilms measured with the MicroReTgbmethod and normalized to basal respiration, from
three sampling areas (J: Saint-Joseph; V: Les dssaE: Saint-Ennemond) in the River
Morcille (four replicates per sampling area).

5. Conclusion and perspectives

In the global context of assessing the impact dfupants on the diversity and functioning
of microbial communities in aquatic ecosystems,aage of diversified indicators for

diversified functions and communities is needede(@nts and Rohr, 2009). Among such
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indicators, the PICT approach, which offers a gtomd for assessing an ecosystem’s history
of exposure to pollution at the community levelddhe establishment of catabolic fingerprint
profiles of microbial communities, are now appliedliverse ecosystems (Bérard et al., 2002;
Boivin et al., 2006; Kaufmann et al., 2006). Howewhis study is the first to investigate
micro-SIR in a contaminated aquatic system as hftwameasuring induced tolerance in a
microbial community and establishing catabolic pblggjical profiles on the whole
heterotrophic biofilm. The purpose of this methadital study was not to make a direct
translation of the E& obtained in MicroResp' plates to the situation of the biofilms
exposed in the river, but to propose an easy sbhort-bioassay based on catabolism to detect
relative differences in metal tolerance betweergitarm exposed communities that were
sampled (complementary to investigations of theixohomic composition for PICT
methodology). Our results show that the MicroR¥stechnique offers a convenient, rapid
and sensitive method for assessing metal contaimmat aquatic ecosystems. Like for soll
microbial micro-SIR measurements, for results tdudy transportable between studies, this
method would require inter-laboratory calibratioBréamer et al., 2009). A modified
MicroResg™ system could be developed, using microplates Vether wells than those
currently used. The method could thus be applieth wan in-place biofilm (grown on
individual artificial substrates) to minimize digbances of the microbial communities and be
suitable for similar samples of periphyton, anddtrer measurements of additional activities

such as photosynthesis (Dorigo and Leboulanger)200
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Chapitre C. Résultats et Discussion

Ce chapitre est constitué de 3 parties. La prenmarge aborde la question de l'influence
des facteurs environnementaux (dans notre cas agiegt de phosphore) sur la tolérance
acquise des communautés microbiennes des biofilma vis d’'un pesticide et d’'un métal
lourd, ainsi que la pertinence de différents deseurs fonctionnels du PICT pour mettre en
évidence cette influence. La deuxieme partie dative aux conséquences de I'acquisition de
tolérance par les communautés hétérotrophes eotpbphes des biofilms dans un contexte
de pollution multiple par les métaux lourds (i.aivee, zinc et arsenic, et enfin la troisieme
partie est consacrée a I'étude de linfluence desriques d’exposition aux polluants, en
terme d’intensité et de durée, sur la tolérancaliseqdes communautés microbiennes des

biofilms.

C.I. Influence du phosphore sur la tolérance acque aux polluants des
communautés phototrophes et hétérotrophes des bibfis de riviere (article
3)

Le concept PICT est basé sur I'hypothese que laepae d’'un toxique donné dans le
milieu constituera une pression de sélection sarcdemmunautés biologiques qui va se
traduire par I'élimination des espéces les plusibées, favorisant ainsi le développement des
especes les plus tolérantes a ce toxique. Toutefette tolérance induite ne peut pas étre
seulement imputée a la présence des polluants ldansours d’eau. En effet, différents
facteurs environnementaux (e.g. lumiére, vitessealurant, nutriments...) pourraient jouer
un réle important dans I'acquisition de cette tatere (Bérard et Benninghoff, 2001 ; Guasch,
et Sabater, 1998). Par exemple, I'apport de nutrimet en particulier le phosphore peut
stimuler la croissance et I'activité algale etdesdre plus tolérantes a des toxiques comme le
Cuivre (Guasch et al., 2004). L'objectif, est dahe s’affranchir de la contrainte de ces
différents facteurs dit de confusion, en appliquame stratégie d’échantillonnage favorisant
le plus possible 'lhomogénéité des stations deepeshent (Dorigo et al. 2009). Toutefois, un
gradient de phosphore, couplé & un gradient deagonation au cuivre et au diuron, a été
mesuré de I'amont vers I'aval de la Morcille (sitétude décrit dans le chapitre B). Il pourrait
jouer un role non négligeable dans le contréle @equisition de la tolérance des
communautés périphytiques mise en évidence partrdgaux précédents sur notre site

d’étude (Dorigo et al. 2007, 2010, Pesce et alO20D’'ou la nécessité d'évaluer la part du
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phosphore dans l'acquisition de tolérance en piteaancompte la diversité structurelle et
fonctionnelle des biofilms (phototrophe, hétérolvepprocaryote, eucaryote...).

Le contexte du terrain, avec justement la présdegalusieurs contaminants ainsi que de
nombreux facteurs de confusion (lumiere, tempéeatwitesse du courant, brouteurs,
nutriments...), nécessite pour cette étape du trag@ffectuer une approche expérimentale
au laboratoire. Pour cela, nous avons réalisé dpérimentations en microcosmes pour
mettre en évidence l'influence potentielle d'undgmat de phosphore sur la sensibilité des
communautés microbiennes périphytiques au cuivael eliuron. Les biofilms ont été exposeés
chroniquement a des concentrations environnemengaesurées dans la riviere Morcille) de
substances toxiques couplées a un gradient de pti@s_a tolérance acquise des biofilms
au diuron et au cuivre a été évaluée via des @sikibition a court-terme, basés sur
l'efficacité photosynthétique pour cibler les phaiphes ainsi que sur les activités
enzymatiques extracellulaireg-@lucosidase et leucine-aminopeptidase) et la natsmn
induite par un substrat carboné pour cibler lesroétophes. L'impact du gradient de
phosphore associé a la pollution a été aussi évatuénesurant les concentrations des
toxiques dans la matrice des biofilms, la bioma€dela, AFDW), la densité des cellules
bactériennes, l'efficacité photosynthétique et tlucdure des communautés (en utilisant la
technique PCR-DGGE 18S et 16S pour cibler respatiint les eucaryotes et les procaryotes
et 'analyse des pigments par HPLC afin de cibésr phototrophes). Les résultats obtenus
montrent que, selon la substance toxique étudide paramétre structurel ou fonctionnel
utilisé, l'effet du gradient de phosphore a étéade. La prise en compte de la diversité
structurelle et fonctionnelle des biofilms de rreigsemble donc une approche nécessaire pour
dissocier I'impact réel des substances toxiquesetlé des facteurs environnementaux sur la
tolérance acquise.

Les résultats et les interprétations de cette @aint présentés dans l'article 3 intitulé
« PQ* dependence of the tolerance of autotrophic anerdieophic biofilm communities to

copper and diuron » et publiée dans le reaggiatic Toxicology
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Abstract

Pollution-induced community tolerance (PICT) coricispbased on the assumption that
the toxicant exerts selection pressure on the gicdéd communities when exposure reaches a
critical level for a sufficient period of time arilerefore sensitive species are eliminated.
However, induced tolerance of microbial biofilm amomities cannot be attributed solely to
the presence of toxics in rivers but also to vasieanvironmental factors, such as amount of
nutrients. An experimental study was undertakerhigghlight the potential impact of a
phosphorus gradient on periphytic microbial comrhurgensitivity to Cu and diuron.
Biofilms were exposed to real-world levels of chorenvironmental contamination of
toxicants with a phosphorus-gradient. Biofilm séwgy to Cu and diuron was assessed by
performing short-term inhibition tests based on tphgnthetic efficiency to target
photoautotrophs, extracellular enzyme activiByg{ucosidase and leucine-aminopeptidase)
and substrate-induced respiration activity to tatggerotrophs. The impact of P-gradient-
associated to pollution was evaluated by measupesticide concentrations in biofilms,
biomass parameters (ehlAFDW), bacterial cell density, photosynthetic i@d#ncy and
community structure (using 18S and 16S rDNA geradyais to target eukaryotes and DGGE
and HPLC pigment analysis to target bacteria anotqatutotrophs). The obtained results
show that depending on the studied toxicant ancusieel structural or functional parameter,
the effect of the phosphorus gradient was varialités highlights the importance of using a
range of parameters that target all the biofilmdgeal communities. The PICT method can
be regarded as a good tool for assessing anthroogevironmental contaminations, but it is

necessary to dissociate the real impact of toxecantm environmental factors.

Keywords: river biofilm; pollution-induced community tolere@; copper; diuron; phosphorus
gradient.
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1. Introduction

The European Water Framework Directive (WFD) sefimework for the protection of
all waters with the aim of achieving “good ecolajistatus” by 2015, but the complexity and
intensity of the pollutions faced makes this a togfallenge. The good ecological status of
an ecosystem is characterized as high biodiveasity a stable transfer of energy and matter
within trophic levels (Chapin etl., 2000; Hooper eal., 2002). Pesticides and heavy metals
are two of the main groups of chemical aquaticytatits that damage aquatic ecosystems
(INRA-Cemagref, 2005). In aquatic ecosystems, tixecteffects of pesticides can cause alter
biodiversity and consequently species interactiang biological processes (Sabaterakt
2002; Fleeger l., 2003; Ricart eal., 2009). Biofilm (an attached community of autotnap
and heterotrophic eukaryotic and prokaryotic popates) plays a fundamental role in the
trophic web of small lotic ecosystems and in theopemical cycles within aquatic
ecosystems (Battin @l., 2003). Biofilm communities are one of the ficsllateral victims of
pesticide residue runoff from fields, which caneatfftheir structure and function (Dorigo et
al., 2007). Structural and functional responses tarenmental changes occur within a few
weeks, and are thus considered an early-warninigitipol indicator (Sabater etl., 2007).
Within biofilm, the vast diversity of microbial canmunities (algae, bacteria, protozoa, fungi,
viruses, etc.) and the multitude of biological gisico-chemical processes generates huge
structural and functional complexity. Consequenitybiofilm biodiversity generates varied
sensitivities and responses to various anthropogenessures (Barranguet ak, 2003;
McClellan etal., 2008).

These specificities were used to build the polhdilnduced community tolerance (PICT)
concept introduced by Blanck ef. in 1988. PICT is a useful ecotoxicological toor f
assessing the history of environmental exposurea t@ollutant, at community level.
Assessment of tolerance acquisition is a method tseestablish a causal link between a
toxic exposure and its impact on biological comntiasi Indeed, the PICT method is
primarily a measure of biological community sendiyi to a given toxicant that is associated
with taxonomic analysis and, generally, compariggainst an uncontaminated reference.

The reference community already has a baselineatute (Bérard adl., 2002) that can be
affected by environmental factors such as lighingerature, flow velocity or nutrients
(Guasch and Sabater, 1998; Villeuneuve att 2010). Nutrient inputs, particularly
phosphorus, can also influence microbial biofilnrmeoounity sensitivity to toxicants (Hall et
al., 1989; Ivorra etal., 2002; Kamaya et al., 2004). For example, Guagchl.e(2004)
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observed a clear influence of phosphorus limitatarcopper toxicity. Biofilms communities
that were previously fertilised for 18 days wergeth times more tolerant than control
communities indicating that phosphorus limitationhanced Cu toxicity and tolerance
induction were probably related to the higher phosps availability. On the other hand,
these authors tested, in a more recent study (Bwsa., 2007), the influence of phosphorus
on the tolerance of periphytic communities to thebitide atrazine. Their results indicate that
the process of tolerance induction to atrazine sm¢sequire phosphorus supply, supporting
the view that phosphorus enrichment will not intéraith atrazine toxicity in the long term.
Similarly, Pesce et al. (2010) showed in a fielddgtthat there was no correlation between
tolerance to diuron of phototrophic communities rofer biofilms and the amount of
phosphorus in water using the photosynthetic dgtas endpoint in bioassays.

The purpose of this study was to investigate theri@l effect of a phosphorus gradient
on biofilm tolerance to diuron and copper in indatcrocosms. To assess biofilm sensitivity
to Cu and diuron, various physiological parameteese used in short-term inhibition tests
targeting the autotrophic and heterotrophic commnesi

Two models of toxic molecules were used: diuron ampper. Diuron (N-(3,4-
dichlorophenyl)-N,N-dimethyl-urea) is an herbici@enylurea) that inhibits photosynthesis
by blocking the chloroplast electron transport ohai Photosystem-II (PSII) of phototrophic
microorganisms and plants (Bérard and Pelte, 199i®)yon is considered a model herbicide
with regard to PSII inhibition in plants and alg&apper is a metal that at high concentration
and/or in prolonged exposure can have severe wfkécts. The mechanisms proposed as
drivers of copper damage include inhibition of eneg, inhibition of various PSI sites or
PSII reaction centers, and altered uptake of eisgs@nicroelements (Kuepper ak, 2002).

2. Material and methods

2.1. Sampling site

This study was carried out on a small river (therdile river) located in the intensive
wine-producing Beaujolais vineyard area. Morcilleer is characterized by an increasing and
permanent pesticides and nutrient gradient (Gouly Nimon, 2007) along the river. Diuron
and Cu are two of the pesticides most often dale@ampling was performed during June
2008 for the Cu experiment and September 2008hrdiuron experiment. Water carrying
periphyton was collected from the Morcille Riverthe upstream, unpolluted reference site

known as St. Joseph.
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2.2. Experimental schedule

For each 3-week experimental series (Cu with Puod with P), two groups of four 15-
L aquariums were filled with river water samplednf the reference site and filtered through
a 50-um mesh to remove most of the grazers. In gashp, one aquarium was not P-
enriched, while the three others were supplemewidd P, added as NatRO;)H,O (final
PQO,> concentrations of 0.2, 0.4 and 0.8 mif.lrespectively). For the series of copper
experiments, a group of 4 aquariums was contamdnatth a nominal concentration of 30
ng.L* of Cu, added as CuS@Merck, 99% purity) and the 4 others were kepgaantrol
group control. The series of diuron experimentfofokd the same design but with 10pg.L
of diuron (Sigma, high-grade, 99.5% purity). Th&itants (diuron and Cu) and P-gradient
concentrations used in our study were similar ®rtteximum observed at Morcille river in
late spring/early summer. Artificial substrates {@dividual microscope slides per aquarium)
were fitted vertically in each aquarium (total sweé of the artificial substrates: 975
cm?/aquarium). During the experiment, the aquanwater was replaced each week with 50-
pum mesh-filtered water from the reference sitevimdanutritional deficiency, and, depending
on the experimental design, completed with diuro©€o and P in order to maintain constant
exposure.

The water was kept at a temperature of 232Q@°C), and exposed to a light intensity of
260 pmol nfs* under an 18:6 h light/dark regime. These phygiembhmeters were checked
daily throughout the experiment.

2.3. Periphyton collection for biological analysis

After 3 weeks of growth, the biofilms were sampkatd analyses were performed.
Biofilm was scraped off (3 glass substrata per agoawere kept for in-biofilm Cu or diuron
analysis) using a Teflon blade for diuron or a pobpylene spatula for Cu, and suspended in
250 mL of 0.2 um Nuclepore filtered water from tieéerence site. Total biomass analysis,
photosynthetic efficiency and bioassays were peréolimmediately after sampling, whereas
other analyses (bacterial enumeration, chemicalecntar and HPLC pigment analysis) were

performed later on the deep-frozen biofilm (- 8Q°C)
2.4. Water analysis

Two-litre water samples 3 were collected into ptiyéene bottles from the Morcille river
at the reference site as well as from microcosrss lpefore replacing the water (3 water
samples were taken over each experiment duratiorgrder to assess chemical parameters
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including DOC, PG, conductivity and pH, following French standarcemiing procedures
and protocols (AFNOR, 1999). The laboratory whidnaucted the chemical analysis is
accredited by the French Accreditation Committe©FRAC) (accreditation number: 1-
1238).

Diuron and its main metabolites (3-(3,4-dichloropyi® 1-methyl urea (DCMU) and 3,4-
dichloroaniline (DCA)) were measured in water bylHES-MS/MS (APl 4000, Applied
Biosystems). The total dissolved Cu concentrationthie water were measured on a furnace
atomic absorption spectrometer (AAnalyst600, Pétkirer) with Zeeman background

correction. Water samples were taken from eachragndefore and after water renewal.
2.5. Analysis of Cu in biofilm

Biofilm was scraped off the glass substrata usipglgpropylene spatula (3 replicates
per microcosm) and suspended in 40 mL of 0.2 umidpoce-filtered water from the
reference site. This suspension was divided into fnactions. Fraction one (20 mL) was
treated with 320 puL of 4.0 mM EDTA (final conceriom) to quantify internalized Cu, and
fraction two was used to quantify total in-biofil@u.

Briefly, the biofilm suspensions were filtered onpee-weighed filter membrane
washed previously in nitric acid (cellulose nitr&d5 pum, MILLIPORE). After drying 24 h
at 50°C, the filters were weighed, and the fillepataining dry biofilm were placed in Teflon
vessels. Extra vessels included CRM 414 (PLANCTOWdn the European Community
Bureau of reference - BCR as references. 3 mL &b éfitric acid (Merck, Suprapur) was
added to all Teflon vessels. The samples were glaca microwave digestion unit (MARS 5
CEM), and 12 mL Milli-Q was added to dilute thedaconcentrate. The water samples were

analyzed following the same procedure as for witdolved Cu concentration in water.
2.6. Analysis of diuron in biofilm

Diuron and its main metabolites (DCMU and DCA) wereasured in the biofilm by ESI-
LC-MS/MS (API 4000, Applied Biosystems) accordingili et al. (2008). Briefly, biofilms
were first collected from the substrata (3 repksaper microcosm) and suspended in 10 mL
of 0.2 um Nuclepore-filtered water from the refaersite. Biofilm suspensions were then
freeze-dried in order to prevent any matrix degtiadabefore analysis. 10 to 100 mg of dried
biofilm spiked with the analytical control standafiihuron) was extracted with 10 mL
organic solvent (acetone/dichloromethane, 20/80), iw/ an ultrasonic bath for 30 min. 6 mL

of ultrapure water was then added to re-dissoleeettiract. Purification was carried out on a
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solid-phase extraction (SPE) cartridge (Oasis H&Bmg, 3 mL, Waters). 10 pL of internal
standard control (deuteriated diuron) was addedthe final extract of 240 pL
water/acetonitrile (80/20, V/V). Biofilm sample extts were then quantified by ESI-LC-
MS/MS. Diuron and its metabolites were separated @0 x 2 mm Purospher Star RP-18e
column (Merck, France).

2.7. Total and algal biomass

Total organic matter was estimated by calculatish-faee dry weight (AFDW). Three
aliquots of each homogenized biofilm suspensiom(2 were filtered through individual 25-
mm CF/C Whatman glass fibre filters (1.2-um pome)i Total dry matter was measured by
weighing the filters after drying at 105°C for 24The filters were then combusted in an oven
at 480°C (Nabertherm P320) for 1 h, and then relwegigo calculate mineral matter. AFDW
was calculated by subtracting mineral matter fromaltdry matter. Results are expressed in
g.m2 (Tlili et al., 2008).

Chla content in biofilm suspensions was quantified L& analysis. The quantification
of identified chh was made from external calibrations on standatd B55H72MgN405,
Carl Roth GmBH & Co). Final concentrations are givas pg.cnf-(see 2.9 for analytical

details).

2.8. Biofilm DNA extraction-amplification and denaturing gradient gel electrophoresis
(DGGE) analysis

As it was impossible to load more than 20 sampiethe same DGGE gel and difficult to
compare samples run on different DGGE gels (dueworeproducibility for the same PCR
products on different DGGE gels), a preliminary exment was run to test the
reproducibility of DNA extraction, amplification drDGGE analysis. Six biofilm suspensions
randomly chosen from among the various differemtamination scenarios were extracted in
triplicate (2 mL each). DGGE analyses were doneusgply on 18S rRNA and 16S rRNA
polymerase chain reaction (PCR)-amplified fragmeResplicates produced identical DGGE
band patterns (data not shown), which led us telgiynthe analysis further by pooling the
three biofilm subsamples for each contaminatiomane.

Three replicates of 2 mL of each biofilm suspensiare centrifuged at 14,0@pfor 30
minutes, and the supernatant was removed and kep8@°C until extraction. Nucleic acid
extraction was performed on biofilm pellets using FAST DNA kit (QBIOgene, lllkirch,

France) following the manufacturer’s instructions.
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PCR amplification of eukaryotic 18S rRNA gene frags and bacterial 16S rRNA gene
fragments and their DGGE analysis were performewraiing to Tlili etal. (2008). Briefly,
60 ng of template DNA and the EuklAf (Sogin and @Gamon, 1987) and Euk516r-GC
(Amann etal., 1990) primers were used to amplify the eukacy@8S rRNA gene fragment.
PCR amplification of the bacterial 16S rRNA gersgment was done with 30 ng of template
DNA, and the primers 341f (Muyzer and Smalla, 1998)which a GC-rich fragment was
attached, and 907rM (Schauerét 2003).

DGGE analyses were performed as described in Detigb (2007) on a pool of the three
PCR-amplified replicates. DGGE profiles were conepafor presence or absence of bands,
using the Dice dissimilarity index. Matrices wersed to perform Ward's method of
hierarchical cluster analysis (HCA) using XLSTATtsa@re (2009 version).

2.9. Pigment analysis by high-performance liquid clomatography (HPLC)

Three replicates (5 mL) from each biofilm suspensiere centrifuged at 9759for 30
min at 0°C, and kept at -80°C until analysis. HPpi@ment analysis was conducted as
described in TIili etal. (2008). Each pigment was identified from its ngien time and
absorption spectrum using DAD according to SCORfr@eet al., 1997). We employed a
quantitative method resulting from a calculationd®lobased on published ratios,)(ifor
monocultures. Diatoms, cyanophytes and green algare identified from their specific
pigment signatures (fucoxanthin for diatoms, zethianfor cyanobacteria, and lutein for

green algae). Final concentrations are given asmig.
2.10. Bacterial cell counts

Flow cytometry (FCM) was performed on a FACSCaliplatform (Becton Dickinson) to
count the bacterial cells in each sample. Thredicaps (10 mL) from each biofilm
suspension were incubated overnight with parafatetalde (3% final concentration) and
centrifuged at 850@ for 25 min. at 4°C. The resulting pellet was wakkéth 20 mL of
sterile PBS 1x, centrifuged at 8500or 25 min. at 4°C, dried, re-suspended in 1 ntiagol
70%/PBS 1x (v/v), and kept at -25°C until analysis.

Samples were treated according to Duhamel and éa¢2006). 1 uL of a calibrated bead
solution (Fluoresbite Carboxy YG10 Micron MicrospiePolysciences) used as an internal
standard was added to 1 mL of the sample. Bactegid were stained with SYBR Green 1

dye (Invitrogen) at a concentration of 0.01%. Oa Hasis of the cytograms obtained and
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analyzed with the CYTOWIN software (Vaulo et ab89), cells from bacterial communities
were identified and counted.

2.11. Photosynthetic efficiency

Photosynthetic efficiency is based on measurememiaximal quantum yield (YII) of
algae (Schreiber et al., 2002). It reflects the benof functional PSII and therefore more
generally the physiological state of the phototiopbommunities. Measurements were
performed using a PhytoPAM (pulse amplitude-modhdpt fluorometer (Heinz Walz,
GmbH). After 30 min of adaptation to darknessadhiorescence of 3 replicates (3 mL) from
biofilm suspensions was measured at 665 nm. A eisgturation pulse was applied to

calculate the maximal quantum yield as:
Y“665nm:

where F, is the maximum fluorescence after the saturatigisgpand Fis the steady-state

fluorescence.

2.12. Short-term bioassays and tolerance assessment

We monitored the effects of increasing concentratisemi-logarithmic) of diuron or Cu
on biofilm using photosynthetic efficiency, subsgtranduced respiration (SIR) and
extracellular enzymatic activities (leucine-aminpipease (LAP) and3-glucosidase (B-Glu))
as endpoints.

Briefly, stock solutions containing 100 uM (MW =230 g) diuron or 200 mM (MW =
159.5 g) Cu were prepared in water and stored @tG-zand 4°C, respectively, prior to
dilution in the test vessels. A semi-logarithmicisg of concentrations was freshly prepared
by serial dilutions of the stock solutions in O.Anf{filtered river water. Final test
concentrations in the vessels ranged from 0.0032t@ud.2 uM for diuron and 0.2 uM to
2000 uM for Cu (3 blanks and 3 replicates for eafctne 6 increasing concentrations).

Photosynthetic efficiency bioassaysiofilm suspensions (2.7 mL) were exposed to

increasing concentrations of diuron or Cu for thoeegwo hours, respectively, at the same
light intensity and temperature conditions as thesgre grown in the aquariums, under
continuous gentle shaking. Measurements were peeidron a PhytoPAM fluorometer. The
relative inhibition of fluorescence yield at 665 nmrelation to control was calculated to

model concentration-response relationships.
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Substrate-induced respiration (SIR) bioassayisfilm suspensions (7 mL) were placed

directly in 150 mL flasks, and diuron or Cu weraed. After 2 hrs of preincubation (in the
dark, at 20°C, under gentle shaking), 2 mL of fagdiolution (15 g.mt glucose and 14.6

g.mL? glutamic acid) was added, and the flasks were chfpe O h). Att =5 h and t= 8 h,
the gas (C—-Cg in the flask headspace was measured by gas ctography on an MTI 200

microcatharometer. Results are expressed as nggCAFDW.h*. Dose-response curves
were plotted using CQvalues produced by biofilm at each diuron or Cooamtration.

Extracellular _enzymatic activities bioassaysextracellular enzymes leucine-

aminopeptidase andp-glucosidase were measured using fluorescent-linkabstrates
(aminomethylcoumarin (AMC) and methylumbelliferflllJF), respectively; Sigma-Aldrich)
according to Romani &ll. (2004). First, biofilm suspensions (0.7 mL) wexp@sed to diuron

or Cu for 4 hours (in the dark, at 20°C, under lgeshaking). Each biofilm suspension was
then incubated with 2 mL of the specific artificelibstrate for each enzyme, at saturation
concentration. After 20 min. incubation in the darld in a shaker, glycine buffer (pH = 10.4,
0.3 mL to each sample) was added to stop the enmyaction and reach maximum AMC and
MUF fluorescence, which was measured on a BiotelergyHT fluoremeter at 360/460 nm
excitation/emission. Results are expressed in pvHdF or AMC.g*AFDW.h™. Data were

fitted to a sigmoid dose-response model.
2.13. Data processing

The effect of P-gradient on biomass, relative aapdt abundance, bacterial cell density
and physiological activities were tested by one-WdyOVA on XLSTAT (2009 version).
The relationships between exposure conditions @elignt and P-gradient with Cu or Diuron)
and chemical (Cu and Diuron in biofilms) or biologji variables (biomass, relative autotroph
abundance, bacterial cell density, photosyntheficiency and EGy) were explored by
multifactorial 2-way ANOVA on XLSTAT (2009 version)f a main effect was significant,
the ANOVA were followed by a Tukey-HSD test. Homaoggy of variances was checked
prior to data analysis. Egvalues were calculated using the Regtox modeN{&dimian,
http://eric.vindimian .9online.fr/). The biologicalatasets along with the different exposure
conditions (P-gradient and P-gradient with Cu owmrDbn) were subjected to separate
redundancy data analysis (RDA; XLSTAT, 2009 verkidine data correlations between the
ECso values, PGP concentration, in-biofilm quantity of Cu or diuratal and algal biomass,
relative autotroph abundance and bacterial cellssite were tested by Pearson product-

97



moment correlation on XLSTAT (2009 version). Sigrahce level was set at 5% for all

statistical tests with three replicates for eactapeeter.
3. Results

3.1. Physico-chemical data

Conductivity in all microcosms remained relativedtable throughout the experiments
(145+ 5 pS.crt and 170+ 5 puS.cn for the Cu and diuron series, respectively. n =rBpll
microcosms, pH varied by up to 2.6 pH units comgdceriver water (pH = 7.4 0.8). DOC
values within microcosms, before water change, fdifierent exposure scenarios are given
in Table 1. PG*, Cu, diuron and DCMU concentrations analyzed ircrotosm water
samples after water renewal are given in Table I Tu concentration in the control
microcosms was 1.890.08 pg.L . In the Cu-exposed microcosms, Cu concentratianged
from 25.2 to 27.4 pgt Diuron concentrations in the control microcosmtenasamples
during the experiment were always below the quiaatibn threshold (< 0.02 pgH. Diuron
concentrations in contaminated microcosms rangem f£0.77 to 11.18 pgk DCMU was
also detected in water before each water renewabrecentrations of 0.037 0.001; 0.05%
0.008 and 0.14 0.03 pg.I* after 1, 2 and 3 weeks of biofilm growth respesiyy No DCA

was detected in the water samples.

Table.1 Quantity of DOC (mg.L}) in the microcosms, measured before each watemin
during the three weeks of biofilm growth. PO: n@ftichment. P1, P2 and P3: microcosms
enriched with 0.2, 0.4 or 0.8 mg'lof P, respectively.

Treatment Day 7 Day 14 Day 21
PO 52 5.5 7.05
No-Cu P1 6.05 10.8 11.2
P2 575 10 11.2
P3 54 9.4 9.1
PO 5.65 5.4 5.9
Cu exposure P1 595 9.1 115
P2 575 9.75 12.3
P3 54 9.2 9.4
PO 3.6 6.5 6.05
No-Diuron P1 355 6.65 10
P2 35 6.7 8.75
P3 3.4 5.7 8.5
PO  3.65 4.3 8.2
Diuron exposure PL - 3.75 4.1 8.9
P2 355 4.3 8.95
P3 3.4 4.1 8.25
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Table.2 Summary of the phosphorus, Cu and diuron condssain the microcosms,
measured after each water renewal (correspondingitial conditions), during the three
weeks of biofilm growth. PO: no P-enrichment. P2, &d P3: microcosms enriched with 0.2,
0.4 or 0.8 mg.l' of P, respectively. AVG: average. SE: standardre(n = 3). QL:
quantification limit = 0.02 pg.t na: not analyzed (as not matching tostudi ed
cont ani nati on scenari o).

PO, (mg.L")  Cu(ug.LY)  diuron (ug.L™

Treatment AVG SE AVG SE AVG SE
PO 0.05 0.01 1.95 0.86 na na
No-Cu P1 0.26 0.04 1.90 0.80 na na
P2 0.45 0.03 1.78 0.67 na na
P3 0.86 0.03 1.96 0.77 na na
PO 0.05 0.02 2520 292 na na
P1 0.26 0.02 27.35 351 na na
Cu exposure P2 048 003 2719 340 na na
P3 0.85 0.01 27.16 347 na na

PO 0.10 0.02 na na <QL <QL
P1 0.28 0.02 na na <QL <QL
P2 0.51 0.02 na na <QL <QL
P3 0.90 0.04 na na <QL <QL
PO 0.08 0.02 na na 11.09 0.99
P1 0.26 0.03 na na 11.18 0.44
P2 0.49 0.01 na na 10.89 0.52
P3 0.86 0.04 na na 10.77 0.97

No-diuron

Diuron exposure

The Cu (total and % of internalization) and diusmmcentrations analyzed in the biofilm
matrix are given in Table 3. The amount of totadl anternalized Cu in biofilms was
explained by P-gradient together with dissolved (Zavay ANOVA, p<0.0001). Whatever
the P concentration added (0.2, 0.4 or 0.8 My.total-Cu was always significantly less in
exposed biofilms than in non-enriched microcosmsikély test p<0.0001). However,
percentage Cu internalization was higher in theffcked microcosms. Diuron was measured
in the biofilm matrix of the contaminated microcqsbut in concentrations there were not

significantly different between enriched and nomigred biofilms (Tukey test p>0.05).
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Table.3 Concentrations of total-Cu, diuron and DCMU (pdoof or diuron.d of biofilm, dry
weight) and percentage of Cu internalization witta biofilm matrix in control microcosms
and microcosms exposed to Cu or diuron, enrichethadrwith a P-gradient. PO: no P-
enrichment. P1, P2, and P3: microcosms enricheth Wi2, 0.4 or 0.8 mgt of P,
respectively. AVG: average. SE: standard error {n£3L: quantification limit. nd: not
detected.

Treatment No-Cu Cu exposure
PO P1 P2 P3 PO P1 P2 P3
Total Cu AVG 405 22.4 20.0 19.4 484.3 271.9 233.3 249.1

SE 71 38 38 26 30 2.9 7.3 2.7
Percentage of CuAvG 58.4 72.6 73.8 76.8 415 459 49.7 514

internalization SE 7.7 40 10.95.9 2.4 3.8 4.5 2.2
Treatment No-Diuron Diuron exposure
PO P1 P2 P3 PO P1 P2 P3
Diuron AVG LQ LQ LQ LQ 185 148 1.37 1.59
SE - - - - 0.06 0.36 0.23 0.17
DCMU AVG nd nd nd nd 020 019 0.20 0.17
SE - - - - 0.03 0.03 0.03 0.05

3.2. Biomass parameters

As shown in Fig. 1a, there was no significant dédfece in AFDW between Cu or diuron-
exposed and control biofilms in the PO microcosimngkegy test p>0.05). In both experiments
(P with Cu and P with diuron), AFDW was influenckey P-gradient (one-way ANOVA,
p<0.05). The evolution of AFDW was positively cdated with the P-gradient (Pearson
correlation p<0.05). The effect of the interactmnCu exposure and P-gradient exposure on
AFDW was significant (2-way ANOVA, p<0.001). Howeayethere was no interaction
between diuron exposure and P-gradient on AFDWd2-ANOVA, p>0.05).
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Fig.1 Long-term impact of copper (30 pgiLand diuron (10 pgt) on control @) and
exposed ) microcosms. (a) AFDW biomass, (b) &hlc) bacterial cell density, and (d)
photosynthetic efficiency. PO: non-P-enriched mtosim. P1, P2 and P3: microcosms
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In the PO microcosms, chlconcentrations were significantly higher in Cu-esgd
biofilm than in control biofilm, but lower in diureexposed biofilm than in control biofilm
(Fig. 1b, Tukey test p<0.05). In the Cu-experimaht P addition induced a small but
significant ch& increase in control microcosms (1-way ANOVA, p<).0This increase
similar whatever the amount of P added (Tukeypet05). Cu plus P-gradient exposure led
to a decrease in chl(Fig. 1b, 2-way ANOVA, p<0.01). In the diuron expeent, cha
concentrations were identical in all control (Pielned or not) microcosms (1-way ANOVA,
p>0.05). P concentration had no direct influenceclola (lway ANOVA, p>0.05);, whereas
diuron exposure led to increasedachbncentrations, but only in P1, P2 and P3 micnosos
(2-way ANOVA, p<0.0001). This increase was stronglgd negatively linked to the
quantities of P added, (Fig. 1b, Tukey test p<01900

3.3. Bacterial cell count

As shown in Fig. 1c, the number of bacterial cellsreased significantly in control P-
enriched microcosms (P1, P2 and P3), whateverxperinent (Cu and diuron experiments)
(1-way ANOVA, p<0.0001). In the PO microcosms, Gpasure led to a significant increase
in bacterial density compared to control biofilmukey test p<0.0001), whereas diuron
exposure had no effect on bacterial cell countkéyutest p>0.05). Multifactorial 2-way
ANOVA showed that bacterial cell counts was sigmifitly dependent on both Cu plus P-
gradient and diuron exposure plus P-gradient (B3R In the diuron microcosms, bacterial

density increased linearly along the P-gradiena(&an’s correlation p<0.05).
3.4. Photosynthetic efficiencyFig. 1d)

P-gradient, without exposure to Cu or diuron, hadeffect on biofilm photosynthetic
efficiency (1-way ANOVA, p>0.05). In the PO micraras, exposure to Cu or diuron led to a
significant yield decrease (Tukey test, p<0.001hew microcosms were P-enriched, the

inhibiting effect of Cu or diuron on the yield wast conserved (2-way ANOVA, p<0.0001).
3.5. HPLC pigment analyses

Fourteen pigments were identified: chlorophgll, chlorophyll c2, chlorophyll c3,
fucoxanthin, violaxanthin, dinoxanthin, canthaxamthzeaxanthin, lutein, antheroxanthin,
diadinoxanthin, chlorophyll ibeta-carotene and chlorophgliDiagnostic pigment signatures
indicated the presence of diatoms, green algaeyarbbacteria in biofilms, so we calculated
the relative percentages of these 3 groups (FigE2posure to Cu or diuron (without P-

enrichment) led to a significant decrease in diaand cyanobacteria but an increase in
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green algae (Tukey test, p<0.0001). In the Cu exemt, relative percentages of diatoms,
cyanobacteria and green algae were significanflyenced by both factors tested (exposure
to toxicant and P-gradient; 2-way ANOVA, p<0.001hexeas in the diuron experiment, the
two factors tested only influenced relative perages of diatoms and cyanobacteria (2-way
ANOVA, p<0.0001), and not green algae (2-way ANO\W0.05).

@) 100% -
80%
60%
40%-
20%-
0%

(b) 100% -
80% - III
60%
40%
20% -
0%

PO P1 P2 P3
< > < >
Biofilm Control Exposed

Fig.2 Relative percentages of diatoms,(cyanobacteriam) and green algae () (determined
by HPLC) in control microcosms and microcosms erdda® (a) copper and (b) diuron. PO:
non-P-enriched microcosm. P1, P2 and P3: microcaswished with 0.2, 0.4 or 0.8 mg-L
of P, respectively.

3.6. Community structures

3.6.1. Bacterial community structures

In the Cu and diuron experiments, 66 and 62 barele wetected, respectively, by the
DGGE fingerprints. In the control microcosms, themter of bands detected in each biofilm
sample ranged from 24 to 26 (mean: 25) in the Gaeement and 23 to 25 (mean: 24) in the
diuron experiment. In contaminated microcosms, remalb bands per profile ranged from 19
to 29 (mean: 26) in the Cu experiment and 25 t(n&an: 27) in the diuron experiment.
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HCA of the various DGGE profiles based on preseabis#nce matrix revealed that
bacterial community was structured by exposureokicants (Cu or diuron) and to a lesser
extent by P-gradient (Fig. 3a and b). Two main geowere distinguished: the first group
corresponds to the control biofiims and the sectindhe Cu or diuron-exposed biofilms.

Within each group, biofilms are structured accogdim P-gradient.

Cu+P3 @) D+P3 (b)
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Cu+PO0 D+PO
CuOP3 DOP3
Cu0P2 } DOPZ:I_‘
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2) 5I0 1Ioo 1Iso 2Ioo I0 5I0 1'00 1I50
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-
Cu+PO D+P1
Cu+P2 D+PO
Cu+P1 D+P3——
CutP3 — | D+P2______|
0 10 20 30 40 50 éo Io 10 20 3Io zllo

Fig.3 Cluster analysis (hierarchical ascendant clasdio based on Pearson’s correlation
coefficients) of the bacterial community (DGGE asé8 of PCR-amplified 16S rRNA gene
fragments) exposed to (a) copper and (b) diuron, the eukaryotic community (DGGE
analysis of PCR-amplified 18S rRNA gene fragmeaig)osed to (c) copper and (d) diuron.

3.6.2. Eukaryotic community structure

Over the whole biofilm samples, 27 and 26 differeahds were detected in the Cu and
diuron series, respectively. In the control micisos, the number of bands detected in each
biofilm sample ranged from 12 to 14 (mean: 13)ha Cu experiment and 17 to 19 (mean:

18) in the diuron experiment. In the contaminatedrocosms, the number of bands per
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profile ranged from 12 to 21 (mean: 16) in the @peziment and from 12 to 15 (mean: 13) in
the diuron experiment.

In the Cu experiment, HCA on the 18S gels (Fig. @s}tinguished two groups: one
including biofilms from control microcosms with thi® from the contaminated microcosms,
and the other including biofilms from the enricheedl contaminated microcosms (P1, P2 and
P3). In the diuron experiment (Fig. 3d), eukaryotiemmunity seemed to have been

structured principally by exposure to toxicant, dmel P-gradient had little influence.
3.7. Toxicant-induced tolerance

Diuron herbicide is an exclusive inhibitor of pheyathesis and does not therefore act on
respiration and extracellular enzymatic activitiasthe short term. For this reason, it was
impossible to use the SIR, LAP afehlucosidase biological descriptors to highlighdfihim
tolerances to diuron. In contrast, Cu acts direatlythe heterotrophic microbial compartment,
particularly SIR and the tested extracellular enatyeactivities. Thus, these parameters were
successfully used to evaluate the induced toleremGai of our biofilms.

3.7.1. Photosynthetic efficiency bioassay

Cu experimentExposure to 30 pg-tof Cu for 3 weeks without P-enrichment led to a
significant increase in Bg(fig 4). Without this long-term exposure to Cudady 0.2 and 0.4
mg.L? of P did not change the phototrophic communitgriahce to Cu. However, the adding
0.8 mg.L* of P led to an increase in BCExposure to Cu coupled with P-enrichment appears
to influence phototrophic community tolerance to @uwvay ANOVA, p<0.01). Indeed, the
Cu tolerance of exposed biofilms increased alorg Phgradient, particularly in the P3
microcosm.

Diuron experimentFig.4a shows that phototrophic communities exgasediuron 10
ng.L* for three weeks were more diuron-tolerant thantrebrbiofiims. However, the P-
gradient alone or coupled with exposure to diurad ho effect on E&g.

3.7.2. Substrate-induced respiration (SIR) bioassay

Heterotrophic Communities exposed to Cu for 3 weeére less sensitive to 30 pd.bf
Cu than control communities (Fig. 4c). SIR bioassalemonstrated a concentration-
dependent increase in Bhroughout the P-gradient (Fig. 4c). Long-term asype to Cu
associated with the P-gradient tends to lead tecaedse in biofilm sensitivity to this metal
(particularly in P3; 2-way ANOVA, p<0.05; Fig. 4c).
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Fig.4 ECsp values (in uM of copper or diuron), in contrad) (@and exposed) microcosms.

(a) photosynthetic efficiency bioassay for the Broin experiment. (b) photosynthetic
efficiency bioassay for the P-Cu experiment, (d)sttate-induced respiration bioassay, (d)
leucine-aminopeptidase bioassay, and3{g)ucosidase bioassay for the P-Cu experiment. PO:
non-P-enriched microcosm. P1, P2 and P3: microcasished with 0.2, 0.4 or 0.8 mg'L

of P, respectively. Error bars

represent confidantervals. Different lower-case letters next

to the bars indicate significant differences (n=p30.05) among treatments (Tukey HSD

following two-way ANOVA).

3.7.3. Extracellular enzymatic activities bioassay
Leucine-aminopeptidase bioassdy the PO microcosms, after 3-week exposure to 30

ng.L* of Cu, exposed biofilms showed a significantlyhgg EG than control biofilms (Fig.
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4d). The P-gradient (without Cu exposure) had mmicant effect on biofilm tolerance
(based on leucine-aminopeptidase activity; Fig.. Mdiltifactorial ANOVA showed that
tolerance of biofilm was not controlled by the condal impact of the two factors (Cu and P-
enrichment; 2-way ANOVA, p>0.05).

[glucosidase bioassayn the PO microcosms, long-term Cu-exposed ofdhowed
higher EGo than control biofilm (Fig. 4e). Increasing concatibns of P (without exposure
to Cu) did not appear to trigger any marked eff@ofilm tolerance to Cu. Indeed, biofilms
from the P3 microcosm appeared less sensitive ppearothan control biofilms (Tukey test,
p<0.05; Fig. 4e). Long-term Cu exposure couplechvtgradient enrichment led to an
increase in E&. Biofilm tolerance to Cu was influenced by the ¢oned effects of the two
factors (Cu and P-enrichment; 2-way ANOVA, p<0.0001

3.8. Multi-parametric analysis

Fig. 5. gives the results of redundancy data amalfRDA) on biological descriptors
constrained by environmental variables. RDA deteedithat P-gradient and exposure to
toxicant explained 71.96% and 63.70% of variabilitythe Cu- and diuron experiments,
respectively. The first RDA axis reflected the dizition of biofilms according principally to
P-gradient. Exposure to the pollutant (Cu or diYiraias the environmental variable most
correlated with axis 2. The effect of a P-gradiemtthe individual distributions, as generated
by RDA, was more pronounced in the presence okiadat.

In the Cu experiment (Fig. 5a), biofilms exposedto were showed greater green algae
abundances, bacterial cells densities andsoE@alues, but also lower diatom and
cyanobacteria abundances. Biofilms from P-enrichrecdrocosms showed greater AFDW,
chla quantities and photosynthetic efficiency. RDA skdwthat EG, based on leucine-
aminopeptidase bioassay was closely correlatedutexposure only, whereas kased on
SIR bioassay was more tightly correlated to P-gmasidmore than Cu exposure. ®@alues
based on photosynthesis afiehlucosidase activity bioassays were correlateddth Cu
exposure and P-gradient.

In the diuron experiment (Fig. 5b), RDA showed tegposure to toxicant led to greater
green algae abundance, aldounts and E&; values. Biofilms exposed to diuron showed
lower abundance of diatoms and less efficient pyotthesis. On the other hand, P-gradient
was correlated to greater AFDW, cyanobacteria abooel and bacterial cell density. In
contrast to Cu, Ef based on photosynthesis bioassay in the diuroera®pnt was only

related to diuron exposure, and not to P-gradient.
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Fig.5 Biplot based on redundancy analysis of corirafiims (in black) and biofiims (n=3)
exposed (in white) to (a) copper and (b) diurondé€xofor different conditions of P-addition
are: A Non-enriched® 0.2 mg.L; B 0.4 mg.L* and® 0.8 mg.L* of phosphorus. Arrows
representing the constraint variables show P ferpiosphorus gradient, Cu for copper and
Diu for diuron. Biological variables are: AFDW, @hbacterial cells density (Bcell). Relative
percentages of cyanobacteria (cyan), diatoms (diad) green algae (green). Photosynthetic
activity (Y665); EGo photosynthesis (Bfg Ph.); EGo based on SIR bioassay (&CSIR);
ECso based on LAP bioassay (EfI.AP); EGso based of8-Glucosidase bioassay (E{GIu).
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4. Discussion

This study was led on Morcille river. In 2007, Dygwiet al highlighted a gradient of
tolerance to Cu and diuron from upstream to doweastrin Morcille river, associated with a
toxicant and nutrient gradienin situ interactions between xenobiotics and nutrients are
difficult to assess due to the many direct andredi effects that have to be taken into
account. To assess potential interaction, we expbs#ilms to Cu or diuron, coupled or not

with a P-gradient, in a laboratory experiment.
(i) Phosphorus modulates contaminant effects on &trophic biofilm communities.

- Effect of Cu and diuron without P-enrichme@ur results show that long-term exposure
to Cu (without P-enrichment) led to an increasehia concentrations and an inhibition of
photosynthetic efficiency, whereas long-term expedo diuron (without P-enrichment) led
to lower chh concentrations and photosynthetic efficiency comgato control biofilm.
These dissimilar effects between Cu and diuronpaobably due to the different modes of
action. Barranguet &tl. (2002) hypothesized that the mode of action ofw@s progressive
and non-specific. For this reason, an increaselgal @diomass after three weeks of Cu
exposure does not necessary signal stimulated gjteesis. In contrast, diuron (a Pl
inhibitor) acts quickly and exclusively on photofyesis by blocking the electron transport
chain in the first phase of photosynthesis (Béeard Pelte, 1999).

Pollution-induced community tolerance (PICT) is dxhson the assumption that the
toxicant exerts selection pressure when exposahes a critical level for a sufficient period
of time (Bérard e&l. 2002), inducing a shift in the community structuvéth the emergence
of the most tolerant species (Molander and Blart®92; Dorigoet al, 2003; Schmitt-Jansen
and Altenburger, 2005). In our experiments, commyutalerance to diuron and Cu based on
ECso values for photosynthesis was significantly lower control photoautotrophs than
pollutant-challenged photoautotrophs, suggestingufan-induced community tolerance
(PICT) to both of these toxicants. Mglander andnBka(1992) proposed a conceptual three-
stage model of the impact of diuron on marine gefipn as a function of water diuron
concentrations. During the first stage, exposurditoon had no long-term effect, but during
the second stage there was a slight long-termtefi@tdiomass and structure and during the
final stage, the diuron stress was so severe #maits/e species were eliminated, resulting in
a decline in biomass diversity and @l parallel with an increase in community toleranc

giving an easily-detected PICT. Our chronic expestwnditions could be compared to the

109



third stage of Mglander and Blank (from 9 pg ofrdiuper litre for these authors and 10
ng.L* in our study). Soldo and Behra (2000) observedséme trend with the effect of Cu on
autotrophic river biofilm communities, with PICT téeted from 15.5.g.L™" of Cu in chronic
exposure conditions (30y.L™ in our study). RDA showed that E{values were strongly and
positively correlated with an increase of greeraalgnd negatively correlated with a decrease
in diatoms and cyanobacteria in the exposed bisfiliihese results are consistent with other
reports (Genter etl., 1987; Soldo and Behra, 2000; Serra, 2009) of rigiance of green
algae in Cu or diuron-challenged biofilms.

- Combined effect of Cu or diuron plus phosphoM#en biofiims were exposed to
toxicant and P together, over a 3-week period, itiebiting effect of Cu or diuron on
photosynthetic efficiency was cancelled. The exgilimm for these findings could be different
depending on the toxicant (Cu or diuron). It wagveh that exposure to metals strongly limits
access to nutrients by reducing cell membrane pedvitity (Nalewajko and Olaveson, 1994).
The simultaneous addition of toxicants and nutsenay therefore compensate the inhibitory
effect on physiological community responses (Guaeth, 2004; Serra, 2009). On the other
hand, the antagonistic effect of P and diuron omtgdynthesis could be an indirect
intracellular effect. Diuron not only leads to thwhibition of photosynthetic reactions by
blocking electron transfer at PSII level, but atemsequently stops oxygen release and CO
fixation (Bérard and Pelte, 1999). The excited ahpbylls allow the production of singlet
oxygen, a highly reactive form. As the inhibitiof BSII blocks electron transfer, singlet
oxygen will remain active and trigger the oxidatokestruction of pigments such asahP-
enrichment could counteract this negative effectdafron: Goncharova eal. (1997)
addressed the possible interaction between the, BRBH and inorganic phosphate and
suggested that the phosphate ions could act asagledonors in the PSII-PSI chain during
the photosynthetic reaction. They tested this hygsis and showed that exposure to high
irradiance intensities led to a destruction of R&lkimilar effect to diuron exposure) and a
sharp depletion in endogenous P, thereby stopmiegkectron transfer chain. When P was
added in the medium, the reactions resumed ara iokteased. In our study, ehllso
increased in the biofilms exposed to both P andbdiu

HPLC analysis showed that photoautotrophic commasivere structured by exposure to
both Cu and phosphorus. This is consistent withDi@&E analysis showing that eukaryotic
communities were not clearly structured by expogar€u (like bacterial communities) but
were clustered by the both the phosphorus gradiethexposure to Cu. In contrast, there was

no clear combined effect of phosphorus and diumrewkaryotic community structure but a
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strong structuring effect of diuron exposure. Mudtiate analyses showed that there was a
combined effect of Cu and P on the induced tolexarfiqgohotoautotrophs communities to Cu
(ECso Ph.), unlike diuron with P.

The physical structure and chemical characteristitsiofilm communities make it
possible to modulate the toxic effects of metalygahts (Barranguet &il., 2000). One of the
hypotheses that could explain the antagonisticcefi€ P against Cu toxicity is related to the
decrease in the bioavailability of the metal. Téfiect could be direct or indirect. The indirect
effect may be linked to pH in the microcosms: RDWicates that photosynthetic efficiency
was positively correlated to P-gradient, and theraase in photosynthesis may induce an
increase in pH that could modify metal solubilitydabioavailability by reducing the
concentration of Cii ions (Guasch edl., 2002). The pH monitoring conducted throughout
our experiment showed an identical pH increaseepath all microcosms (P-enriched or not),
whereas the amount of total-Cu in the biofilms €dily and positively proportional to the
concentration of free metal in water) was signifityadifferent. We can therefore exclude the
hypothesis of an indirect effect of pH on Cu totyiciOn the other hand, the amount of total-
Cu in no-P microcosms was higher than in P1, P2R$dA direct effect could be linked to
copper speciation in interaction with phosphateogphates can complex and precipitate Cu,
decreasing the “free” copper concentration in sotytand may ultimately decrease the Cu
available to biofilm (Nalewajko and Paul, 1985; Gefa etal., 2004). The high Cu-tolerance
of the autotrophic biofilm communities in presenae P could be explained by another
assumption related to the presence of polyphosgiadees (PPB) that are storage sites for
metals acting as a detoxification mechanism. Studave reported that when the amount of P
in the medium increases, the excess intracellules §tored as PPB (Serra, 2009). In our
experiments, increasing P concentrations and iscrgapercentage of internalized Cu
showed the same pattern. Hallagt (1989) suggested a Cu complexation by polyphdsgha
to explain the cell's capacity to detoxify Cu. Batexperiments with a macroalgae
(Macrocystis pyrifera)showed enhanced metal (Cd) uptake from seawatemn wPPB
formation was induced (Walsh and Hunter, 1992).

The induced tolerance of autotrophic biofilm comities to diuron was exclusively
related to exposure to the herbicide and was rfateinced by P-gradient or biomass. This
contrasts with other studies on metals such asrZbuothat have clearly demonstrated that
their toxicity was inversely linked to biofilm bicass (Guasch eil., 2003, 2004). Indeed, our
results show that despite the fact that P-enrichnmeluces an increase in AFDW, there was

no correlation between biomass and diuron tolergbased on photosynthesis). Considering
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the findings of Headley eal. (1998), who showed that it only takes a few miauter
pesticides with a kg higher than diuron (2.68) to bioconcentrate infilmes, we could
assume that the sorption kinetics are mainly depetnan the physico-chemical properties of
the pesticide rather than on the biofilm biomashé&ced by the P-enrichment; Brown and
Lean, 1995). Consequently, there is no indirects@ biofilm structure effect of P on the
induced tolerance of phototrophic communities wrah (Guasch dl., 2003), as we suggest
for Cu. In 2007, a laboratory study by Guasclaletoncluded that the process of tolerance
induction to atrazine (a PSlI-inhibitor herbicidédes not require P-supply. Kamayaaét
(2004) obtained the same results by testing theitgxof Cu and simazine (PSlI-inhibitor
herbicide) onSelenastrum capricornutunfgreen algae), depending on the amounts of
phosphorus in the medium: in-medium phosphate $eatéécted Cu toxicity but not simazine

toxicity.
(i) Phosphorus modulates contaminant toxicity to eterotrophic communities.

Studies have investigated the combined toxicitypoliutants and phosphorus, but the
main focus has been on the microbial autotrophiopartments of the biofilm (e.g. Guasch et
al., 2004; Kamaya eal. 2004). In our experiments, we also focused onefifiects on the
heterotrophic communities in the freshwater biofilm

- Effect of Cu and diuron without P-enrichme@u and diuron can modify bacterial
community structure and physiology (Barranguetlet2003; Boivin egl., 2005; Pesce etl.,
2006; Tlili etal., 2008). In our study, the patterns of bacterigediity obtained by molecular
fingerprinting under the different exposure coratis showed that the bacterial communities
were structured mainly by exposure to toxicantsetwer Cu or diuron. Massieux at.
(2004) showed that Cu was a strong driver (directod) of bacterial structure changes. Long-
term exposure to diuron affects both the structmd functioning of microbenthic algae,
which may result in changes in the quantity andityuaf algal products available to bacteria
within the biofilm, subsequently leading to a shift the composition of the bacterial
community (Ricart eal. 2009; Tlili etal., 2008).

These assumptions are confirmed by our resultsamtebal cell density. Exposure of
biofilms to Cu over a 3-week period caused a sigguiit increase in bacterial cell density,
while exposure to diuron (without P-enrichment) nadeffect. These differences in effects of
Cu and diuron might be related to the different s®df action of these two pollutants. Cu,
which acts directly on the bacteria, will causeidaglimination of the most Cu-sensitive

bacteria and consequently promote the developmfeather taxa not subjected to a strong
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competition for nutrients, thus stimulating celindgy (Fleeger eal., 2003; Le Jeune «l.,
2007). Conversely, diuron acts indirectly on heteqghic organisms. Its effects could be
begin by modifying algal diversity (in agreementtiwiour DGGE results), resulting in
changes in interspecies interactions, and consdguranges in bacterial cell densities.

- Effect of P-enrichment without exposure to Culiaron: P-supply is an important driver
of heterotrophic activity in lotic systems (Carr at, 2005). In our study, P-enrichment
increased bacterial cell density. This stimulatdriacterial cell density could be related to a
direct effect of P stimulating the bacterial growthto an indirect effect via an action on algae
producing organic matter that is easily assimilabgdbacteria. Lyon and Ziegler (2009)
suggested that in stream systems, nutrient enrichmecouples the positive relationship
between algae and bacteria, inducing an increaB¥i@. Our results are in agreement with
these observations, as we observed a significantase (from 40% to 65%) of DOC in the
P1, P2 and P3 microcosms compared to the PO m&madd there is coupling of carbon flux
between autotrophs and heterotrophs in the biofiveny DOC would be expected to decrease
in the water phase. However, this was not the oaseir experiment. The hypothesis of an
indirect and positive effect of P on bacterial cghsity can therefore be excluded.

When bacterial community is not coupled to alggbr@duction, heterotrophic bacteria
may also compete with algae for inorganic nutri€@tsrrie and Kalff, 1984; Mohamed &,
1998). For example, bacteria have shown faster kaprates than algae and could be
responsible for 97% to 100 % of initial P uptakeu(@ and Kalff, 1984). We can therefore
assume that the stimulating effect of P on badteed density is directly related to the P
assimilation by heterotrophic bacteria.

- Combined effect of Cu or diuron with phosphorMghen aquatic ecosystems are
contaminated with toxicants, it could disturb tmeeractions between algae and bacteria,
causing structural and physiological changes ireroétophic communities (Waston and
Bollen, 1952; Barranguet at., 2003). In our experiments, although the badtenanmunity
appeared to be influenced by both toxicant expoanceP-enrichment (see RDA and the 16S
DGGE fingerprinting analyses), bacterial communigsponse varied depending on the
toxicant (Cu or diuron). When biofilms were exposedyoth Cu and P, the stimulating effect
of Cu alone on the bacterial cell density was chedeln contrast, diuron exposure coupled
with P-enrichment induced an increase in bactexdl density throughout the P-gradient.
Moreover, the analysis of water microcosms showetherease in DOC when biofilms were
exposed to Cu + P but no change in DOC when bisfimere exposed to diuron + P. Soll

studies have suggested that contaminants may emlbariower the release of nutrients (like
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DOC) to the point that plant or microbe abundarcasbe affected (Bogomolov &ft, 1996;
Salminen etl., 2001).

We used three functional bioindicators (SIR, leaeaminopeptidase (LAP) anfi-
glucosidase) to evaluate the heterotrophic commutoterance induced by long-term
exposure to Cu. Induced tolerance of heterotrogloimmunities based on SIR bioassay
seemed to be positively influenced by exposureua@d P-gradient together, with a greater
influence of nutrient addition. On the other hapdjlucosidase activity showed that induced
tolerance to Cu was also influenced by exposurt@uand P-enrichment together, but these
two factors had the same weight. However, Cu-induoeterotrophic community tolerance
based on LAP showed that the ggGeemed to be related strictly to long-term expogtar
metal. Considering these results, it is interestingote that the two physiological parameters
that are linked to the carbon cycle for the synth¢SIR) or degradatior3¢glucosidase) of
polysaccharides showed Efcorrelated with exposure to both Cu and P-enrigiime
However, the LAP bioassay, which is more linkedh® nitrogen cycle for the degradation of
the leucine aminoacid, allowed us to discriminagésMeen the effect of metal contamination
and the addition of the nutrient in order to evidu@u-induced community tolerance of
heterotrophs in the presence of P. This suggegtssaible higher interaction of P and C

biogeochemical cycles than P and N biogeochemiadés in a context of Cu contamination.
4. Conclusion

In the global context of assessing the impacts avhpdex pollution on microbial
community diversity and function in natural ecosyss, one of the most critical points
remains the distinction between the relative effeat selective pressures resulting from
xenobiotic pollution and those resulting from asatsd nutrients (i.e. eutrophication). Thus,
it is crucial to differentiate toxicant effects fnophosphorus effects in order to investigate
functional diversity in the biofilm, using a set w@drious physiological parameters targeting
autotrophic and heterotrophic microbial communitesliscriminate toxicant (Cu and diuron)
impacts according to modes of action. Previousistuthat have investigated the coupled
effects of toxicants and phosphorus have generafigrted contradictory results. Although
these results are highly dependent on experimeotaditions, the inconsistencies probably
stem from the fact that most studies have only $eduon one microbial compartment of the
biofilm (mainly algae) with one single functionaggtriptor (photosynthesis, algal biomass,

etc.). This study highlights that results vary adatg to the toxicant considered and the
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functional descriptor used, confirming the needfdous on functional diversity using
complementary indicators for ecotoxicological invgations in river biofilms.
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C.IIl. Les conséquences de l'acquisition de toléraecpar les communautés
microbiennes du biofilm, dans un contexte de polludn multiple par des
métaux lourds (article 4)

Les systémes lotigues ne sont pas soumis a une peession anthropique mais a un
ensemble de polluants de nature variable (pessicidétaux lourds, nutriments...). De ce fait,
comprendre les effets interactifs des facteursiplet de stress sur les écosystemes est de
plus en plus une préoccupation majeure. Notre étankst pour objectif de vérifier
I'hypothese que l'acquisition de tolérance vis & d@dun toxique par les communautés
microbiennes des biofilms pouvait avoir des coneégas sur la tolérance de ces
communautés vis-a-vis d’'un autre polluant. Poula cgbus nous sommes basés sur les
données obtenues ultérieurement au niveau de sitdrel’étude (la riviere Morcille) ou des
gradients de cuivre, de zinc et d’arsenic ont &geo/és de 'amont vers I'aval de la riviere.
Les biofilms ont donc été exposés chroniquemenségtarément a des concentrations
environnementales de ces trois métaux dans desncanstallés au laboratoire, alimentés
avec de I'eau provenant du site non pollué de lacMe. La spécificité du PICT a été estimée
par I'évaluation des phénomeénes de co-tolérances massi du colt de la tolérance qui
pourraient exister entre ces différents métauxésedt efficacité photosynthétique ainsi que la
respiration induite par un substrat carboné, cibleespectivement les communautés
autotrophes et hétérotrophes du biofilm ont étiéséés en tant que descripteurs fonctionnels
du PICT dans des bioessais a court terme avecidiecdu zinc et de I'arsenic pour évaluer
la sensibilité des biofilms pré-exposés a ces tmétaux testés. De plus, les profils de
diversité des communautés phototrophes, procaryates eucaryotes des biofilms
préalablement exposés a ces differents metauxtéraralysés par analyse en composante
principale.

Les résultats de notre étude ont montré que laexpésition aux métaux a induit des
changements structurels des communautés microlsiedas biofilms et conduit a une
augmentation de la tolérance-induite de ces comuatasgphototrophes et hétérotrophes) vis
a vis du métal auquel elles étaient exposées.ilRarrg, quelque soit le parametre fonctionnel
utilisé, les communautés pré-exposées au cuivienétaussi plus tolérantes au zincyiee
versa (confirmant ainsi les données de la littératuRgr contre, seules les communautés
phototrophes pré-exposées a 'arsenic ont dévelappé&olérance vis-a-vis du cuivre et non
vis-a-vis du zinc. Enfin, les communautés photdiexp et hétérotrophes pré-exposées au

cuivre et au zinc sont devenues plus sensiblemrsehic, reflétant ainsi un possible codt de la
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tolérance acquise. D’'une maniére générale, nodtaésweonfirment le fait que bien que les
modes d’action des différents métaux soient degdias important pour la structure et donc la
tolérance acquise des communautes, il semble quaddes de détoxication mis en place par
les organismes, modulent fortement les phénomemnes-tblérance.

Les résultats et interprétations de cette étude m@sentés dans l'article 4 intitulé « An
experimental study on tolerance patterns to meltipletal exposures of heterotrophic and

autotrophic biofilm communities » et soumis a haue Science of the Total Environment
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Abstract

Understanding the interactive effects of multipleessors on ecosystems has started to
become a major concern. The aim of our study warefbre to evaluate the consequences of
a long-term exposure to environmental concentratiohCu, Zn and As on the pollution-
induced community tolerance (PICT) of lotic biofilmommunities in artificial indoor
channels. Moreover, the specificity of the PICT waasessed by evaluating co-tolerance and
the cost of tolerance patterns for these metalstdBiinthetic efficiency and substrate-induced
respiration (SIR), targeting the autotrophic antetr@rophic communities respectively were
used in short-term inhibition bioassays with Cu, &md As to assess sensitivities of pre-
exposed biofilms to the metals tested. Diversityfigs of a phototrophic, eukaryotic and
prokaryotic community in biofilms following the digrent treatments were determined and
analyzed with principal component analysis. Thailtssdemonstrated that pre-exposure to
metals induced structural shifts in the communitg ¢éed to tolerance enhancements in the
phototrophic and heterotrophic communities. On ¢ieer hand, whatever the functional
parameter used (i.e. photosynthesis and SIR), conties exposed to Cu were more tolerant
to Zn and vice versa. Furthermore, only phototropbommunities pre-exposed to As
developed tolerance to Cu but not to Zn, whereasaitolerance between Cu and As was
observed in the heterotrophic communities. Finalphototrophic and heterotrophic
communities exposed to Cu and Zn became more senitAs, reflecting a possible cost of
enhanced tolerance. Overall, our findings suppguatfact that although the mode of action of
the different metals is an important driver for tsteucture and thus the tolerance of the
communities, it appears that the detoxification ewdre the most important factors for the

occurrence of co-tolerance.

Keywords. co-tolerance, ecological cost, river biofilm, @dbxicity.

119



1. Introduction

Considering the variability of aguatic environmertk® multitude of contaminants and the
inherent resistance and structural characterisficommunities, which are in turn dependent
on species interactions and history of previousosype, the assessment of the long-term
impacts of chemical contamination of an environmisna complex issue. It is essential
therefore to apply approaches that take into adcbafogical and chemical complexity and
variability of natural ecological systems to deathwthe effects of metal pollution, and
community ecotoxicology seems to be suitable fat fClements and Rohr 2009). Lotic
biofiims (attached microbial communities of autginac and heterotrophic, eukaryotic and
prokaryotic populations) play a fundamental roléha aquatic trophic web and geochemical
cycles (Battin et al, 2003). Indeed, biofilms arajon sites for the uptake, processing and
storage of dissolved organic carbon in lotic ectisys. Because of their structural and
functional complexity, biofilms integrate the effecof environmental conditions and are
therefore considered as good early warning indisatd toxicants in aquatic ecosystems
(Montuelle et al. 2010).

Pollution-induced tolerance could be defined asctqgacity of an organism to cope with
unfavourable environmental conditions resultingrfrthe anthropogenic input of one or more
pollutants into the environment. Previous studi@esehshown that gaining tolerance to
toxicants could be the consequence of physiologaailimations of organisms during
exposure, or of genetic adaptations (Bérard &t918, Taylor and Feyereisen 1996). It is well
recognized that the genetic adaptation is maing/tduthe natural variability of the organisms'
resistance toward pollutants (Clements and Rol@9RQvhich leads to the elimination of the
most sensitive and the development of the mostanteones under chemical stress. Increased
adaptation could therefore be analyzed as a corsegquof the impact of xenobiotics on the
local biodiversity and on the ecological statug@meral.

Based on these considerations, Blanck et al. (198&)osed the concept of pollution-
induced community tolerance (PICT) as an ecotormichl tool that provides a good
approach for environmental status characterizatseful not only for assessing immediate
impact but also for taking into account the contsation history of the ecosystem at the
community level. It is also a tool that allows atbeunderstanding of the ecological drivers
in adaptation processes. The PICT is based onatttetiat pollutants will exert a selection
pressure and only the tolerant organisms will tesasferring a high tolerance to the whole
community. Assessing the acquisition of tolerarsca method that should also try to establish
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a specific cause-effect relationship between onkutant and its impact on biological
communities. Indeed, the PICT approach is primadalymeasure of the sensitivity of
biological communities to a toxicant based on shemh bioassays, combined with
taxonomic analysis (Tlili and Montuelle, 2010). Howver, some issues still need to be
clarified: Is it possible to target the specififeet of a given compound when modes of action
and detoxification mechanisms are similar amongnubals thus leading to the same
selection pattern? What are the consequences aheatl tolerance to one stressor in the case
of the occurrence of a new and different stressor?

In theory, PICT increase should be related to #lection pressure of one toxicant and
thus reflects its presence in the ecosystem. Howéwe specificity is not absolute, and co-
tolerance could occur, which should not be confusgtth the “multiple tolerance” of a
community subjected to exposure by several toxgcamultaneously. Co-tolerance is mainly
caused by substances having a similar mode ofra¢Bérard et al. 2003, Molander 1991,
Soldo and Behra 2000) or inducing a similar detoatfon mechanism (Gustavson and
Wangberg 1995). According to Molander (1991), tMasses of mechanisms at biochemical
level could induce co-tolerance. The first concetolerance mechanisms related to the
uptake, translocation or metabolization/excretibthe toxicant, while the second is related to
modifications of the target site or of by-pass teas. Previous studies have reported the
occurrence of co-tolerance in biofilm communitiesvizeen Cu and metals such as Zn or Ni
(Gustavson and Wangberg 1995, Ivorra et al. 1999ddSand Behra 2000). In soil
environments bacterial co-tolerance to toxicantsehbeen studied using thymidine and
leucine incorporation techniques (e.g. Diaz-Rawnhal., 1994; Baath et al., 1998; Demolling
and Baath, 2008). Nevertheless, co-toleranceilisrsufficiently studied, especially since
almost studies that have addressed this issueuatiagenvironments, were focused on the
phototrophic component despite the importance @hiterotrophic one.

In addition to its methodological interest, compiaea ecotoxicology that is the basis of
the PICT approach is also useful for understantiiegconsequences of enhanced tolerance.
Acclimating or adapting to one set of environmergkssors may increase community
susceptibility to novel stressors, suggesting @mal cost associated with greater tolerance
(Clements and Rohr 2009, Wilson 1988). Generaklydhs a consensus about the role of the
biological diversity in the adaptation to changeigvironmental conditions. The concept of
“insurance policy” which stipulates that each spedias advantages that enable it to deal
successfully with certain environmental circumsemicexplains why a more diversified

system should be more stable (Mertz et al. 200fg @limination of the most sensitive
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genotypes by pollution means the diminution of gieneariability and leads to a population

specifically tolerant to that pollution, thus redwgthe ability of the populations to cope with

future disturbances. Kashian et al. (2007) and lifwgeét al. (2008) both reported that benthic
communities pre-exposed to metals were highly aoleto metals, as predicted by the PICT
hypothesis, but significantly more sensitive to B\Wadiation, in comparison to reference
communities. Despite the evident advantage of d@ale acquisition for maintaining an

ecosystemic process exposed to a given disturbdnselear that higher tolerance could also
signify an alteration of community’s efficiency tmlerate additional disturbances and
therefore less ability to insure the ecosystentevery (Tobor-Kaplon et al., 2005).

In this experimental study, we tested the hypothélsat long-term exposure of lotic
biofilm communities to a metal could lead to specihcreased tolerance toward this metal
and to an increase (or a decrease) of tolerancarttswother metals to which they are naive.
To confirm our hypothesis, we investigated the eguences of long-term exposure to
environmentally realistic concentrations of Cu, &md As on biofilm community structure
and their tolerance in artificial indoor channeéfarious physiological parameters (targeting
the autotrophic and heterotrophic communities) wesed in short-term inhibition tests with

Cu, Zn and As to assess sensitivities of pre-expbsdilms to the metals tested.
2. Material and methods

2.1. Sampling site

The study was carried out on a small first-ordegast (7 km long) (the Morcille river)
which is subjected to strong agricultural presswesentially exerted by vineyards that
occupy almost 80% of the 8.5 kroatchment area and is characterized by an inogasid
permanent heavy metal gradient (Coquery, M. andoGah., pers.com, Dorigo et al., 2010)
along the river. Cu, Zn and As are three of thealsanost often detected. For the laboratory
experiments, water carrying biofilm cells was coiézl from the Morcille River at the

upstream, reference site.
2.2. Experimental design

To conduct this study, we used a total of 12 indglass channels (63 cm long, 11 cm
wide and 4 cm deep) supplied with river water fritra unpolluted reference site, which had
been filtered through a 50-um mesh to remove mb#teograzers. During all the study, the

experimental channels were used in recirculatinglen® L of water were recirculated at a

122



rate of 1.2 L/min from a glass beaker located atehd of each channel through centrifugal
pumps. All the glass beakers were placed in agefated water bath for temperature control,
and a tap at the head of each channel allowed aiffidbw regulation between all the
experimental systems.

Biofilms colonized and grew for 5 weeks on artdicsubstrates (60 frosted glass disks of
1.5 cnf and 15 frosted glass slides of 18%timstalled horizontally in each channel. At the
start of the experiment, the three channel reg@gatere contaminated separately with one of
the three tested metals with a nominal concentratib10 pg.[* of Cu, added as CuSO
(Merck, 99% purity), 35 pg:t of Zn added as ZnSQSigma-Aldrich GmbH, 98% purity)
and 15 pg.l* of As added as NHAsO, (Sigma-Aldrich GmbH; 98% purity). The three
remaining channels were used as controls (no matilsd). The toxicant (Cu, Zn and ASs)
concentrations used in our study were similar rttaxima observed in Morcille river in late
spring/early summer.

The water was kept at a temperature of 18°C (£ ,1469 exposed to a light intensity of
260 umol rifs* under an 18:6 hr light/dark regime. These phygieabmeters were checked
daily throughout the experiment. During the expent) the channel water was replaced
twice a week with 50-um mesh-filtered water frone tleference site to avoid nutritional
deficiency, and depending on the experimental desgpplemented with Cu, Zn or As in

order to maintain the nominal exposure.
2.3. Biofilm sampling

After five weeks of growth, biofilms were sampleddaanalyses performed: Total
biomass (glass disks), bioassays (photosynthdimesicy and substrate-induced respiration
on glass disk and glass slides respectively) aneinatal analysis (glass slides) were
performed immediately, whereas others (molecular pigment analysis on big slides and

small disk respectively) were performed subseqyemtideep-frozen (-80°C) samples.
2.4. Physico-chemical analysis

Parameters including oxygen (%), pH, conductiviéynperature and light were measured
daily in each channel. In addition, 200 mL of watezre collected from each channel to
measure DOC (dissolved organic carbon),Pénd SiQ concentrations just before and 1
hour after water renewal. Measurements were doflewing French standard operating
procedures and protocols (AFNOR). The laboratoriciwiconducted the chemical analysis is
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accredited by the French Accreditation Committe©KFRAC) (accreditation number: 1-
1238).

In order to measure the total dissolved Cu, Zn Asdconcentrations in the channels
before and after each water renewal, 50 mL fromheeltannel were filtered (Nylon
Membrane Filters 0.2 um, Whatman, Maidstone, UKJ anidified with 1% of Supra pure
nitric acid before storage at 4°C until analysisiteFed samples were analyzed using
inductively coupled plasma mass spectrometry (ICPXSeries Il, Thermo Electron).

For quantification of total and internalized metaisbiofilm, 4 pooled big glass slides
(total surface area 72 cm?) per channel were sdrapag a polypropylene spatula and the
biofilm suspended in 40 mL of 0.2 um Nucleporeefitd water from the reference site. This
suspension was divided into two fractions. Fracboe (20 mL) was treated with 320 pL of
4.0 mM EDTA (final concentration) to quantify inteized Cu, Zn and As, and fraction two
was used to quantify total in-biofilm Cu, Zn and. ABofilm suspensions were then treated
following TIili et al. (2010a). Briefly, biofiims wre filtered (cellulose nitrate 0.45 pm
membrane, Millipore) and dried for 24h at 50°C. Bimples were digested with 3 ml of
concentrated nitric acid (Supra pure) and 1 ml 6%63hydrogen peroxide in a high-
performance microwave oven (Milestone, Ethos set) 25 mL Milli-Q water was added to
dilute the acid concentrate. The water samples aeag/zed following the same procedure as
for total dissolved metal concentrations in wafEine percentage internalization for each
metal was determined by dividing the concentratibmternalized metal in cells (after EDTA
treatment) by the total concentration measured h@ biofilm matrix (without EDTA

treatement).
2.5. Total and phototrophic biomass

The organic matter content in 3 pooled small d{gk§ cm2 / channel) was calculated as
described in Tlili et al. (2008). Results are esperl as g.mM. Chlorophylla content in
biofilm was considered to be an indicator of the@tpkrophic biomass (Bonin and Travers,
1992) and was quantified by HPLC analysis. The rdpbyll-a was quantified using external
calibrations of standard chlorophgl{C55H72MgN405, Carl Roth GmBH & Co). Final

concentrations are given as pg-tc(eee 2.7.1 for analytical details).
2.6. Biofilm function analysis

2.6.1. Photosynthetic efficiency
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In order to measure the maximum photosyntheticciefiicy, we used the Pulse of
Amplitude Modulated fluorometry (PhytoPAM, Heinz \WaGmbH) technique. Three small
disks per channel were sampled and after 30 miraftdark adaptation, they were submitted
to a single saturation pulse allowing the measurngénodé the maximum quantum yield
(Yllsesnm), Which is an indicator of the photosynthetic @ffincy, as:

Yl gegnn= F%:O
where I is the maximum fluorescence after the saturatioisepand Fis the steady-state
fluorescence.
2.6.2 Substrate-induced respiration

The substrate-induced respiration (SIR) of the roétephic biofilm communities was
measured using the MicroRé¥pmethod according to Tlili et al. (2010b). MicroR&%
system is a colorimetric method well described laynpbell et al. (2003) and consists of two
microplates (96 wells) placed face to face. On¢heke is a deep-well microplate (1.2 mL
capacity, 96-deep-well microplate, NUNC) in whichck well contains the biofilm sample
with the carbon source, and the second micropldéte€tion microplate) contains a pH
indicator dye that changes proportionally to theoants of CQ released by heterotrophic
communities.

Biofilm was scraped off substrata (4 pooled gldstes / channel) and suspended in 60
mL of 0.2 um Nuclepore-filtered water from the refece site. This suspension was divided
into two fractions: the first (30 mL) was used the SIR and basal respiration measurement
and the second (30 mL) for the SIR bioassays (€8)2

Briefly, 500 pL of biofilm suspensions were distribd in the deep-wells and 30 pL of
glucose solution (carbon source) were added wital toncentration of 6.2 mg of C per mL.
After positioning the detection microplate, thetsys was sealed and incubated for 15 hours
in the dark at room temperature 2Q °C). CQ-trapped absorbance was measured at
570 nm immediately before sealing to the deep wkite, and after 15 h incubation. The
results were expressed in pg Q05 'AFDW.h™. In addition to the SIR measurements, the
basal respiration (without glucose addition) wasasueed for each biofilm. Results of
induced-respiration with glucose were normalizedthry basal respiration to target only the
heterotrophic communities (Tlili et al. 2010b).

2.6.3. Biofilm phototrophic and heterotrophic sémiy measurements to Cu, Zn and As
To investigate sensitivities (pollution-induced coomity tolerance, PICT) to Cu, Zn and

As, acute toxicity tests with pre-exposed and adrtiofilm samples from all the channels
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were performed. Photosynthetic efficiency and gabstinduced respiration (targeting
phototrophic and heterotrophic communities respelt) were used as functional parameters
in these bioassays.

Stock solutions containing 2.10M Cu (CuSQ; Merck high-purity grade) or 2 M Zn
(ZnSQ,.7H,0; Sigma high purity grade) or 2.3 As (NaHAsQ; Sigma high-purity grade)
were prepared in milli-Q water and stored at 4°@rpto dilution in the test vessels. Semi-
logarithmic series of concentrations were freshigpared by serial dilutions of the stock
solutions in 0.2 um-filtered water from the refezersite. For photosynthetic bioassays (3
blanks and 3 replicates for each of the 6 incrgasoncentrations), final test concentrations
ranged from 0 to 2.£QuM for Cu, from 0 to 6.10uM for Zn and from 0 to 2.£QuM for As,
whereas for SIR bioassays (3 blanks and 3 repsicdte each of the 9 increasing
concentrations) they ranged from 0 to 2.0 for Cu and As, and from 0 to 2°10M for
Zn.

- Short-term photosynthetic bioassagsofilms from each channel (small glass disk) ever
exposed to increasing concentrations of Cu, ZnAsnduring 2, 4 and 2.5 hours respectively,
under the same light intensity and temperature itiond as their growth. Measurements were
performed using a PhytoPAM fluorometer and the tisedainhibition of photosynthetic
efficiency at 665 nm in relation to the control waalculated using a dose-response
relationship to measure the gQor each bioassay. The durations of the bioasgatysthe
different metals were determined during a previsiep to know the minimum of incubation
time allowing inhibition of photosynthetic efficiep by 50%.

- Short-term SIR bioassayBiofilm suspensions were distributed in deep sv¢d00uL
per well), to which we added 50 pL of the metausohs (increasing concentrations). The
microplate was then pre-incubated in the dark abrdéemperature for 3 hours (to cope with
artefacts causing chemical release of,;@nd then 30 puL of the glucose solution (120
mg.mL*") was added to each well and the detection micteplas positioned. Incubation and
CO, measurements were processed afterwards as delsabbee (section 2.6.2). Eg&values
were calculated from dose-response curves by piptiiofilm CG production at each metal

concentration.
2.7. Biofilm structure analysis

2.7.1. Phototrophic pigment identification by higérformance liquid chromatography
(HPLC)
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Three pooled glass disks (4.5 cm? / channel) vgetected and processed for HPLC
pigment analysis as described in Tlili et al. (20Q8entification of the different pigments
was performed depending on their specific retentiores and absorption spectrum using
DAD according to SCOR (Jeffrey al., 1997). A table was constructed (with samples as
rows and pigments as columns) by taking into acttherelative abundance of each pigment
in a given sample (expressed as a percentage autheof the area of all the pigments in a
sample). In addition, a quantitative method froncadculation model based on published
ratios for cultures containing a mixture of diffetealgae (Wilhem et al. 1991) was used to
determine the relative abundance of diatoms, cyarteba and green algae from their
specific pigment signatures (fucoxanthin, zeaxantlnd lutein, respectively). Final
concentrations are given as pg-cm
2.7.2. Eukaryotic and prokaryotic community struetassessed by denaturing gradient gel
electrophoresis (DGGE)

Determination of the eukaryotic and prokaryotic pasition was performed according to
Dorigo et al. (2007). Briefly, biofilm from each a&hnel was scraped off 1 big glass
substratum, then centrifuged at 14,09Gor 30 minutes at 4°C and the supernatant was
removed. Nucleic acid was extracted from the biofpellets using the DNAeasy Plant kit
(QIAGEN) following the manufacturer’s instructionBCR amplification of eukaryotic 18S
rRNA gene fragments, and prokaryotic 16S rRNA geagments, and their DGGE analysis
were performed according to Tlili et al. (2008)t&fmigration, separated PCR products were
stained for 45 min in the dark with SYBRGold (Malder probes), visualized on a UV
transilluminator (Claravision), and photographedi¢8 Corporation camera). Prokaryotic-
and eukaryotic-DGGE profiles were analyzed by treG®mpar 1l software (Applied Math
NV) leading to a matrix based on the quantificatidnelative band intensities. Furthermore,

diversity based on the Shannon indexes was caéclfat all the samples.
2.8. Statistical data processing

ECsy values were calculated by means of the Regtox Md#e Vindimian,

http://eric.vindimian.9online.f}/

The effects of long-term exposure to each metabtad and % of internalization of each
metal into the biofilm matrices (n = 3), AFDW € 3), algal biomas:(= 3), photosynthesis
and SIR EGgy's values ( = 3), SIR (n = 3), photosynthetic efficienay £ 3), and Shannon
index ( = 3) values were tested by factorial 1-way ANOVA BLSTAT software (2009

version). If a main effect was significant, the AM®was followed by a Tukey-HSD test.
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Structural data including DGGE - 18S and 16S rRNaAlative band intensities), and
phototrophic pigment identification (relative abandes normalized by chlorophyl)-were
used to determine eukaryotic, prokaryotic, and @inophic pigment diversities respectively.
Before their use in the analysis, data weredeg+ 1) transformed and then submitted to
detrended correspondence analysis (DCA). The lengthall the gradients (1.399; 0.861;
0.789 and for eukaryotes; prokaryotes and photbgospectively) indicated that linear
methods were also appropriate for all the struttemadpoints. Principal component analyses
(PCA) were therefore performed, using CANOCO sofewvaersion 4.5 (ter Braack and
Smilauer 1998).

2. Results
2.1. Physico-chemical data

Physico-chemical parameters from the referenceasitefrom channel water samples
are given in Table 1. Oxygen concentrations andvelre quite similar between the different
treatments, whereas in all the channels comparethdoreference site, a decrease in
phosphates and silicates and an increase in DOE€ detected. Control channels presented
lower conductivity than Cu-, Zn- and As-contamimatdannels.

The Cu, Zn and As concentrations in the water efdabntrol channels were 2+10.3
ng.Lt, 7.6+ 2.4 ug.l* and 1.2+ 0.1 pg.LI* respectively. In the water of Cu-contaminated
channels, Cu concentration was 1&.3.7 pg.L* whereas Zn and As concentrations were
similar to those of the controls (682.6 and 1.2+ 0.2 pg.L* respectively). In the Zn-
contaminated channels, Zn concentration wast 87 pg.I* and no difference with the
control channels for Cu (2.6 0.7 pg.l") or As (1.2+ 0.2 pg.l}) concentrations was
observed. Arsenic concentrations in the water ctéstaminated channels was 1%8.5
ng.L! whereas Cu and Zn concentrations were similathase measured in the control

channels (2.% 0.8 and & 3.1 ug.L*respectively).
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Table.1 Mean values (+ standard deviation, n = 3) of setbchemical parameters at the
Saint Joseph site (reference), within the conth@nmels and within channels contaminated
by Cu, Zn and As, just before replacing water ie tfhannels with water from the saint
Joseph site at the sampling date (i.e. week 5).

Channel pH  Oxy cond. DOC PO SiO,
(mg.L?) (@S.cm?) (mgL?) (mgL?) (mg.L?

Saint-Joseph 7.62  8.94 227.44 2.63 0.06 14.67

+0.04 *0.14 +1.54 +0.12 +0.01 +0.58
Control 7.37 8.74 278.00 6.28 0.04 9.30
+0.09 =*0.28 +4.36 +0.52 +0.04 +2.20
Cu 749 8.70 278.00 5.65 0.02 9.83
+0.13 =*0.12 +6.24 +0.44 +0.02 +2.40
Zn 7.55 8.72 287.00 6.97 0.03 6.93
+0.07 %0.40 +0.40 +0.32 +0.02 +0.76
As 7.55 8.98 295.00 6.15 0.03 9.50
+0.05 =*0.08 +3.61 +0.22 +0.00 +3.82

Cu, Zn and As concentrations accumulated (total %nohternalization) in biofilms are
summarized in Table 2. The amounts of total Clnen@u-exposed biofilms were higher than
those measured in the controls, and the same tremde observed for Zn and As
concentrations in the Zn- and As- exposed biofitespectively (Tukey tegi < 0.05). In the
Cu- and Zn- exposed biofilms, the % of internalaatof Cu and Zn were significantly lower
than in the control biofilms (Tukey tegst< 0.05), whereas no difference was observed fr th
% of internalization of As, in comparison with tleentrol biofilms. For the As-exposed
biofilms, no significant difference was observedhe % internalization of Cu, Zn and As, in

comparison with the control biofilms (Tukey t@st 0.05).

Table.2 Concentrations in pgttotal and percentage of internalization withinfitias of
metals (Cu, Zn and As) from the control and contetéd channels. Values correspond to the
mean (x standard deviation) of concentrations aethiat the biofilms sampling date (n = 3).

Channel  Total accumulated metals % of internalization
Cu Zn As Cu Zn As
Control 104.3 680.1 51.6 50.6 60.7 101.8
+10.8 +20.8 +5.3 +2.3 +0.3 +0.7
Cu 448.9 626.0 53.1 37.9 57.2 101.8
+66.2 +106.1 +12.2 +23 +0.7 +25
Zn 95.7 14615 535 42.1 51.7 100.6
+14.9 +136.3 +5.1 +0.4 +45 +7.6
As 99.2 709.1 153.0 51.9 57.7 99.1
+18.3 +140.7 +19.6 +05 +5.1 +1.38

129



2.2. Biomass parameters (Table. 3)

There was no significant effect of Cu, Zn and As-pxposure on the AFDW (1-way
ANOVA, p > 0.05). Chlorophylla concentrations were similar between Cu-, Zn-exgesel
control biofilms (Tukey tegp > 0.05), whereas only pre-exposure to As inducemj@ificant

and sharp decrease in the chloroplaytlencentrations (Tukey test< 0.001).

Table.3 Long-term impact (mean values * standard deviatios 3) of Cu (10 pg.t), Zn
(30 pg.L'Y) and As (15 pg.t) on total biomass (AFDW), chlorophyll-a (ch);
photosynthetic efficiency (Yield) and substrateuoed respiration (SIR; normalized by the
basal respiration) of control, Cu-, Zn-, and As-@sgd biofilms.

Channel AFDW Chl-a Yield SIR

(@.m%  (ug.cn)
Control  10.33 _ 80.58 042 135.03
+1.02 +13.83 +0.02 + 3.88

Cu 11.74 81.88 0.47 118.09
+0.73 +19.69 +0.04 *5.04

Zn 9.41 84.97 0.45 115.56
+2.20 +13.98 +0.03 *3.43

As 9.63 17.81 0.38 114.25
+3.21 +2.85 +0.01 +3.34

2.3. Biofilm activities

2.3.1. Photosynthetic efficiency (Table. 3)

No significant difference was observed for the plghthetic efficiency between Cu- and
Zn-exposed and control biofilms (Tukey tgst> 0.05). In contrast, pre-exposure to As
induced a significant decrease in the photosyrthefficiency in comparison with the Cu-
and Zn-exposed and control biofilms (Tukey {&st0.05).

2.3.2. Heterotrophic SIR (Table. 3)

Exposure to metals had a significant effect onilomSIR (1-way ANOVA,p < 0.001).
Cu-, Zn- and As-exposed biofilms were characterizgdower SIR than the controls (Tukey
testp < 0.001). No significant SIR differences were olsed between biofilms from the

different treatments (Tukey tgst> 0.05).
2.4. Assessment of biofilm sensitivities to Cu, Zand As

2.4.1. Photosynthetic efficiency bioassay (Tabje. 4
- Specifictolerance measurement®verall, in comparison with the control biofilms,

phototrophic communities pre-exposed to Cu, Zn srshAowed a significantly higher EC
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values of Cu (R = 2.65; Tukey tgsk 0.01), Zn (R = 2.64; Tukey test< 0.001) or As (R =
224.51; Tukey tegt < 0.0001) respectively.

- Cross sensitivitiesPre-exposure to Cu induced enhanced tolerancieofphototrophic
communities to Zn (R = 2.96) but an increase inrtbensitivity to As (R = 0.24). Likewise,
biofilms pre-exposed to Zn showed an increasedant® to Cu (R = 2.06) and also a higher
sensitivity to As (R = 0.51). Pre-exposure to Ad te enhanced tolerance to Cu (R = 2.88)
but not to Zn (R = 1).

2.4.2. SIR bioassay (Table. 4)

- Specific Tolerance measuremerfse-exposure to Cu induced a significant incredse
the heterotrophic communities’ tolerance to Culfit§R = 2.12; Tukey tesp < 0.01).
Similarly, heterotrophic communities pre-exposedimoor to As displayed a higher tolerance
to Zn (R = 11.15; Tukey tept< 0.001) and As (R = 3.44; Tukey test 0.001) respectively.

- Cross sensitivities In addition to their enhanced tolerance to Cutetwgrophic
communities pre-exposed to Cu also increased tihleirance to Zn (R = 2.90) and similarly,
communities pre-exposed to Zn showed an increaskeaf tolerance to Cu (R = 2.23). On
the other hand, pre-exposure of heterotrophs toa@di Zn led to an increase of their
sensitivity to As (R = 0.24 and 0.61 respectiveRinally, biofilms pre-exposed to As, did not
develop any tolerance or sensitivity to Cu and Zr=(1).

Table.4 Mean tolerance (+ standard deviation, n = 3) atelance or sensitivity ratios (R) (R
> 1 = induced tolerance and R <1 = induced seiityitidetermined for phototrophic (based
on photosynthesis bioassays) and heterotrophic ebasn SIR bioassays) biofilm
communities sampled from the control channels amoh fcontaminated channels with Cu, Zn

and As. Ratios were calculated by dividing thesg=(@re-exposure) by the corresponding
ECso (control).

Control Pre-exposure Cu Pre-exposure Zn  Pre-exposure As
ECso Photosynthesis bioassays (UM)
Cu 37.6+5.1 99.5+24.8 77.3+7.4 108.2+9.3
R 1 2.65 2.06 2.88
Zn 1085.5+ 158.4 3216.5+ 650.1 2862.8+ 333.1 1094.6+ 114.9
R 1 2.96 2.64 1
As 14.0+2.1 3.4+0.8 7.2+1.1 3158.4+399.1
R 1 0.24 0.51 224.51
ECso SIR bioassays (UM)
Cu 92.5+18.1 196.0+58.6 206.1+62.8 69.3+23.6
R 1 2.12 2.23 1
Zn 232.8+34.4 674.8+61.0 2596.3+ 80.0 275.4+ 39.3
R 1 2.90 11.15 1
As 1042.7+ 124.3 245.7+ 50.4 637.7+35.4 3586.1+ 130.0
R 1 0.24 0.61 3.44
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2.5. Structural analysis

2.5.1. Phototrophic pigment analysis

The relative abundance of diatoms, cyanobactedagaeen algae was influenced by their
exposure to the different metals (1-way ANOV@A < 0.001,p < 0.0001 andp < 0.0001
respectively) (Fig.1). Exposure to Cu, Zn or Asuoeld a same and significant decrease in the
abundance of diatoms in comparison with the cor(ffokey testp < 0.05). On the other
hand, only exposure to As led to a large and soamt increase of the abundance of
cyanobacteria (Tukey tept< 0.0001). Finally, green algae were significamigre abundant
in the Cu- and Zn- exposed biofilms than in thetoama (Tukey tesp < 0.05), whereas they
disappeared completely from the As-exposed biof{lingey tesp < 0.0001).

100%
80% -
60% -
40% -+

20% -+

0%
Control Cu-exposed  Zn-exposed  As-exposed

Fig.1 Relative percentages of diatomsg.(cyanobacteriam) and green algae () (determined
by HPLC) in control channels and channels exposétit Zn and As.

A total of 12 pigments were detected in all sampl@dtected. Among them only 9 (which
accounted for at least 2 % in two samples) werkudwed in the PCA (Fig.2). The two first
axes (PC1 and PC2) of the PCA accounted for mam 88 % of the total variability. Control
biofilms were separated on PC1 from Cu-, Zn- and é&gposed biofilms, whereas PC2
separated As-exposed biofilms from the other o®S1 was positively correlated to
diadinoxanthin, violaxanthin and carotene, and tegly correlated to the dinoxanthin
whereas PC2 was positively correlated to zeaxandmad negatively correlated to lutein.
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Fig.2 Principal component analysis (PCA) based on thiative abundance of the
phototrophic pigments in the collected biofilmsrfrdhe various channels. Arrows represent
the correlation between the PCA axes (PC1 and B@2}jhe pigments detected.

2.5.2. Eukaryotic diversity and richness

Table.5 summarizes the Shannon indexes (H) cadmifar the eukaryotic community. A
total of 41 OTU’s were detected after the DGGE wsial Overall, exposure to metals had a
significant effect on “H” (1-way ANOVA,p < 0.0001). Eukaryotic communities in the
control biofilms showed a significantly higher “Hhan Cu-, Zn- and As-exposed ones

(Tukey testp < 0.0001), and no significant difference was obsérbetween the different

exposed biofilms (Tukey tept> 0.05).

Table.5 Means (zx standard deviation, n = 3) of Shannoexed (H) of the eukaryotic (euk)
and prokaryotic (prok) biofilm communities sampledm the control channels and from
contaminated channels with Cu, Zn and As.

Channel H. euk H. prok

Control 4.81+0.04 4.86+ 0.04
Cu 4.35+0.02 4.44+0.01
Zn 4.33+0.02 4.43+0.02
As 4.36+0.02 4.34+0.02

PCA was applied to the bands' relative intensitiata for samples from the different

channels (Fig.3). The two first axes (PC1 and P&@Jained more than 77 % of the total
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variability of eukaryotic diversity. PC1 (39.68%gmarated control biofilms very clearly from
Cu- Zn- and As-exposed ones, whereas Zn- and Cosexpbiofiims were separated from
control and As-exposed biofilms on PC2 (37.79 %yjef@ll, in these two projections, there

was very low variability between the three repksain each channel.

B i @ control
A )
3 A Cu-exposed
| @ Zn-exposed
H As-exposed
g
&
e .
e
(o)
&)
[-W
So
‘10 ' PC1 (39.68 %) ' ' 15

Fig.3 Principal component analysis (PCA) based on tlaive band intensities obtained by
PCR-DGGE analysis of the 18S rRNA gene fragmenthefeukaryotic community in the
biofilms collected from the various channels.

2.5.3. Prokaryotic diversity and richness

Table.5 summarizes the Shannon index (H) calcultaedhe prokaryotic community.
Considering overall the biofilm samples, 43 diffar®©TU’s were detected after the DGGE
analysis. Exposure to Cu, Zn and As induced a fsigmit decrease in the prokaryotic “H” in
comparison with the control biofilms (1-way ANOVA,< 0.001). As-exposed biofilms were
characterized by the lowest “H” (Tukey t@st 0.001), whereas no significant difference was
observed between Cu- and Zn-exposed biofilms (Tuéstp > 0.05).

PCA performed with the relative band intensity datssamples from different channels
(Fig. 4), showed that the first two axes (PC1 a@@)Paccounted for more than 69 % of the
total variability of the prokaryotic structure. PC37.7 %) separated the As-exposed biofilms
very clearly from the control, the Cu- and Zn-exgobbiofilms. The second axis, PC2 (31.36
%), separated control and Cu-contaminated charampkes from those taken from the Zn-

134



and As-contaminated channels. The variability betwthe three replicates in each channel

was also very low.

b @ control
‘ A Cu-exposed
@ Zn-exposed
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10 ' PC1 (37.7%) ' ' 15

Fig.4 Principal component analysis (PCA) based on tlaive band intensities obtained by
PCR-DGGE analysis of the 16S rRNA gene fragmenthefprokaryotic community in the
biofilms collected from the various channels.

4. Discussion

The concentrations of dissolved nutrients, espgdiED,> and SiQ (phosphates are used
by all organisms in biofilm, and silicates are pipally used by diatoms) at the sampling date
in all the channels were very low compared to thial values (reference site water),
suggesting that a rapid uptake of nutrients hadirmed in our experimental conditions. The
DOC concentrations, however, increased in all thanoels, suggesting autochthonous
organic matter production by algae. Our physicosnlbal measurements also showed a
similar increase of the conductivity values in tosmtaminated channels but not in the control
one. These results were expected since the additioretal ions induces an increase in water
conductivity (Guasch et al. 2002). Indeed, conditgticorresponds to the presence of anions
and cations in water, and metal inputs in the wgterally lead to the increase of these

anions and cations (according to the metal specptand consequently to increased

conductivity.
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() Exposure to one metal enhances phototrophic anteterotrophic tolerance to this

metal but also to others

Some trace metals such as Cu or Zn play indispensales in cell growth and
maintenance of metabolic functions (De Filippis @&wallaghy 1994). Nevertheless, at high
concentrations these trace metals could become (&aldo and Behra 2000). On the other
hand, some metals such as As are not requiredefbgmwth and are considered as toxic
even at low doses (Hughes and Poole, 1986). Oestigations confirmed the higher toxicity
of As than of Cu and Zn, particularly on the phaiphic biofilm component, since they
showed that even though there was no differencéotia biofilm biomass between the
different channels (including the controls), théocbphyll-a content decreased sharply in the
biofilms exposed to As, unlike those that were esgabto Cu or Zn, in comparison with the
control ones. In addition, the same trend was oeserfor the photosynthetic activity
measurement since only biofilms exposed to As sddaser photosynthesis than the control
ones, unlike biofilms exposed to Cu or Zn. It idl@own that to counteract the toxic effects
of metals, phototrophic cells have evolved variowschanisms to minimize the destructive
effects of metals. Previous studies showed th#étenpresence of Cu or Zn, cells can change
their membrane permeability, thus decreasing metatnalization into cells, which is driven
chemiosmotically (Soldo 2005, Serra et al. 2009gveéitheless, As internalization is
independent of the membrane permeability, sincésAsansported into cells actively by two
phosphate transporters (Rosen 1996). In our expetimn comparison with the control
biofilms, pre-exposure to Cu and Zn caused a dsergathe percentage of internalization of
these two metals, but this was not the case fenarsin contrast, pre-exposure to As did not
show any significant effects on the percentagentérnalization of Cu, Zn or As. These
results could therefore explain the negative effeat As on the phototrophic biofilm
communities and the lack of effect of Cu and Znn@wsely, all three metals tested (i.e. Cu,
Zn and As) inhibited the heterotrophic activitysbd on the SIR measurements, suggesting
that only phototrophs could modulate their membraeeneability as a resistance mechanism
to metal and not the heterotrophic communities.

In spite of the negative effects, observed on thal diomass, photosynthetic activity and
SIR, enhanced tolerance to the tested metal wasnadss for all the pre-exposed biofilms.
Indeed, over 2-fold increases in the level of thee to Cu were observed in phototrophic
and heterotrophic communities that were pre-exp#sedu, when these communities were

compared to the controls. Similarly, pre-exposorérn also induced more than 2- and 11-fold
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enhanced tolerance to this metal in phototrophsheterotrophs respectively, in comparison
with the control communities. On the other hand, égosure led to a 224-fold higher
tolerance to As in phototrophic communities tharcamtrol communities, whereas tolerance
was enhanced 3-fold in heterotrophs. Accordingh® PICT concept, our results could be
related to the fact that these metals providedctele pressure on phototrophs and
heterotrophs, inducing a shift in the communityustures with the emergence of the most
tolerant species (Tlili and Montuelle, 2011). Ahet structural endpoints in our study,
confirmed these assumptions, showing a divergeeteden all exposed biofilms and the
controls. Indeed, HPLC analysis for example, showed phototrophic communities were
structured by exposure to the metals. Overall, evetiatoms were dominant in all the
sampled biofilms, Cu, Zn and As exposure induceig@ease in their relative abundance in
comparison with the control biofilms. Conversellig trelative abundance of green algae
increased after exposure to Cu and Zn and dranigtaecreased after As exposure, and the
relative abundance of cyanobacteria increased efeosure to As. Numerous studies have
also reported the restructuring effect of metalsh@nphototrophic biofilm communities, with
the dominance of green algae in Cu or Zn exposefilros (Genter et al. 1987, Serra et al.
2009, Tlili et al. 2010) or the dominance of cyaacteria after As-exposure (Thiel 1988).
Multivariate analysis (PCA) of eukaryotic and prokatic diversity and phototrophic
pigments analysis also showed that the pre-expbsddms were very different from the
control ones.

Increases in levels of tolerance to metals othen those that were originally added to the
channels were also found for the phototrophic atdrotrophic communities when they were
compared with communities obtained from control roteds, indicating co-tolerance
induction. Indeed, whatever the endpoint used B¢ Eneasurement (i.e. photosynthesis or
SIR), Cu-exposed biofilms showed enhanced tolerdnoc&n and vice versa, indicating
common tolerance mechanisms for Cu and Zn. Gustaasd Wéangberg (1995) or Soldo and
Behra (2000) observed such enhanced tolerance ba&ad on photosynthesis bioassays with
phytoplankton and periphytic communities respetyi\ater their exposure to Cu. In a soll
study, Diaz-Ravina et al. (1994) showed that Znesep or Cu-exposed bacterial
communities were characterized by a higher tolexaodoth Cu and Zn.

Two hypotheses could explain the co-tolerance indndetween Cu and Zn: the first is
based on similar modes of action leading to theesaghection pressure and thus to the same
tolerant species, and the second hypothesisageteto similar modes of detoxification, not

necessarily involving the same species.
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Our of PCA results for phototrophic pigment and ayhktic diversity, showed that Cu
and Zn exposed biofilms were very similar (follogiRC2 axis), confirming the hypothesis
that Cu and Zn exerted a similar selection pressarthese communities. On the other hand,
PCA analysis of the prokaryotic diversity, showhdttCu and Zn exposure did not select a
similar community (following PC2 axis), in spite thfe occurrence of co-tolerance (based on
SIR bioassays). It is well established that evesugih the exact target sites might differ
(Stratton 1987), Cu and Zn share the same modastioh: at high concentrations they could
inhibit the photosynthesis reaction by blockingctien transfer at PSI and PSII levels, and
consequently stop oxygen release and, @kation (Serra et al. 2009, Ivorra et al. 1999).
Moreover, Zn and Cu could act negatively on thepiratory activities (Nalewajko and
Olaveson 1994) or on some enzymes by oxidatiorhef sulphydryl groups (Hughes and
Poole 1989). Given these similar modes of actioe;gxposure to Cu or Zn could therefore
promote the development of the same tolerant osgasi(i.e. phototrophs) or different
organisms but possessing the same resistance nolkat.e. heterotrophs) against these
two metals. Among the different mechanisms thaticc@xplain the observed co-tolerance,
binding or sequestration of metals by metallothionand similar proteins are proven.
Metallothioneins are small, cysteine-rich proteimat bind heavy metals such as Cu and Zn,
and contribute to metal detoxification, homeostasid metal transfer (Rosen 1996). Cu and
Zn share a similar affinity for various metalloth@ns such as the Cu-thionein or the
metallothionein-like proteins in eukaryotes, anel @d-BP1 or Cd-BP2 in prokaryotes (Weser
et al. 1977, Higham et al. 1984). Overall, we casuane that the occurrence of co-tolerance
between Cu and Zn is modulated by similar modesadion and detoxification for
phototrophic communities, and mostly by similar ad@ication modes for heterotrophic
communities.

Interestingly, exposure to As increased the tolsganf phototrophic communities to As
and Cu and not their tolerance to Zn, while exp@sarCu or Zn did not induce any enhanced
tolerance to As. Our findings are in accordancé wibse obtained by Blanck and Wéangberg
(1991) which showed that As specifically selecteaitd with increased As tolerance in
phytoplankton communities, but at the same time akdected species with a large genetic
variability that allowed more general tolerancer@ases. Unlike Cu and Zn exposure,
exposure to As was shown here to increase thevelabundance of cyanobacteria . We
indicated previously that As may be transported c#lls by phosphate carriers and can then
interfere  with many enzymatic reactions involvinghopphate, e.g. oxidative and

photosynthetic phosphorylation (Rosen, 1996). Adicay to Thiel (1988), cyanobacteria have
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the ability to discriminate between phosphate aschAd are therefore tolerant to this metal.
Moreover, cyanobacteria are also tolerant to CuréBguet et al. 2000, Roussel et al. 2007).
This could explain the enhanced tolerance of phapbis to Cu after exposure to As.

Conversely, pre-exposure to As in our study, ditl emhance tolerance (based on SIR
bioassays) of heterotrophic biofilm communitiesGa or Zn. One of the hypotheses that
could explain these results is related to the selepressure that could be exerted differently
by the metals tested, leading to completely differeeterotrophic communities. Indeed,
analysis of prokaryotic diversity, showed that GZim and As exposure led to dissimilar
prokaryotic communities. However, this assumptiaesi not seem to be as important for
explaining our results, because in this case, ntwlevance should be observed between Cu
and Zn for the heterotrophic communities, which wasthe case in our study. A reasonable
interpretation of our findings may be therefore #ipecificity of the mechanisms involved in
As tolerance by heterotrophic communities. Manykprgotic resistance mechanisms to
metals are determined by genes located on plagiRiolsen 1996). In bacteria, the genes for
As detoxification are usually encoded by operonsated on plasmid R773 that confer
resistance to arsenicals by ATP-coupled extrusfaarsenite from the cells (Baker-Austin et
al. 2007). Plasmid p1258 catalyzes Cu and Zn t@msput also Ag, Cd and Pb transport
(Solioz and Odermatt 1995, Rensing et al. 2000 dsal. 2002). This may explain the co-
tolerance observed between Cu and Zn, and notAmtHor heterotrophic communities (e.g.
bacteria).

Overall, our findings suggest that the occurrentemtolerance does not necessarily
follow the same patterns, since it depends on warlaut interlinked factors such as (i) the
metal to which communities were chronically expod@yithe mode of action of the metals,
(i) the detoxification mechanisms implementeddafls, and (iv) the microbial community
targeted (e.g. heterotrophs, heterotrophs). Indeedshowed in this study that, although
contamination with different metals could seleat @u phototrophic-tolerance, the tolerance
to Cu did not automatically lead to resistancent dther metals. Furthermore, the ubiquitous
co-tolerance to Cu that was observed in phototrogisappeared in the case of heterotroph
tolerance. In ecotoxicological assessment, Cu neathérefore be proposed as a “model” for
a given class of toxicant (i.e. heavy metals) preliminary PICT approach, aiming to limit
the number of suspect pollutants. Afterward, a doatibpn of various tolerance
measurements, based on other activities such as &HRd allow us to refine our

investigations into tolerance mechanisms.

139



(i) Enhanced tolerance to one metal increases swgtibility to others

The PICT approach was employed to demonstratetibatommunity restructuring was a
direct result of contaminant exposure, but few igsichave investigated the effects of
community restructuring on their susceptibility ather stressors. As described above, the
evolution of tolerance to contaminants may prowdaefits via co-tolerance to other stressors
by inducing common genes. In our study, when bitdilwere exposed to Cu and Zn, we
observed enhanced tolerance of phototrophic anerdtedtphic communities to these two
metals. Nevertheless, we also observed that bisfiloterant to Cu and Zn became more
sensitive to As whatever the targeted community. (neterotrophs or phototrophs), thus
reflecting a possible cost for enhanced tolerafoe.example, as stated above, it has been
shown that microbial communities pre-exposed toateedire more sensitive to UV-B than
communities not pre-exposed (Clements et al. 2B@8hian et al. 2007, Zuellig et al. 2008).
Zuellig et al. (2008) concluded that the energetist of regulating metals might inhibit the
ability of some organisms to efficiently repair DNMlmaged by UV-B exposure.

At the community level, the development of enhantmdrance could be related to the
reduction of the global genetic variation in thentounity due to the strong selective pressure
exerted by stressors (e.g. metals) and the elimmaf sensitive species, which is the basis of
the PICT concept (Kashian et al. 2007). In our gttide calculation of the Shannon index for
eukaryotic and prokaryotic communities, confirmdte tloss of species diversity after
exposure to Cu and Zn, in comparison to controfilims. In many respects, loss of species
diversity is comparable to reduced genetic vammtioith similar implications for the
ecological functions of ecosystems (Taylor and Fegen 1996). Indeed, Paine et al. (1998)
stipulated that when an assemblage is already awaéd in an altered state (i.e. metal pre-
exposure in our case), occurrence of superimpossridance may lead to long-term
alteration of the community state, therefore impacthe ecosystem's potential for recovery.
Furthermore, resistance to additional stressors depend on tolerances induced by pre-
exposure to stress. Initial exposure to a stressorbined with positive species co-tolerance
should reduce the impacts of other stressors, WMinkbrooke et al. (2004) terms “stress-
induced community tolerance”. Inversely, initial pgsure to a stressor combined with
negative species co-tolerance should increase mmgadts of other stressors, which
Vinebrooke et al. (2004) terms “stress-induced caomity sensitivity”.

In-depth study of the potential biological cost aasated to enhancing tolerance to

stressors, may therefore help in understandingdleeof diversity and positive or negative
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species co-tolerance in the maintenance of ecomyfiaction and the rate of recovery in
communities after disturbance removal (ClementsRwlok 2009; Vinebrooke et al., 2004).

5. Conclusion

Multiple stressors in natural aquatic systems conéike the establishment of a specific
link between a given toxicant and its effects ogamisms difficult, even if the concept of
pollution-induced community tolerance (PICT) (Blanet al. 1988) is proposed as a tool to
overcome this drawback. Our results support theTP&@ncept, since we showed that
exposure to a given metal led to structural sluftthe community and therefore to enhanced
tolerance to this metal. Nevertheless, we also sdavat, depending on the chronic stressor
and the targeted community (i.e. phototrophs oere¢tophs), the consequences of enhanced
tolerance were various, since tolerance increased¢anetal was positively (i.e. co-tolerance)
or negatively correlated (i.e. cost of tolerance)tdlerance to other metals. Overall, by
considering the development of co-tolerance or equidaility to novel stressors, our study
highlights the fact that the PICT concept may inweramur ecological understanding of
multiple metal contamination and specifically itsnsequences on diversity and ecosystem

functioning.
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C.lIl. Influence des chroniques d’exposition aux taiques sur la tolérance

acquise des communautés microbiennes du biofilm

Cette section s’articule autour de deux articlés premier concernant les impacts
d’expositions chroniques et aigués a un herbicide. (diuron) sur les communautés
autotrophes du biofilm est intitulé « Impact of @hic and acute pesticide concentrations on
autotrophic periphyton communities: testing expesgenarios and pesticide partitioning » et
publié dans la revuBcience of the Total Environmegatticle 5), et le deuxieme concernant
I'évolution spatio-temporelle du PICT est intitutéln-situ spatio-temporal evolution of
pollution-induced community tolerance to zinc int@tophic and heterotrophic biofilm

communities » et soumis a la reviaeotoxicology(article 6).

C.III.1. Impacts d’expositions chroniques et aiguésau diuron sur les communautés
autotrophes du biofilm simulant des épisodes de ces.

Les systemes lotiques de petits bassins versamisol@g sont souvent soumis a des
chroniques de pollution en pesticides relativenfleictuantes. En particulier, sur le bassin de
la Morcille, les épisodes de crues sont toujolssoaiées a de bréves mais importantes
augmentations des concentrations de contaminanisinfluent sur l'impact sur les
communautés biologiques (Rabiet et al. 2010, €lilal. 2008). L'objectif de notre étude a
donc été d'une part de mettre en évidence l'implaod herbicide (diuron) appliqué en
mélange avec un fongicide (tébuconazole) sur lesnmanautés périphytiques durant des
episodes de crues, et d’autre part d’approfondirdennaissances sur la relation entre la
dynamique des toxiques (dans la colonne d'eau os @amatrice du périphyton) et les
impacts sur les communautés périphytiques, encpéei sur la tolérance induite des
communautés autotrophes. Pour cela, du périphygsh developpé dans deux séries de deux
mésocosmesx Situ une série exposée a une contamination chrontgodjs que l'autre n'a
ne I'était pas (canaux témoins). Aprés quatre seesaiun canal de chaque série a été exposeé
a trois contaminations aigués pendant 24 heureslaveéme mélange de pesticide que celui
de l'exposition chronique, et chaque expositionuéiga été suivie d'une semaine de
récupération. Les concentrations des pesticidedgmtres expositions chroniques et aigués
ainsi que la durée des différentes expositionsésigappliquées lors de notre étude sont
caractéristiques de la riviere Morcille (Rabiet at 2010). Les impacts des différents
scénarios d’exposition sur les periphytons ontédués en mesurant les concentrations des
pesticides dans la colonne d'eau ainsi que damealzice des biofilm et en utilisant la

technique de la PCR-DGGE pour déterminer la stractles communautés. Sur un plan
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fonctionnel, I'efficacité photosynthétique a étésorée au cours de chaque exposition aigué,
et la tolérance induite au diuron a été estimésedpasant sur ce parametre photosynthétique.
Nos résultats ont montré que le diuron s’était dusalans la matrice du périphyton au
cours de chaque exposition aigué. Cependant no#tatssur les effets écotoxiques et la
tolérance étaient variables selon la fréquence afe expositions aigues : au cours de la
premiere exposition aigué, I'inhibition de I'efficié photosynthétique du biofilm pré-exposé
chroniquement était plus importante que celle diilm témoin, méme si aucune différence
dans la tolérance induite n’a été observée. Cemgnda cours de la deuxiéme et de la
troisieme exposition aigué, la tendance s’est sgrpar rapport a la premiere. De méme,
apres la troisieme exposition aigué les communaguiésotrophes ont présenté une tolérance
au diuron accrue en comparaison avec ces mémes wuwemteés exposées a seulement deux
expositions aigué. D’'une maniere générale, notrde2a montré que les expositions aigués et
chroniques ne peuvent pas étre considérées sépdarpme évaluer les effets des polluants
sur les communautés biologiques dans les systémtigsds, car les effets d'une exposition

aigué sur les periphytons semblent dépendre d pbessposition au méme stress.

Les résultats et interprétations de cette étude poFsentés dans larticle 5 intitulé
« Impact of chronic and acute pesticide concemwinati on autotrophic periphyton
communities: testing exposure scenarios and péstjgartitioning » et publié dans la revue

Science of the Total Environment

143



Article 5

Impact of chronic and acute pesticide concentratiosion
autotrophic periphyton communities: testing exposue
scenarios and pesticide partitioning.

A. TLILI, B. MONTUELLE, A. BERARD, & A. BOUCHEZ

Science of the Total Environment , doi:10.1016/j.gotenv.2011.01.056






Impact of chronic and acute pesticide concentratios on
autotrophic periphyton communities: testing exposue scenarios

and pesticide partitioning.

Ahmed Tlili® Bernard Montuelle®®, Annette Bérard® and Agnés BouchéeZz

a. CEMAGREF, UR MAEP, 3 quai Chauveau CP 69336 L@edex 09, France

b. INRA UMR CARRTEL, Laboratoire de Microbiologiegiatique, BP 511, 74203, Thonon
Cedex, France

c. INRA UMR EMMAH 1114, Domaine Saint-Paul - Sitgparc 84914 Avignon Cedex 9,

France

144



Abstract

Aquatic ecosystems face variable exposure to passic especially during floodings
which are associated with short bursts of high @mmant concentrations that influence the
impact on biological systems. A study was undertakehighlight the impact of a herbicide
(diuron) applied in mixture with a fungicide (telmn@zole) on natural periphytons in flooding
events. Periphytons were grown in two series of lvtic outdoor mesocosms: one series was
non-contaminated (control) while the other was eeggbto chronic contamination. One
channel of each series was exposed to pulses t esaotamination. After 4 weeks, these two
channels were exposed to three successive pul#eseach pulse followed by one week of
recovery. Impacts on periphytons were assesseddaguning pesticide concentrations in the
water column and periphyton matrix and using DGGEeasure community structure. At a
functional scale, photosynthetic efficiency wasmjifeed during each pulse, and the induced
tolerance to diuron was estimated. Diuron was dxbin the periphyton during each pulse
and desorbed 13 h after pulse end. During theguiige, photosynthetic efficiency correlated
with pesticide concentration, and there was noetdfice between periphyton from
chronically contaminated channels and control ceEarHowever, during the second and
third pulses, the photosynthetic efficiency of pagitons chronically exposed to pesticides
appeared to be less impacted by the acute pulsextctations of pesticides. These changes
were consistent with the acquisition of inducecttahce to diuron. Our experimental study
indicates that pulse and chronic exposures canmabhsidered separately for assessing the
effects of pollutants on non-target organisms ticlsystems, since the effects of pulsed acute
exposure on periphytons were dependent on whethaotothe periphyton had previously

been exposed to the same stressors.

Keywords. chronic exposure; pulse exposure; river periphytghotosynthetic efficiency;

pollution-induced community tolerance; diuron
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1. Introduction

Surface waters draining vineyard areas are chaiaeteby high contamination due to the
large quantities and broad range of pesticidesieghpand by the vulnerability of cultivated
land. During rainfall events, fluxes of many po#ints (e.g. nutrients, metals, pesticides) can
vary over several orders of magnitude. Rabiet et(2010) showed that floods are the
dominant pathways for pesticide transport in a brs@eéam in an agricultural watershed
characterized by shallow soils and predominantlyfase flow pathways. Moreover,
environmental pesticide levels increase rapidlyrdurainfall events, and can reach relatively
high concentrations. Floods usually last only a fesurs, with discharge increasing then
decreasing rapidly. Pesticide concentrations amallysnearly synchronous with discharges,
leading to marked changes in exposure levels. Oipgron the kind of toxicant exposure in
terms of nature, concentration, frequency and draits impacts on biological communities
can prove highly variable.

At microbial scale, the periphyton is an ecosysfenmed by diverse communities of
microorganisms (viruses, bacteria, algae, protgzanaa matrix of exopolymers fixed on an
immersed solid surface (Costerton et al. 19Bdsmall lotic ecosystems (Strahler number <
3), periphytic communities play fundamental rolesbbth trophic web and biogeochemical
cycles (Battin et al., 2003a). Their structural &mactional homology with the initial targets
of herbicides together with trophic interactionsaméhat the primary producers that compose
periphyton are vulnerable to these toxicants disnghe food web from its base. Periphyton
may therefore be used to detect the potential edibects of pesticides in aquatic ecosystems
(Sabater et al. 2007).

Pollution-induced community tolerance (PICT) is @\&ar-old concept introduced by
Blanck et al. back in 1988 (and recently reviewgdTiili and Montuelle, in press) as an
ecotoxicological tool providing a good alternatiee environmental status characterization. It
is useful not just for assessing immediate imphatsalso for integrating the contamination
history of an ecosystem at community level. PIChased on the theory that if a substance is
toxic, it will exert a selection pressure on thenoaunity, resulting in greater overall tolerance
to the toxicant. One of the most important paranseter the selection process in a PICT
approach is exposure time to the toxicant, as sttbaexceed the generation time of a non-
exposed community (Blanck et al. 1988). Floodingres can quickly trigger variations in
pesticides concentrations, and toxicant bioavditgbnay be either reduced or enhanced. To
interpret the biological responses, it is importanfirst identify the toxicant dynamics, i.e.
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which fraction (in the water column or accumulabedhe biological matrix) is exerting the
greatest selection pressure on communities. Threrauamerous studies on the bioavailability
of metal pollutants (Serra et al. 2009, Soldo amthrB 2000) but very few studies on the
bioavailability of organic pollutants and the pdsilink between pollutant dynamics in the
water phase or adsorbed in the periphyton matrid #reir impacts on microorganisms
(Dorigo et al. 2004, 2007, Tlili et al. 2008, 201There is an increasing need to study the
bioavailability of pesticides to microbenthic pdmnyjon, which can be done by measuring
pesticide concentrations and partitioning in theigbgton matrix and the water column
(Lawrence et al., 2001).

Most experimental studies of aquatic microbial camities have been done using
chronically high pesticide concentrations and anfgw have attempted to assess the effect of
environmentally realistic pesticide concentratiams microbenthic periphyton (Ricart et al.
2009, Rimet and Bouchez, in press, Tlili et al. @0&lthough there are a handful of studies
focused on the effects of flooding on certain aguatganisms (see Bony et al. 2008 for fish;
Zhao and Newman, 2006 for invertebrates; Vallowbral. 2009 for algal monoculture) in
realistic scenarios, there is a lack of informatiomnevaluating biological effects based on real
environmental data, particularly at ecologicalliexant community level. To our knowledge,
only two studies have attempted to gauge the affeictainfall-driven environmental organic
pesticide concentrations on periphytic communitizzsth focused on pesticide effects but not
on hydrodynamic effects. In the first study, thehaus determined pesticide impact during
flooding events by testing the effect of short-tquoises of atrazine on autotrophic pristine
periphyton (Jurgensen and Hoagland, 1990). In ¢lcersd experimental study led by TIili et
al. in 2008, acute and short exposures to a higitestdration of diuron were applied to
periphyton previously-chronically exposed to a lmancentration of the same herbicide.

Given that pesticides fluxes can be extremely Wdgian terms of concentration, type of
pollutant and duration of episodes associated ttfrology variations (including flooding),
we hypothesized that different exposure scenaoddcdifferentially influence the intensity
and type of impacts on biological systems (from strectural and functional point of view),
and especially the induced periphytic communitgrahce to pesticides.

This study has two aims. The first aim was to eatuhe ecotoxicological effect of a
herbicide (diuron) in mixture with a fungicide (tefbnazole) on periphytic communities, and
to study the sublethal and long-term effects ofceasive pulses of the mixture in outdoor
lotic mesocosms mimicking different flood-event egpre scenarios. Flood hydrodynamics

were not investigated here. The events were sieuilay sudden and short increases of the

147



pesticide mixture in the water. The pulses wereliegpon previously chronically-exposed
periphyton (low doses of the mixture) and on unaonbated periphyton. The second aim of
this study was to gain deeper insight into theti@hship between toxicant dynamics (in the
water column or in the periphyton matrix) and tmepacts on periphytic communities,
especially on the autotrophic community toleranoduced. The pesticide mixture and the
contamination scenarios tested were characteridtia vineyard watershed (Rabiet et al.
2010). Given the complexity of this study, the eagh has been placed on the impacts of the
herbicide contained in the mixture on phototroghrget communities and their activities.
This study tackled a specific series of questidijshow do autotrophic communities
respond to chronic exposure from a structural andtfonal standpoint? (ii) what are the joint
effects of chronic and/or successive pulse expssomethe structure and autotrophic function
of the periphyton communities? (iii) is the waterphyton partition of the contaminant an
explanatory factor, and which contaminant fractiepresents the most predominant driver of

autotrophic periphyton response?
2. Material and methods

2.1. Experimental design and chronic contamination

We used an outdoor mesocosm platform (INRA, ThdesrBains, France) using four
stainless steel channels (4 m long, 0.4 m wide @88 m deep) as designed by Volatier
(2004) and described in Rimet and Bouchez (in prdsse channels were run in a semi-open
mode and were continuously supplied with 36 m-deepming water from Lake Geneva,
ensuring an adequate supply of nutrients and Hageealing of periphytic communities. The
entire volume of water in the system (2.2 per channel) was replaced 4 times a day. Water
flow and velocity in the channels were controllesing a valves-and-bypass system. Water
overflow was decontaminated by activated-carbdrafibn before being released. At the start
of the experiment, artificial substrates (279 InB-frosted glass disks and 168 16-cm? frosted
glass slides) were installed horizontally in eadtarmel. The outdoor mesocosms were
subject to the seasonal variations of the naturairenment (light, temperature, day length
and water quality input) during the 3-month expenin (June-July-August 2008). These
experimental systems are large enough to run mamit@ver several weeks (high sample
capacity, semi-open system ensuring a constantysapputrients).

Two models of toxic molecules, i.e. diuron and @nazole, were used in mixture during

the chronic and successive pulse exposures. Di{Me(3,4-dichlorophenyl)-N,N-dimethyl-
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urea) is a herbicide (phenylurea) that inhibits tphpnthesis by blocking the chloroplast
electron transport chain in Photosystem-II (PStipleototrophic microorganisms and plants
(Bérard and Pelte, 1999). Tebuconazole (H-1,2atte-1-ethanol a-[2-(4- chlorophenyl)-
ethyl]-a-(1,1-dimethylethyl)) is a fungicide (trigle) that inhibits steroid demethylation
(ergosterol biosynthesis in fungi) (Copping and Hgw998).

Two channels were chronically contaminated witls thixture at a nominal concentration
of 1pg.L* of diuron (high-grade pesticide standard, Sigma6®9purity, CAS RN 330-54-1)
and 0.5pg.I' of tebuconazole (high-grade pesticide standardm&j 99.5% purity, CAS
107534-96-31). The two remaining channels were usedontrols (no pesticides added
chronically). During the experiment, chronic contaation of channels was controlled by a

peristaltic pump delivering a constant supply adfytants.
2.2. Environmental pulse scenarios

After 28 days of growth, periphyton from one cohmad one chronically-contaminated
channel were subjected to three successive shart{pelses with the same compositional
mixture as for chronic exposure but at higher catregions (20pg.L of diuron and 10ugt
of tebuconazole) simulating the sudden increageesticide concentrations during a flooding
event (to simplify our study, impacts of hydrodynesnon periphyton were not considered).
Each pulse was followed by a 7-day recovery pe(return to initial exposure conditions).
These 3 short-term exposures were performed a28agay 35 and day 42 of the experiment.
Total duration of each pulse was 17 hours, i.eh@@ increase in pesticide concentration, a
6-hour period of peak exposure, and a 6-hour deerdauring pulses, the 4 channels were
turned from semi-open to closed systems in ordefatilitate the control of pollutant

concentrations and pulse exposure periods (seg)Fig.
2.3. Periphyton monitoring

Periphytons were sampled randomly in each mesoansilay 28 (just before the first
pulse), day 35, day 42, day 49 (i.e. 1 week afseheulse) and day 63 (i.e. 3 weeks after the
third pulse). Total biomass, carbon incorporatiowl dioassays (photosynthetic efficiency)
were analyzed immediately (on the small frostedsldisks) while molecular fingerprinting
(on big frosted-glass slides) was performed lateruging deep-frozen samples (-80°C).
Furthermore, periphytons were also sampled durau gulse (at tO: just before the pulse,
t0+5h, t0+11h and t0+24h) to monitor photosynthefiiciency (on the small frosted-glass

disks) and pesticide bioaccumulation (on the bagted glass slides).
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Fig.1 Experimental schedule.

2.4. Chemical analysis

Two-litter water samples from each channel werdect#d into polyethylene bottles at
each sampling date in order to assess chemicampéess including DOC, P®, SiO;,
conductivity and pH, following French standard @tierg protocols (AFNOR).

Tebuconazole, diuron and its main metabolites (8-{ichlorophenyl)-1-methyl urea
(DCMU) and 3,4-dichloroaniline (DCA)) were measuredvater and periphyton samples by
ESI-LC-MS/MS (API1 4000, Applied Biosystems) at d2§, 35, 42, 49, 63 and during each
pulse (t0, t0O+6h, t0+11h and t0+24h) as describedili et al. (2008).
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Briefly, water samples for pesticide analyses weaected into glass bottles from each
mesocosm at each sampling date. Samples (250 nre) fwst filtered over 0.2-um polyester
filters (Chromafil PET 20/15 MS, Macherey-Nagel, étidt, France) and then spiked with
linuron used as analytical control standard. Eximac was performed by solid-phase
extraction (SPE) on a 60 mg, 3 mL Oasis HLB cageid\Waters). Concentration factor was
1000. Deuterated diuron (D6), used as the injectandard, was added to the final extract.
Periphyton samples were collected from frostedsgidisles (3 pooled replicates per channel)
and suspended in 10 mL of 0.2-um Nuclepore-filtenedming water in order to quantify the
pesticide amounts in the periphyton matrices. Pgtgn suspensions were then freeze-dried
in order to prevent any matrix degradation befamalygsis. 10 to 100 mg of freeze-dried
periphyton spiked with the analytical control stardd (linuron) was extracted with 10 mL
organic solvent (acetone/dichloromethane, 20/89) ¥l an ultrasonic bath for 30 min. 6 mL
of ultrapure water was then added to re-dissoleeetttract. Purification was carried out on a
solid-phase extraction (SPE) cartridge (Oasis H&Bmg, 3 mL, Waters). 10 pL of internal
standard control (D6) was added to the final 240yaker/acetonitrile extract (80/20, V/IV).

Tebuconazole, diuron and its metabolites were sépdron a 250x2mm Purospher Star
RP-18e column (Merck, France). The mobile phasewasr/acetonitrile acidified with a 0.3
mL.min* gradient, and injection volume was 10 pL. The tintf quantification ranged from
0.02 to 0.05pg.tt in water and from 0.04 to 0.1 pd.@ periphyton.

2.5. Biological analyses

2.5.1. Periphyton collection
Periphyton analyses were run either directly orstéd glass substrata (primary
production, photosynthetic activity, bioassays)aorscraped samples suspended in 2 mL of

0.2-um filtered incoming water (biomass, molectilagerprinting).

2.5.2. Total and autotrophic biomass

Total organic matter was estimated by calculatirgh-face dry weight (AFDW).
Periphyton suspensions (n = 3) were filtered thihonglividual 25-mm GF/C Whatman glass
microfibre filters (1.2-um pore size). Total dry ttes was measured by weighing the filters
after drying at 105°C for 24 h. The filters wereethcombusted in an oven at 480°C
(Nabertherm P320) for 1 h, and reweighed to geterainmatter. AFDW was calculated by

subtracting mineral matter from total dry matterd &xpressed in g.n
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Chlorophylla, selected as an indicator of total autotrophic gsripn biomass (Bonin and
Travers, 1992), was estimated by high-performaniceiid chromatography (HPLC).
Periphyton suspensions (n = 3) were centrifuged7&0g for 30 min at 4°C, and kept at -
80°C until analysis. HPLC analysis was performeddascribed in Tlili et al. (2008).
Chlorophylla was identified from its retention time and absimptspectrum using DAD
according to SCOR (Jeffrey et al. 1997). The idadtichlorophylla was quantified based on
external calibration on standard chlorophy/l{C55H72MgN405, Carl Roth GmBH & Co),
and final concentrations are given as pg’cm-

2.5.3. Periphyton DNA extraction, amplification addnaturing gradient gel electrophoresis
(DGGE) analysis

Periphyton suspensions (n = 3) were centrifuget4a2200g for 30 minutes at 4°C after
which the supernatant was removed and the pellstkept at -80°C until extraction. Nucleic
acid extraction was performed on periphyton pellettng the DNAeasy Plant kit (Qiagen)
according to the manufacturer’s instructions.

PCR amplification of eukaryotic 18S rRNA gene fragts was performed according to
Tlili et al. (2008). Briefly, 60 ng of template DNAnd the primers EuklAf (Sogin and
Gunderson, 1987) and Euk516r-GC (Amann et al. 1980 used to amplify the eukaryotic
18S rRNA gene fragments.

DGGE analysis was performed as described in Villeeeet al. (2010). DGGE profiles
were analyzed using GelCompar Il software (Apphéath NV) leading to a matrix based on
the quantification of relative band intensities.

2.5.4. Primary production (carbon incorporation)

Primary production was measured ¥¢ incorporation rate as described in Dorigo and
Leboulanger (2001). Briefly, five periphyton sangpl@ = 5) from each channel were placed
separately into 20-mL scintillation vials with 26 of NaH"*CO; (0.2 uCi per vial), and
photosynthesis was allowed to run for two hoursenncbntrolled light and temperature
conditions (temperature: 18-20°C; luminosity: 1D E.n¥.sY). The reaction was stopped
by adding formaldehyde (final concentration of 3)7%llowed by 100 pL of glacial acetic
acid to remove the inorganic carbon. After stirriig 1 h, 5 mL of scintillation cocktail
(Ultima Gold LLT, Perkin Elmer) was added, and faenples were counted after quenching
on a 2100-TR (Packard Instruments). Results areesgpd in disintegrations per minute
(DPM).

2.5.5. Photosynthetic efficiency monitoring durjpgjses
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During each pulse, photosynthetic efficiency wasnitawed at tO (just before the
beginning of the pulse), t0+5h (the beginning o pulse peak), t0+11h (at the end of the
pulse peak) and t0+24h (13 hours later) in bothsguil and non-pulsed mesocosms.
Photosynthetic efficiency is based on measuringntlagimal quantum yield (YII) of algae
(Schreiber, 2002). It reflects the number of fumicél PSIl and therefore more generally the
physiological state of the phototrophic communitigkeasurements were performed using a
PhytoPAM (pulse amplitude-modulated) fluorometeeifiz Walz, GmbH). After 30 min of
adaptation to darkness, the ehfluorescence of sampled periphytons (n = 3) waasmed at
665 nm. A single saturation pulse was applied toutate the maximal quantum yield as:

Yl ggsnni= FmF—mFO
where I is the maximum fluorescence after the saturatioisepand Fis the steady-state
fluorescence.
2.5.6. Short-term bioassays and PICT assessmeph&bdotrophic communities

The tolerance of phototrophic periphyton communsitte diuron was assessed using
photosynthetic efficiency as endpoint (Tlili et a010). A stock solution containing 100 mM
diuron (MW 233) (Sigma high-grade standard 99.5%3 wrepared in water and stored at -20
°C until use. A semi-logarithmic series of concattns was freshly prepared by serial
dilution of the stock solution in 0.2-um filteredcoming water. Final test concentrations in
the test vessels ranged from 0 uM to 3.2 uM (3Kdaend 3 replicates for each of the 5
increasing diuron concentrations). One week afterfirst and third pulses and 3 weeks after
the third pulse, periphyton samples (n = 3 per ¢estcentration) were exposed to increasing
concentrations of diuron during three hours, urelgrosure to light and continuous gentle
shaking. Measurements were performed on a PhytoRddriometer. The relative inhibition
of fluorescence yield at 665 nm in relation to colstwas calculated to model concentration-
response relationships and plot a dose-responses dor determine photosynthetic &C

values for each channel and period.
2.6. Statistical data analysis

The effects of chronic exposure, pulse exposure @mrdnic exposure-pulse exposure
interaction on AFDW rf = 3), algal biomas:(= 3), carbon incorporatiomE 5), EGo (n =
3) and photosynthetic efficiency during each pyise 3) were tested by multifactorial 2-way
ANOVA using XLSTAT software (2009 version). If a maeffect was significant, the
ANOVA was followed by a Tukey-HSD test. Studeritt®sts were run to compare the effects
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of chronic contamination on microbenthic periphyaireach sampling date. Homogeneity of
variance was checked prior to data analysissoB@lues were calculated using the Regtox

model (E. Vindimian,_http://eric.vindimian.9onlif¢). Data correlations between the &C

values, total and algal biomass, primary produgctim, conductivity, PG¥ concentration,
SiO,, DOC, diuron and tebuconazole in water samplesrapériphyton matrices were tested
by Pearson product-moment inter-correlation on XA% Boftware (2009 version).

Mean values (three replicates) of data from DGGIS-8NA gene analysis were used to
determine eukaryotic diversity in the different sded periphytons. Mean data, based on the
relative band intensities, were lgfx + 1)-transformed before being included in thalgsis,
and then submitted to detrended correspondencgsadDCA). Maximum length of the
gradient (1.062) indicated that linear methods wadse appropriate. Consequently, we first
carried out a principal component analysis (PCAcdd, in order to determine to which
environmental variable PCA-axis and therefore eydar diversity distribution were related,
we ran a series of linear regressions between ssnspbres of the first two PCA-axes (PC1
and PC2) and physicochemical data (pH, conducti®®®, Si0,, DOC, diuron and
tebuconazole in water samples and periphyton neairi@and with periphyton age. The
coefficient of determination (R2) was calculated éach linear regression, and we tested the
significance (based on the Fisher test) of theangibry variable(s). Significance level was

set at 5% for all statistical tests.
3. Results

3.1. Physicochemical data

Physicochemical data for water samples from mesosa the different sampling dates
are given in Table 1. Conductivity was relativetplde in all mesocosms throughout the
experiment. A slight increase in pH and DOC valweas observed in water samples from all
the channels compared to incoming water, espedmiy day 35. A decrease in phosphorus

and silicate levels was detected from day 28, dyeetiphyton development.
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Table.1 Water chemistry: pH, conductivity, RO Si0; and DOC of samples taken from
incoming water (reference), control mesocosms guller not), and chronically-exposed
mesocosms (pulsed or not) throughout the 63 dafseaxperiment.

Sample Day pH Cond PO SiO, DOC
(uS.cm) (mg.L'") (mg.L'Y) (mg.L'h)

D28 7.75 301 0.007 1.23 1.22

D35 7.69 287 0.004 1.25 1.17
D42 7.94 288 0.002 1.83 1.06
D49 7.9 302 0.01 1.43 1.05
D63 7.77 298 0.001 1.34 1.14
Non pulsed-control channelD28 8.1 303 0.003 0.63 1.7
D35 8.25 300 0.004 1.24 1.24
D42 8.23 274 0.002 0.62 1.19
D49 8.1 306 0.003 0.41 1.22
D63 7.97 302 0.003 1.22 1.25
Pulsed-control channel D28 7.97 299 0.002 1.18 1.28
D35 8.3 295 0.003 0.78 1.11
D42 8.27 282 0.004 0.95 1.2
D49 8.09 302 0.009 0.92 1.29
D63 8 302 0.005 1.02 1.28

D28 8.04 298 0.004 O0.77 1.9

D35 8.44 292 0.004 0.36 1.55
D42 8.26 284 0.002 0.75 1.43
D49 8.07 302 0.003 0.89 1.3
D63 7.98 300 0.005 0.92 1.14
Pulsed-chronic channel D28 8.01 300 0.002 1.07 1.95
D35 8.15 298 0.004 0.79 1.34
D42 8.24 287 0.002 0.91 1.29
D49 8.08 303 0.005 0.6 1.34
D63 7.97 301 0.002 1.01 1.17

Incoming water (lake
water)

Non pulsed-chronic
channel

Except during pulses, diuron and tebuconazole cdratgons in control-mesocosm water
samples throughout the experiment were always b#tewimit of quantification (0.02 pg.L
Y. Outside pulse periods, diuron and tebuconazoleentrations in the two chronically-
contaminated mesocosms ranged from 0.55 to 0.85”ugnd from 0.22 to 0.49 pgi.
respectively. No metabolites were detected in tlaewsamples. Pesticide concentrations
(average of the three pulses) in water during pp&@ds are given in Table 2. Between 5
and 11 hours after the pulse start, high pesticaeentrations were constant. Unlike in the
non pulsed-chronic channel, one diuron metabolM€NIU) was detected after 11 hours of

acute exposure in the pulsed-control and pulsedrdtichannels. Thirteen hours after pulse
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cessation, low pesticide concentrations were dgilectable in the pulsed-control and pulsed-

chronic channels.

Table.2 Pesticide concentrations (means = s.d. in figdf diuron, DCMU and tebuconazole
in water samples from the pulsed-chronic and putgedrol channels during pulse
sequences. Values are the mean concentrationmettduring the three successive pulse
exposures at t0 (before pulse start), t0+5h, tO+riht0+24h (5, 11 and 24 hours after pulse
start, respectively). LQ: limit of quantificatiod.05 ug.L* for diuron; 0.05 pg.t for DCMU
and 0.2 ug.L for tebuconazole).

Toxicant Channel t0 t0+5h t0+11h t0+24h
Pulsed-control <LQ 13.7 13.3 0.9
Diuron -- +1.6 +1.4 +0.0
) 0.69 15.5 15.4 2.13
Pulsed-chronic +0.1 +1.2 +1.5 +0.2
Pulsed-control <LQ <LQ 0.08 <LQ
DCMU - - +0.0 -
Pulsed-chronic <lR - <lQ ?'07 <LQ
- - +0.0 ]
Pulsed-control <LQ 5.7 5.8 0.4
Tebuconazole 0 : i7lé iél-gz ii.gz
Pulsed-chronic +0.0 11 +1.4 +0.1

Pesticide concentrations in the periphyton matnxnon-pulsed channels (control and

chronic) are summarized in Table 3.

Table.3 Pesticide concentrations of diuron and tebucomanolperiphyton samples taken
from non pulsed- control and chronic channels athesampling date (in pg diuron or
tebuconazole per g of periphyton dry weight). ndt detected. <LQ: under the limit of
quantification (0.04 pg:gfor diuron and 0.05 pgigfor tebuconazole).

Channel Toxicant D28 D35 D42 D49 D63
tebuconazole nd nd nd nd nd
Non pulsed-chronic diuron 0.17 0.16 0.18 0.26 0.15

tebuconazole <LQ <LQ <LQ <LQ <LQ

Like in water samples, diuron and tebuconazole eomations in periphyton samples

from the non pulsed-control channel were below timeit of quantification, and no
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metabolites were detected. In contrast, in the paised-chronic channel, diuron and
tebuconazole were found in the periphyton matrebl& 4 shows the pesticide concentrations
in periphyton matrices during each pulse and dfterthird pulse (1 and 3 weeks after) in the
pulsed channels (pulsed-control and pulsed-chrofl&ven hours after pulse starts, diuron
was detected in the periphyton matrices in bottsguliichannels, whereas tebuconazole was
only found in the pulsed-chronic channel and onlyirty the second and the third pulses.
Thirteen hours after pulse cessation, there wasoag decrease in the pesticide amounts
accumulated in periphyton matrices during pulsebadth pulsed-control and pulsed-chronic
channels. On the other hand, accumulated diuroruataancreased as periphyton underwent
increasing successive pulse exposures (only inptheed-chronic channel). Consequently,
one week after the last pulse, diuron concentratiaghe periphyton was still high (0.48 pg.L
Y, unlike in the pulsed-control channel (diuron detected). However, three weeks after the
last pulse, diuron concentration decreased back toore or less similar value to that
measured before the pulses started. Converselycdabzole concentrations did not show

pulse series-related changes.
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Table.4 Pesticide concentrations of diuron and tebucomazoperiphyton samples taken from the pulsed-cbmind pulsed-chronic channels
during each pulse (in pg diuron or tebuconazolegpef periphyton dry weight). P1, P2 and P3: singieuble- and triple- pulsed periphytons,
respectively. P3+1w and P3+3w: one and three waft&s the third pulse, respectively. nd: not detdckLQ: under the limit of quantification
(0.04 ug.g for diuron and 0.05 pggfor tebuconazole). ns: not sampled.

Channel Toxicant P1 P2 P3 P3+1w P3+3w
(D28+D29) (D35+D36) (D42+D43) (D49) (D63)
t0 +5h +11h +24h t0 +5h +11h +24h tO +5h +11h +24h tO t0

diuron nd ns 014 008 nd ns 045 0.14 <LQ 037 0.60 0.21 nd nd

Pulsed-control tebuconazole nd ns <LQ <LQ <LQ ns <LQ <LQ <LQ <LQ <LQ <LQ nd nd

diuron 0.15 ns 025 014 0.16 ns 0.71 0.34 0.24 0.77 0.90 0.41 0.48 0.16

Pulsed-chronic 1) iconazole nd ns <LQ <LQ <LQ ns 006 <LQ <LQ 0.05 008 <LQ <LQ  <LQ
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3.2. Total and autotrophic biomass

As shown in Fig. 2a, AFDW was relatively constanthioth non pulsed chronic and
control mesocosms throughout the 63 days of theeraxpnt. Control periphytons were
characterized by a significantly higher biomasstichronically-contaminated periphytons
(Student’s t-testp<0.05), except at days 49 and 63. Otherwise, asslowig. 3a, at day 35
(1 week after the first pulse), the effects of clhicoexposure and pulse exposure taken
separately were significant (ANOV4a<0.05). Periphyton from the pulsed-chronic channel
showed lower AFDW than periphyton from the non pdishronic channel one week after
each pulse (Tukey tepk0.05). At day 42 (one week after the second putbe)jnteraction
effect of chronic and pulse exposures was sigmfigANOVA, p<0.01) and there was no
significant effect of chronic or pulse exposureetakseparately. After the second pulse,
periphyton from the pulsed-chronic channel was attarized by significantly lower biomass
than periphyton from the non pulsed-chronic chaififiekey tesp<0.01), whereas biomasses
of periphytons from the non pulsed- and double gu#sontrol channels were not
different(Fig. 3a). At day 49 (one week after thed pulse), there was no significant effect of
the different modalities of exposure on the AFDWted pulsed and non pulsed periphytons,
whatever the original channel. However, at day 68e€ weeks after the last pulse),
periphytons from the triple pulsed channels (pulsadtrol and pulsed-chronic) showed
higher biomasses than periphytons from non puléedirels (control and chronic) (Fig. 3a,
Tukey testp<0.01), and the increase was greater for periplsyfoom the pulsed-chronic
channel. Total periphytic biomass was significarghd positively correlated to the PO
(Pearson correlatiop=0.009) and DOC (Pearson correlatipn.013) concentrations.
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Fig 2 Impact of chronic exposure on periphyton commusitiethe control (white symbols)
and the chronic (grey) channels. (a) AFDW biomads, chlorophylla, (c) primary
production (CQ incorporation) and (c) short-term sensitivity tardn (EGo) during the 63
days of the experiment. Error bars represent stdrkviations, except for induced tolerance
where they represent the confidence interval (n)= S3ars represent Student’s t-test
significance (*p<0.05, ** p<0.01).
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after each pulse and 3 weeks after the last p(a36AFDW biomass, (b) chlorophydi- (c)
primary production (C@incorporation) and (d) short-term sensitivity fardn (EGyg) during

the 63 days of the experiment. PO: non-pulsed pgtgms; P1, P2 and P3: single-, double-
and triple-pulsed periphytons, respectively, onekafter each pulse, and P3+3: triple-pulsed
periphytons 3 weeks after the last pulse. Erros lbepresent standard deviations, except for
induced tolerance where they represent the cordalenterval = 3). Stars represent
Student’s t-test significance p<0.05, ** p<0.01).
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Chlorophylla was in general higher in non pulsed chronicallpased periphyton than in
non pulsed control periphyton, especially at déysudd 63 (Fig. 2b, Student’s t-tejg£0.01).
At day 35 (after the first pulse), the effects bfanic exposure alone and of the interaction of
chronic and pulse exposures were significant (Big, ANOVA p<0.001). At day 35,
autotrophic biomass was significantly lower in th@n pulsed-chronic channel than in the
pulsed-chronic channel (Tukey tep0.05), but similar between the non pulsed-cordral
pulsed-control channels. At day 42 (after 2 pulsié® interaction effect of chronic and pulse
exposures on the autotrophic biomass was signtfi@geddOVA, p<0.05). Periphyton from the
double pulsed-chronic channel had lower chloropayhan periphyton from the non pulsed-
chronic channel, whereas periphyton from the douhlésed-control channel had higher
chlorophylla than non pulsed-control periphyton (Fig. 3b, Tukegt p<0.01). At day 49
(after 3 pulses), there were no significant effeststhe different exposure modalities on
autotrophic periphyton biomass whatever the chamkfedr 63 days (3 weeks after the third
pulse), only the chronic exposure effect was sigaiit (ANOVA, p<0.001) and there were
no combined effects of chronic and pulse exposoreshe autotrophic biomass. Pearson
product-moment correlation showed that autotropioeass was positively and significantly
correlated to conductivityp€0.039) and to diuron concentration in periphytoatnces
(p=0.040).

3.3. Carbon incorporation

As shown in Fig. 2c, periphytons from the non padskronic channel were characterized
by higher primary production than periphytons frdme non pulsed-control channel at the
beginning of the experiment (days 28 and 35), dmsl trend reversed at days 49 and 63
(Student t-test,p<0.01). The effects of pulse exposure on the pymaroduction of
autotrophic periphyton communities throughout thpegiment are summarized in Fig. 3c. At
day 35 and day 42 (after the first and second pulespectively), the interaction effect of
chronic and pulse exposures was significant (ANOp<20.01). Pulses inhibited carbon
incorporation by chronically-exposed periphytonsik@y test,p<0.01) but not by control
periphytons. At day 49 (after 3 pulses), chronipasure, pulse exposure and chronic-pulse
exposure interaction all had significant effectscambon incorporation (ANOVAp<0.001).
Three successive pulses significantly inhibitedboarincorporation by control periphytons
but stimulated carbon incorporation by chronicakposed periphytons (Tukey tes£0.01).
Three weeks after the third pulse (day 63), onb ¢hronic exposure still had a significant

162



effect on primary production (ANOVA<0.01), whereas no significant differences were
observed between the periphytons from pulsed-cbrand non pulsed-chronic channels or

from pulsed-control and non pulsed-control channels
3.4. Photosynthetic efficiency monitoring during pilses

The time-course pattern of photosynthetic efficiedaring each pulse is shown in Fig. 4.
Photosynthetic efficiencies (t0+5h, t0+11h and #)}+®ere expressed for each mesocosm as
percentages of the tO baseline reference valuddgéigm at t0). This approach allowed us to
distinguish between pulse effects and the natuaahtion in photosynthesis due to diurnal
effect. The photosynthetic efficiency of periphyteas first inhibited by each pulse before
recovering after pulse cessation. During the firdse, at peak pulse exposure (from t0+5h to
t0O+11h), the photosynthetic efficiencies of perifgmg were significantly inhibited by 48
6% (pulsed-control channel) and %84% (pulsed-chronic channel) compared to the non
pulsed channels (Student’s t-test, p<0.01). Howesaring the second pulse, the pulsed-
control periphyton was more affected than the plilg®onic periphyton (5& 4% and 49
1%, respectively; Student's t-test, p<0.01), andinduthe last pulse this tendency was
confirmed (59 6% and 3% 5%, respectively; Student’s t-test, p<0.01). Gelheras pulsed-
chronic periphytons were subjected to successivissep@xposures, the inhibition of
photosynthetic efficiency progressively weakenedmgared to non pulsed-control

periphytons, especially at the third pulse.
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Fig.4 Photosynthetic efficiency monitoring during eacHspuexposure in chronic (square
symbol) and control (circle symbol) channels, egpeal as a percentage of the corresponding
reference value (value at t0, just before pulse)star each channel. Non-pulsed channels:
open symbol. Pulsed channels: grey symbol.

3.5. Diuron-induced tolerance

Due to technical problems, the dataset concerriiogi-germ incubations with diuron one
week after the second pulse is missing. The skam-bioassays of photosynthetic efficiency
gave relatively stable Egthroughout the experiment (Fig. 2d), but were nesrgnificantly
different between periphytons from non pulsed cliramd control channels. At day 35 (after
1 pulse), the effects of the chronic exposure antsep exposure taken separately, and

interaction effect of both were not significantn@e pulsed periphytons (chronic and control)
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showed similar sensitivities to diuron as non-pdlgeriphytons (chronic and control) (Fig.
3d). In contrast, after 3 pulses (day 49), only iheraction effect of chronic and pulse
exposures was significant (Fig. 3d, ANOMJ#O0.001). Periphyton from the triple pulsed-
chronic channel showed a significantly highersgthan periphyton from the triple pulsed-
control channel or non pulsed periphyton (chromd @&ontrol) (Fig 3d, Student’s t-test,
p<0.001). At the end of the experiment (three wealtsr the third pulse), there were no
significant differences between periphyton seniiéis to diuron whatever the previous
exposure history (chronic, control, pulsed or noulsed). Pearson product-moment
correlation analysis showed that phototrophic comitguolerance to diuron was positively
and exclusively correlated to diuron concentratiothe periphyton matricep<0.0001).

3.7. Eukaryotic community structure

A total of 38 different OTUs were detected durihg experiment, averaging 19 and 20
different DGGE-OTUs for control and chronic periptty samples (pulsed or not),
respectively. Figure 5 reports the PCA analysisuMaryotic diversity showing the ordination
of sampling points with respect to the two printigees. The first axis (PC1) and the second
axis (PC2) together explained more than 65% ofavae. Linear univariate regression
analysis (data not shown) showed a significantticzlahip between the samples scores on
PC1 and diuron concentrations in water5 0.407,p = 0.002), tebuconazole concentrations
in water R = 0.335,p = 0.008) and diuron concentrations in periphytaatrines R=0.319,
p=0.009) whereas PC2 was only related to the,StOncentrations R=0.283, p=0.016).
Before pulse exposures, eukaryotic communities \gsatecturally different between control
and chronically exposed periphytons according éofifst axis. Moreover, the distribution of
samples on PC1 showed that periphytons from theegethronic channel were less affected
by the successive series of pulses than periphytons the pulsed-control channel, even at
three weeks after the last pulse. Indeed, the nttweecontrol periphytons undergo pulse
exposures, the greater their eukaryotic structiwerged from their original composition (just
before pulse) towards the eukaryotic compositiopesfphytons from chronic channel. At the
end of the experiment, i.e. three weeks after thel tpulse, the eukaryotic community
structure of periphytons was fairly similar betweenlsed-control and pulsed-chronic

channels.
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Fig.5 Principal Components Analysis based on DGGE-18SAanalysis of eukaryotic
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1p, 2p, 3p: one week after pulsel, pulse2 and puisspectively. 3p+3: three weeks after the
last pulse.

4. Discussion

Numerous studies gave shown that toxicant effeefgend on both concentration and
duration of exposure (Pesce et al. 2010; TlilileR@08; Valloton et al. 2009). This means the
impact of pesticide exposure during base flow andngd flooding or the potential cross-
influence of these modes of exposure could be bigridn order to confirm or refute this
hypothesis, periphytons that had or had not beeaondally exposed to low and realistic
concentrations of a pesticide mixture (diuron aedutonazole) underwent a series of 3

successive pulses (sudden increase in concenirafitims same mixture.
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Due to the complexity of our study, this articlest@incipally focused on effects related
to diuron, although we are aware that from a chamdynamics or biological impact
standpoint, there may well be indirect effectstealao interactions between the two toxicants

(diuron and tebuconazole).
(i) Consequences of chronic contamination on autadphic periphyton communities

Environmentally realistic concentrations of thelheide diuron produced responses in
targeted (phototroph) organisms. In general, clployt-a, throughout the experiment, was
higher in the chronically-exposed mesocosms thancibntrol mesocosms, whereas total
biomass followed the reverse trend. Compared tarabperiphytons, carbon incorporation
by chronically-exposed periphytons was higher frday 28 to 35, at which point this
tendency reversed until the end of the experimBrgvious studies have reported similar
results after long-term exposure of periphytondaw concentrations of diuron or other
similar PSII inhibitor herbicides. Ricart et alO() showed a significant correlation between
the autotrophic biomass increase in periphytongpgure to increasing diuron concentrations,
and duration of exposure. They demonstrated thad.I'* of diuron was sufficient to induce
an increase in chlorophy#i-content after 29 days of exposure. These resattBrmed those
obtained by Tlili et al. (2008), who reported tipariphytons chronically exposed to 1 pg.L
of diuron showed higher chlorophylpigments and carbon incorporation rates than obntr
periphytons from day 21 to day 32 of their micranoexperiment. The “dynamic balance
theory” (Kana et al. 1997), which suggests phottsstic pigments in phototrophic
organisms are environmentally regulated (e.g. bpibeles) by mechanisms of homeostasis,
may explain these results. Indeed, the low diukmcentration-induced disruption of electron
flow in PSII during the light reaction of photoskiesis induces “shade-type chloroplasts” in a
process known as the “greening effect” (Waringle2@07). Phototrophs under stress have
the ability to adjust their intracellular light-hasting pigments (e.g. chlorophy)- to
maintain an efficient conversion of light energycteemical energy, and the loss of functional
PSII due to inhibition by the herbicide is therefmounteracted by a gain in the biosynthesis
of light-harvesting photosynthetic pigments.

Despite this protective mechanism, phototrophic mamities were unable to maintain
functional stability (e.g. primary production) afeelong period of exposure. Indeed, unlike in
the first 5 weeks, compared to the control periphytchronically-exposed periphytons
showed lower carbon incorporation rates from daytat2lay 63. Thus, despite possessing

higher amounts of chlorophydl; phototrophic organisms appear to be less effician
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maintaining normal photosynthesis. In fact, primarpduction declined drastically in the
presence of high concentrations of photosynthesidbiting herbicides, even in short-term
bursts, and “shade-adaptation” was unable to ertharéunctional integrity of phototrophic
cells (Cedergreen et al. 2005). In our study, eleugh periphytons were not exposed to
high concentrations of diuron, they were exposedr av long period (63 days) to lower
concentrations. In 2004, Chesworth et al. showatl diuron toxicity and its negative effect
on photosynthesis was progressive throughout timéhe seagrasgoostera marinaln the
same way, Vallotton et al. (2008) also showed thattoxicity of atrazine and isoproturon
(both PSII inhibitors like diuron) orScenedesmus vacuolatuscreased with increasing
exposure duration (i.e. 10, 24 and 48 hours). THieskngs could explain the community-
scale decrease in the primary production that ltadroed by the end of our experiment.

These observations are in accordance with the meghsduced tolerance in our study.
Pollution-induced community tolerance (PICT) is ddh®n the assumption that the toxicant
exerts a selection pressure once exposure readngige@ level for a sufficient period of time
(Bérard et al. 2002), inducing a shift in the conmityu structure with the emergence of the
most tolerant species and/or populations (Doegal. 2004, Tlili et al. 2010). In our case, the
eukaryotic DGGE profiles of the control and chratiig-contaminated mesocosms showed
differences from day 28. However, there was noease in PICT after a 3-month chronic-
exposure, reflecting how phototrophic communitiaskl long-term adaptation. Numerous
studies have reported a structural shift due tocémt-induced selection pressure on
phototrophic organisms, but with no effect on PIBllystrom et al. 2000, Ricart et al. 2009,
Tlili et al. 2008). It is well known that some diat species may be more tolerant to PSII
inhibitors than species of other algal classesdiEand Pelte 1999, Guasch et al. 1997), and
diatoms are commonly predominant within periphydigers in lotic systems (Stevenson and
Peterson, 1991), as confirmed by our HPLC pigmaatyses (data not shown). Therefore, as
dominant diatom species occurring in our periphytommunities may have a narrower range
of tolerance to PSII inhibitors, this kind of haritie may have little potential for any increase
in periphyton community tolerance in comparisonotber algal communities (Bérard and
Benninghoff 2001, Nystréom et al. 2000).

(i) Structural and functional “combined” effects of chronic and/or sequential pulsed

exposures on autotrophic periphyton communities
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This study showed that the phototrophic communégponses to pulsed exposures
depends not only on the number of pulses they godbut also on their exposure history
(periphytons originating from chronically-polluted ‘clean’ control mesocosms).

Patterns of change in total and autotrophic bionsass$ primary production one week
after the first and second pulses were differehvéen chronically-contaminated mesocosms
and controls. Indeed, chronically-exposed periphyteeem to be functionally more sensitive
than controls to the first two pulse exposures.séh@bservations could be explained by the
mode of action of the herbicide: diuron binds te B-binding niche on the D1 protein of
the PSII complex in chloroplast thylakoid membrartbss blocking electron transport from
QA to QB (Jansen et al. 1993). At low herbicide cantrations, a relatively high number of
QB niches will be available for the herbicide tadbiwith, and during pulses there is an
additional input of the toxicant molecules leadtngan increase in QB-diuron binding and a
higher drop in chlorophyl& and primary production than during the chronicaesype to low
toxicant concentrations (Chesworth et al. 2004)esehassumptions are confirmed by the
diuron concentrations measured in the periphytotrices one week after the first and second
pulses. Periphyton from the pulsed-chronic chanostained 0.16 and 0.24 pg diuroh dyy
weight 7 days after the first and second pulse sxg@s, respectively, whereas diuron
concentration in pulsed-control channel periphyi@s under the limit of quantification. This
suggests a cumulative effect between chronic atgkepxposures. Moreover, the 7 days of
the “recovery period” between the first two pulsess not sufficient for chronically-exposed
periphytons to reverse the negative-additive edfeftchronic and pulse exposures, unlike
control periphyton undergoing only pulsed exposure.

On the other hand, the chronically-exposed periptg/tseemed to show stimulated
primary production after three successive pulsesipemed to non-pulsed periphytons.
Moreover, the decrease in total and algal biomalgsafing the first two pulses was cancelled
out, indicatinga priori that these communities become less sensitiveuimnli Indeed, no
tolerance acquisition was observed in short-teroagsays one week after the first pulse.
Conversely, 7 days after the third pulse, the dosdly-exposed phototrophic communities
showed a significantly higher diuron Efthan control communities. Also, photosynthetic
efficiency measured at each pulse was in agreeménthe tolerance measurements. Indeed,
during the first pulse, chronically-exposed comniesiwere more sensitive to pesticide pulse
than control communities, whereas during the se@mtthe third pulse this tendency was
reversed and photosynthetic inhibition was morenpumced for the control periphytons. Like

the other parameters studied (primary productiotal tand autotrophic biomass), acquisition
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of tolerance to diuron seemed to be influenced pyogressive and cumulative effect of both
exposure modes (chronic and pulse).

Multivariate analysis of the eukaryotic periphytaommunities (PCA based on the
DGGE-18S rDNA gene fragments) showed that contoshrounities were restructured by
toxic pulses whereas communities chronically-exgdsea low pesticide concentration were
only slightly if at all affected by the pesticideillpes. Kashian et al. (2007) showed that
compared to a naive community never previously ettbfd to selective pressure, benthic
communities growing under metal pollution presswere initially structurally impacted,
resulting in reduced genetic diversity, but thateafexposure to an additional stress
(equivalent to the pulse exposure in our case), gfeeexposed communities were less
impaired than control communities. Vinebrooke et(aD04) suggested initially selection-
pressured algal communities in a slightly contateidamicrocosm lost their potential for
selection and were no longer restructured by ndgeprontaminations by the toxic agent.

Overall, these results showed that an increasdatoprophic PICT does not necessarily
correspond to a detected structural change. Aaegrth Kashian et al. (2007), functional
acclimation (i.e. EG measurements) may act at the population level,lewbpecies
replacement (i.e. eukaryotic diversity) is a comityilevel response. Indeed, as stated above,
the PICT concept is based on the fact that expasiucemmunities to toxicants leads to the
selection, which could be intra- or inter-specifaf,the most tolerant individuals. There are
many examples demonstrating intra-specific selectespecially for algal populations in
aguatic ecosystems contaminated by metals or xeticbiBérard et al. 1998, Debenest et al.
2009, Kasai et al. 1993), which could explain asulits.

Another hypothesis linked to the diuron accumutatio the periphyton matrices could
explain the decrease in the sensitivity to diumorchronically-exposed communities after the
third pulse. Our study found that not one weekrdtfte first and the second pulse but one
week after the third and last pulse, diuron conegioins in chronically-exposed periphyton
had become significantly higher than in control mam-pulsed periphyton. As explained
earlier, at low herbicide concentrations there Wwdl a relatively high number of QB niches
available for the herbicide to bind with, and dgrjpulses there is an additional input of the
pollutant molecules leading to an increase in QBah binding. However, Chesworth et al.
(2004) suggested that as herbicide concentratimisase, there will be fewer QB niche sites
available for occupation by the herbicides, mearimgling rate may decrease until the is no

more toxicity additive-effect. Thus, we can posie texistence of a concentration threshold
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beyond which the harmful toxicant effect is no lenge observed, consequently leading to an
increase in photosynthetic efficiency andsE@lues. This was apparent in our investigation.
All the tested endpoints (total biomass, chloroplypigment, primary production and
ECso values) except eukaryotic diversity indicated thiatee weeks after the last pulse
exposure, the pulsed communities (chronically-eedosr not) returned to a similar state to
before the start of the pulse exposure, reversingtws found after the one-week recovery
periods between successive pulses. However, thargatic diversity of pulsed-control
periphytons continued to evolve even three weeker ahe last pulse, indicating that
structural recovery was slower than functional vecg. Some studies have addressed the link
between toxicant pulses and duration of betweeseputcovery period (Macinnis-Ng and
Ralph 2004, Vallotton et al. 2009). Vallotton et @009) investigated the effects of various
sequential pulsed isoproturon exposure scenarits warious recovery periods on the algae
Scenedesmus vacuolataisd found no significant difference on photosytithefficiency or
tolerance to this herbicide. However, Macinnis-Ngl &alph (2004) assessed the effect of
single and multiple exposures to copper and Irga@&ll on a seagrasgpstera capricorni
They found that effects and recovery period vaaecbrding to toxicant tested and number of
pulsed exposures, with copper being more harmiubfgae than Irgarol 1051. Dorigo et al.
(2010) also reported that periphyton communitieovered less after copper exposure than
after diuron exposure. They linked their observatito the difference in accumulation rates
between metal (high accumulation) and organic k&téi(low accumulation), adding that
diuron was quickly and completely released fromighgtton matrices after exposure
cessation whereas copper was still detected seweelts later. Our results are in accordance
with these findings, since three weeks after thiedtlpulse, the diuron concentrations

measured in periphyton matrices were similar ta¢hmeasured before the pulse.

(i) Relationships between the toxicant partitionng and periphyton responses linked to

chronic and pulsed exposures

The issue of pollutant partitioning and toxicity @eriphyton communities has been
widely studied for metals contaminations (Guaschle2002, 2003, Serra et al. 2009, Soldo
et al. 2005), but to our knowledge only very fevses have focused on organic pesticides
during chronic exposure (Dorigo et al. 2010, Tdtial. 2010), and only one study on pulse
exposure (Tlili et al. 2008). Indeed, most of thedges that addressed this issue, whether for

chronic or pulsed exposures to pesticides, focgsély on the toxicant fraction in the water
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column and not on the fraction adsorbed in theodgickhl matrix (Chesworth et al. 2004,
Jurgensen et al. 1990, Vallotton et al. 2008).

Our findings highlighted that functional parametevere generally controlled by the
adsorbed fraction of toxicant while structural paeders were mainly linked to the fraction in
the water phase. Linear regressions between sasqbess on the PCA-axis (generated
based on eukaryotic diversity and physicochemie#h)dshowed that the structural evolution
of our communities was influenced mainly by therdiuand tebuconazole concentrations in
the water and to a lesser extent by the diuron exunations adsorbed in periphytons.
Conversely, Pearson correlations between otheodicdl endpoints and physicochemical
water data indicated that chlorophgllpigment synthesis, photosynthetic efficiency darin
pulses and induced tolerance to diuron were siamfly and linearly correlated to diuron
amounts accumulated in periphytons. Dorigo et 2010) showed that shifts in periphyton
sensitivities to diuron and copper were correlated the adsorbed amounts of the
corresponding toxicant. Tolerance to diuron, whies released faster than copper from the
periphyton matrices, decreased faster than tolerdaccopper. Cedergreen et al. (2005)
proposed that the effect of pulse exposure coulgewe on both rate of herbicide
accumulation and the organisms’ ability to recovdrey showed that compounds with high
adsorption and desorption kinetics have a strofigaetional effect (e.g. induced tolerance
and photosynthetic efficiency in our case) butfalewed by a rapid recovery, indicating the
importance of the fraction accumulated in the kgalal matrix in showing persistent
functional effects.

Here, the different temporal scale on which stradtor functional responses occurred
could explain the different relationships betweeaxidant partitioning and periphyton
responses: functional responses to xenobioticsllysaacur rapidly (e.g. photosynthesis
inhibition) and could thus synchronize closely wigipid changes in toxicant concentrations.
In contrast, structural changes (e.g. eukaryoticerdity) are usually more long-term
responses to perturbations (due to generation tpopulation development, etc.) and thus
cannot be related to the rapid changes in adsdrbdacide fraction during the pulse. These
assumptions may be confirmed by our data on telamme, which cannot directly impact
phototrophic communities and has only an indirdigtcé that occurs later than a direct effect
could be detected. According to multivariate analysnear regressions), only tebuconazole
concentrations in the water influenced the strictmf the phototrophic periphyton
component, reflecting an indirect effect on thisnoounity. Conversely, tebuconazole had no

effect on phototrophic functions, thus confirminigettime-lag between functional and
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structural responses. This bilateral “toxicant ifiari—exposure” relationship could therefore
be a core mechanism in the modulation of periphygsponses, depending on the biological

level (structural or functional) considered.
5. Summary and conclusion

The effects of chronic and pulse exposures andxaant partition on periphyton can be
summarized in a three-stage model scheme (Figih@.first stage (i.e. two pulses) marked
the start of a cumulative effect of chronic andsputxposures. Chronic exposure alone at low
diuron concentrations (1 pgi) induced a resistance of structural endpoints ddit@nal
exposures (pulses), whereas functional endpointe wegatively affected. The combination
of chronic and pulse exposures clearly affected alsorbed fraction of diuron, which
increased progressively in the chronically-expgsedphytons that had undergone pulses but
not in the control periphytons. In the second st@ge third pulse), the adsorbed fraction of
diuron continued to increase in the chronically@sgd periphytons but not in control-
channel periphytons. This second stage appearswviolve a toxicity threshold, as the
cumulative effect of chronic and pulse exposureseoled on chronically-exposed
periphytons in the first stage was cancelled irs thécond stage, and these communities
showed a higher PICT than all the other periphyt@msnversely, there was an additional
effect of successive pulse exposures on controipipgon (CQ incorporation and
chlorophylla were reduced by the 3 successive pulse exposWskover, there was a
progressive convergence in eukaryotic diversityveen control periphyton and chronically-
exposed periphyton. The negative effect of longiteexposure at low pollutant
concentrations combined with two short-term expesuat high pollutant concentrations (i.e.
chronic exposure + 2 pulses), which was observetdrfirst stage, seemed to be equivalent
to three successive short-term but high-concentragixposures (i.e. 3 pulses). Finally, the
third stage corresponds to a recovery period amduan to the initial pre-exposure conditions
(i.e. before pulse exposure). Phototrophic peripiydommunity recovery seems to be faster
from a functional standpoint than a structural dpoint, whereas the reverse was observed at

the first stage, especially for PICT.
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1st stage ][ 2nd stage 4 3rd stage

Diuron into biofilms

PICT and Yield g5,

Eukaryotic
structural similarity

COjinc and Chl- a

Fig.6 Three-stage model scheme of the effects of segligmilse exposures on control
(dotted line) and chronically pre-exposed (solide)i periphyton (relative to non pulsed-
control or chronically-exposed periphyton). Thipnesentation of the effects on diuron in
periphytons, eukaryotic structural similarity, afdphyll-a pigment (Chla), PICT, carbon
incorporation (CQ@ inc) and photosynthetic efficiency (Yigkdnn) does not correspond to a
real scale.

174



Overall, our results showed clear cumulative effebitstly between chronic and pulse
exposures, especially on induced tolerance to djuand secondly between the successive
pulse exposures. Thus, pulsed and chronic exposam@sot be considered separately for
assessing the effects of pollutants on non-targgaresms in lotic systems, singe situ
hydrological dynamics combine both base-flow (cliepand flood (acute) periods. The next
step in toxicity assessment under varying hydracsieditions would be to consider the joint
effect of flow velocity (Battin et al., 2003b, Jergsen and Hoagland 1990) and changes in
organic matter content associated with floods {he.“priming effect” in Guenet et al, 2010),

which are liable to modulate periphyton responedsxic exposure.
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C.I1.2. Evolution spatio-temporelle de la toléran® acquise au zinc des

communautés microbiennes du biofilm

La Tolérance induite par la pollution (PICT) esteuspproche qui utilise le phénomeéne
d’accroissement de la tolérance des communautsgedecontaminés ,vis-a-vis des pollutions
et en comparaison a des sites de référence noansm@Es comme un indicateur direct et
spécifiqgue de I'exposition et des effets des coimants. Toutefois, étant donné la vaste
complexité structurelle et fonctionnelle qui caéiste les communautés biologiques,
I'acquisition de la tolérance aux polluants peutievaavec (i) la communauté cible et sa
diversité originelle, (ii) l'intensité de I'expdsih au toxique ainsi que sa durée, et (iii) les
caractéristiques physico-chimiques du site étudié.

Pour évaluer [|'évolution spatio-temporelle de ldérance induite par le zinc de
communautés de biofilms de riviere, une étudsitu a été menée dans la riviere Osor (Nord-
Est Catalogne, Espagne). Cette riviere est carségpar une pollution multiple aux métaux
lourds due a un effluent minier et en particuliar pin gradient de contamination en zinc
(jusqu'a 600 pg.Y). Nous avons mis & développer des biofilms sursistrats artificiels
pendant cing semaines dans un site de colonisatins pollution métallique, , et les avons
ensuite transférés sur des sites du méme bassenpaét différents niveaux de contamination
par le zinc. L’évolution spatio-temporelle de l#étance induite par le zinc a été caractérisée
via des bioessais d’'inhibition de I'efficacité pbsynthétique (ciblant les phototrophes) et de
la respiration induite par un substrat carboné lqoib les hétérotrophes) des biofilms
provenant des différents sites et a difféerentesogés apres le transfert jT(i.e. To + 1
semaine ; § + 3 semaines ety I+ 5 semaines). En outre, une caractérisation pbysi
chimique des différents sites d’échantillonnagesiaiqu’une analyse taxonomique des
diatomées, de la diversité bactérienne et fongi@ure utilisant la technique d’empreintes
génétiques ARISA) et des pigments phototrophegtineffectuées. L'analyse multivariée (a
savoir I'analyse en composante principale et I'gs@ldes données par redondance) des
données structurelles et fonctionnelles a montréngplus de la succession naturelle des
communautés microbiennes, lintensité d'expositian métal a exercé une pression
structurelle en sélectionnant les espéces lestplésantes au zinc, mais différemment selon
le compartiment biologique étudié du biofilm. Lessures de la tolérance induite par le zinc
ont confirmé ces observations et ont indiqué quexyosition a d'importantes concentrations

en métaux sur le court terme équivaut a une plsd@xposition a de faibles concentrations.
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Les résultats et interprétations de cette étudé ma@sentés dans l'article 6 intituléne
situ spatio-temporal evolution of pollution-induced aqoomity tolerance to zinc in

autotrophic and heterotrophic biofilm communitiests:soumis a la revugcotoxicology
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Abstract

Pollution-induced community tolerance (PICT) is approach that employs increased
tolerance in populations at contaminated sites d&ext indicator of contaminant effects.
However, given the broad structural and functioc@hplexity that characterizes biological
communities, the acquisition of tolerance to palhis could vary with (i) target community,
(i) intensity of toxicant exposure and the specigsccession stage, and (iii) the
physicochemical characteristics of the studied Jiteassess the spatio-temporal evolution of
zinc-induced tolerance in fluvial biofilm commumi$, ann-situ study was conducted in Osor
river (North-East Catalonia, Spain). Osor rivercisaracterized by multi-metal pollution,
especially zinc-gradient contamination (reaching 60g.L* due to a mining effluent).
Biofilms were developed during five weeks in a noatal-polluted colonization site on
artificial substrates, and subsequently transfetoatifferent sites with different levels of zinc
contamination. The spatio-temporal evolution offilmo induced tolerance to zinc was
characterized based on photosynthetic activity dsags (targeting phototrophs) and
respiration-induced aerobic bioassays (targetingrogrophs) in the different sites at different
exposure times after the translocation datg, (Te. at H + 1 week, § + 3 weeks and g+ 5
weeks. In addition, we ran physicochemical charazton of the sites, taxonomic analysis
of diatoms and bacterial and fungal diversity (gsthe ARISA technique) and pigment
profiling of phototrophic communities. The stru@lrnd functional results analyzed by
multivariate ordination analyses showed that initawit to natural species succession stage,
the intensity of metal pollution exerted structysegssure by selecting the most metal-tolerant
species, but differently according to the analyaedilm component. Zn tolerance measures
confirmed these assumptions, and indicated thdt figtal pollution exposure in the short-
term (i.e. 1 week) was equivalent to a longer eypowgi.e. 3 and 5 weeks) to low metal

pollution levels.

Keywords: fluvial biofilm, pollution-induced community totance, spatio-temporal evolution,

zinc, multivariate analysis.
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1. Introduction

Fluvial biofilms are an important natural consamtitof microorganisms composed by
algae, bacteria, fungi and protozoa embedded iolgsg@ccharide matrix and growing on
submerged substrata surfaces. It is well estaldistat in small lotic systems, these
communities play fundamental roles in ecosystenatfan as they are key to most processes,
including oxygen production and nutrient cyclingafn etal., 2003). Moreover, biofilm
communities are one of the first collateral victiofsmetal contamination, which can rapidly
affect their structure and function (Soldo and BeR000, Dorigo eal. 2010, Morin etal.
2007). Due to their structural and functional coexgly, fluvial biofilms integrate the effects
of environmental conditions over extended perioflgirae, justifying their use as early-
warning indicators of toxicant exposure in aquattosystems (Dorigo ei. 2004, Sabater et
al. 2007). The differences in sensitivity to metal$ween the different species composing
biofilm communities forms the basis of the pollutimduced community tolerance (PICT)
concept introduced by Blanck at. (1988). PICT was proposed as a sensitive and fgpeci
endpoint measure to evaluate the exposure-effetaian of pollutants at community level.
The rationale behind the PICT concept is toxicatgraint organisms can survive exposure
whereas the most toxicant-sensitive organismsheileliminated, inducing an increased PICT
that reflects a globally more tolerant communityheTadvantage of this concept applied to
biofilm communities and their abilities to acqui@erance is that the PICT approach can
establish a cause-effect relationship between dutpat and its impact on biological
communities taking into account the contaminati@stdny of the ecosystem at community
level (intra- or inter-species) (Tlili and Montue|l2010).

In addition to the selective pressure exerted Ricémts, tolerance evolution could also be
related to other factors such as the natural paipualssuccession process within biofilms
(dubbed “baseline tolerance”): mature stable systéike biofilm) are characterized by a
preponderance of organisms known as K-stratedists ducceed by being well-adapted to
their environment. Earlier successional stages naay a greater proportion of r-strategists —
organisms with broad environmental tolerances #tatggle to survive in stable habitats
where they cannot compete favourably against theeradapted K-species (Frontier adt
2004). Based on these assumptions, we could suppaseregardless of toxicant-driven
selection pressure, mature biofilms are naturalyrerolerant to disturbance than younger
biofilms. Indeed, during the early stages of format biofilm is considered an open system
with a little internal cycling of nutrients and ban. Initial heterotrophic and autotrophic
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colonizer populations remain dependent on the abidilly of nutrients from the water column
until they reach a pseudo-steady-state. In the Ebtges of development, micro-niches are
created and biofilms become a closed system asaegel with the water column decrease.
On one hand, the whole-system community is moréepted from external stress, yet on the
other, there are greater interactions between itfexeht trophic levels within biofilms, since
heterotrophic communities (e.g. bacteria and furagg more dependent on autotrophic
production occurring within the biofilm (e.g. froalgae or cyanobacteria) (Jackson, 2003).

The question that presents itself is therefore: mollvthe tolerance of microbial biofilm
communities evolve over time in response to a @radof selection pressure related to a
chemical contamination?

An increasing number of aquatic ecosystems studit®e community ecotoxicology field
have explored the PICT concept (Dorigamkt2007, Pesce ail. 2010, Tlili etal. 2010a), yet
the spatio-temporal evolution of tolerance undetain@ntamination pressure has rarely been
addressed. Moreover, the few previous studies exagithis issue failed to account for the
specific structural and functional complexity obfiims, and only one taxonomic component
(autotrophic communities) has been studied. Ivetta. (2000) assessed the toxicity of zinc
and cadmium on benthic microalgae after 2 and 6ksved biofilm colonization in an
extremely polluted site and compared the resultnteasurements from an upstream
community. They found young biofilms were more \ariible to metal exposure than mature
biofilms, confirming that exposure history combingih biofilm age determine tolerance to
metals. On the other hand, it is well known thaidant exposure intensity may modulate the
adaptability of microbial biofilm communities andus their tolerance (Blanck at. 2003,
Dorigo etal. 2010, Guasch etl. 2010). Soldo and Behra (2000) showed that aftewd@ks
of biofilm exposure to various copper concentrajoautotrophic community tolerance to
copper was higher in pre-exposed communities tlatral communities, and this tolerance
increase was linearly and positively correlatethtometal concentrations.

Given the structural and functional complexity irdrg to fluvial biofiims and the vast
range of potential interactions that between diffémmicrobial components, we hypothesized
that induced tolerance to metals in fluvial bioficommunities could vary not just along a
spatial gradient but also along a temporal grad@ntnetal contamination, and that this
evolution could be different depending on the Wmficomponent studied (autotrophs or
heterotrophs). The aim of this study was twofoldstf to investigate the temporal evolution
of the induced tolerance to zinc in autotrophic haterotrophic biofilm communities along a

zinc gradient in a field context, and second, mk lihis tolerance evolution to the structural
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changes observed in different taxonomic kingdonmet ttompose biofilms (i.e. bacteria,

diatoms, fungi).
2. Material and methods

2.1. Study site

The translocation experiment was conducted in #worsd-order Osor river in Girona
(NE, Spain), a tributary of the Ter River (Fig.The Osor is 23.5 km long and drains a
catchment area (from the Guilleries Mountains) 89® ha. The river's stone-bedded
geological substratum is mainly siliceous, with r@de mineralization (173 mg'LCaCQ,
ACA 2009). Hydromorphology-wise, it presents riffland pools. The riparian vegetation is
well represented, reaching high cover in springs Tiver is relatively well preserved, and the
low anthropogenic pressures are essentially comtisu(mine effluent) and diffuse metal
inputs (mine run-over) from former mining activai€finished in 1980). Urban pressures are
low, with small amounts of residual sewage from 1Qstlage (354 inhabitants) and from a
wastewater treatment plant located upstream (SariHsacalm with 5064 inhabitants).
Regional climate is Mediterranean. Annual averageipitations are 950 L.fp and median

temperature is 12°C.

Fig.1 Catchment area of the River Osor (Spain) anddhgsng areas (CS: colonization site,
Up: Upstream site, M1: Mining.1, M2: Mining.2 and3MMining.3).
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2.2. Experimental set-up and sample collection

This in-situ translocation study was led over April to June 20Biofilm was grown on
artificial substrates to reduce the heterogenéity bccurs on natural substrates (Cattaneo et
al. 1997) by controlling both substrate colonizatiarmface and biofilm maturation level,
which is fundamental in the context of this stuynall (1.44cm?2) and big (17 cm?2) sand-
blasted glass slides were glued to 0.16 m2 cintbeakb with silicon sealant. 24 blocks were
placed horizontally in the colonization site, irethenter of the stream. After 5 weeks of
growth, mature biofilms were transferred to 4 sangpsites (6 blocks per site) and placed in
similar light and water current conditions. To av@iny translocation effect that could be a
confounding factor, the colonization site was mmsidered in our monitoring (since biofilms
did not undergo the transfer step). Instead, a dowam site similar to the colonization site
and with good ecological status and background Irpetlution was used as reference or non-
metal-polluted site, hereafter referred to as “rgasnh” site. Three sites presenting different
levels of Zn contamination were chosen from witthia mining area (listed from upstream to
downstream): the first site, referred to as “Minitigis situated before the main mine effluent
and expected to receive diffuse metal inputs. Tdwisd site, referred to as “Mining.2”, is
located after the mine effluent, leading to conbinsi metal inputs, and the last site referred to
as “Mining.3”, is expected to have the lowest metaicentrations due to metal precipitation
and storage in the sediment (Fig.1). Biofilms warkected from each sampling area 1, 3 and
5 weeks after translocation. For chemical, molaguPLC-pigment and diatom diversity
analyses, biofilms were immediately scraped, wierdea photosynthetic efficiency, total
biomass and bioassay analyses, the glass substetekept intact and placed in boxes filled
with water from the corresponding site. All the gd@s were then placed in cool-boxes and
transported to the laboratory within 5 hours aftampling. Except for diatom analysis (for
which samples were preserved in a formalin solut## of final volume), all samples for
structural endpoints and chemical analysis wereedtat -80°C for further processing. Total
biomass , photosynthetic efficiency and bioassalyaes were performed immediately on

return to the laboratory.
2.3. Physicochemical analyses

Sampling parameters including oxygen (%), pH, caetdity, temperature (WTW
Meters, Weilheim, Germany) and light (LI-COR Ind.incoln, Nebraska, USA) were
measuredn situ during each sampling period. Light measurementse vperformed in the

river center and at both banks in order to caleutlaé percentage of cover. Moreover, in order
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to assess chemical parameters including DOG> P@itrate and dissolved metals (Al, Fe, Ni,
Cu, Cd, Pb and Zn), water samples were filtereddiNWembrane Filters 0.2 um, Whatman,
Maidstone, UK) and frozen in the lab until analySisater samples for metal analysis were
acidified with 1% of Suprapur nitric acid beforerstge). Phosphate (B concentration
was analyzed using the Murphy & Riley (1962) molgbdm blue colorimetric method
following standard procedures (APHA 1989). Nitratgs determined by ion chromatography
(761 Compact IC, Metrohm, Herisau, Switzerland)sddived metal concentrations were
analyzed using inductively-coupled plasma mass tepeetry (7500 ICP-MS, Agilent
Technologies, Wilmington, DE). Limit of detectionag O.lzug.L'l for Cu, 2.82;Lg.L'l for
Zn, 0.72pg.L" for Al, 0.40 ug.L™* for Pb, 2.44ug.L" for Ni, 17.18pug.L™ for Fe and 0.32
ug.L™ for Cd.

To measure concentrations of metals accumulatediaghlm matrices, three different
slides (17 cm?/slide) were scraped separatelycit sampling area and date. After collection,
the biofilms were freeze-dried and weighed. Dry gl@s (around 200 mg) were digested with
4 ml of concentrated nitric acid (Suprapur) and 110m30% hydrogen peroxide in a high-
performance microwave labstation (Milestone, Etbel$ and 25 mL Milli-Q water was added
to dilute the acid concentrate. The water samplka®e w&nalyzed following the same procedure

as for total dissolved metal concentrations in wate
2.4. Total and phototrophic biomass

The organic matter content of three small substrates calculated as described in Tlili et
al. (2008). Results are expressed as §.m

Chlorophylla content in biofilm was quantified by HPLC analysiBhe identified
chlorophylla was quantified from external -calibrations on stadd chlorophylla
(C55H72MgN405, Carl Roth GmBH & Co). Final conceibns are given as pg.énfsee
2.5.2 for analytical details).

2.5. Structural analyses

2.5.1. Biofilm DNA extraction, amplification, andu@mmated ribosomal intergenic spacer-
analysis (ARISA)

Three biofilm replicates (big frosted-glass slidggr sampling site and period were
scraped then centrifuged at 14,09®r 30 minutes at 4°C. The supernatant was removed
and the biofilm pellets were kept at -80°C unticlaic acid extraction using the DNAeasy
Plant kit (QIAGEN) following the manufacturer’s tngctions.
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Amplification and ARISA of the 16S-23S intergenipaser region from the bacterial
rRNA operon and the two internal transcribed spapdus 5.8S (ITS1-5.8S-ITS2) from the
fungal rRNA operon were performed according to Bahgtal. (2003), with modifications.
Briefly, the bacterial intergenic spacers were afiepl using the primers S-D-Bact-1522-b-S-
20 (eubacterial rRNA small subunit, 5’-TGCGGCTGGATCCTCCTT-3’) and L-D-Bact-
132-a-A-18 (eubacterial rRNA large subunit, 5-CCGGE TCCCCATTCGG-3). The
fungal intergenic spacers were amplified using therimers 2234C (5'-
GTTTCCGTAGGTGAACCTGC-3) and 3126T (5'-ATATGCTTAAGICAGCGGGT-3)).

In both cases, PCR amplification was performed Omub volumes containing a 10x Taq

reaction buffer (Sigma), 120 uM of each deoxynuiitep 1 UM of each primer, bovine

serum albumin (Sigma, 0.5 mg.flfinal concentration) and 1.25U Taq DNA polymerase
(Eurobio 1.25U). All amplifications were performeosh a TPersonal Thermal Cycler

(Whatman Biometra, GmbH Niedersachsen, Germanygh Bt of reactions included a

negative control in which the template was replabgdan equivalent volume of sterile

deionized water.

ARISA analyses were performed on an Agilent 21006aBalyzer (Agilent Technology
Mfg GmbH & Co. KG) following the manufacturer's tngctions. Bacterial and fungal
ARISA profiles were analyzed using GelCompar liteafe (Applied Math NV) leading to a
matrix based on the quantification of relative bartdnsities.

2.5.2. Phototrophic pigment analysis by high-penfance liquid chromatography (HPLC)

Three small glass slides were selected separatedach sampling site and period and
processed for HPLC pigment analysis as describedliinet al. (2008). Pigments were
identified according to their specific retentiooméis and absorption spectra using DAD
according to SCOR guidelines (Jeffreyaét 1997). A table was constructed (with samples as
rows and pigments as columns) integrating theivelabundance of each pigment in a given
sample (expressed as a percentage of the sum afdheof all the pigments in a sample). In
addition, diatoms, cyanobacteria and green algae wentified from their specific pigment
signatures (fucoxanthin for diatoms, zeaxanthinci@nobacteria, and lutein for green algae).
We employed a quantitative method developed froraleulation model based on published
ratios (t,) for monocultures (Wilhelm etl. 1991). Final concentrations are given as pg.cm
2.5.3. Diatom community structure

Three replicate small frosted-glass slides per aitd sampling period were used for
identification of biofilm diatoms. Biofilm samplewere cleaned, mounted on permanent

slides and observed under microscope according uimpgean standard NF EN 13946.
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Diatoms were counted at x1,000 magnification arehiified following Krammer & Lange-
Bertalot (1986-1991) together with recent nomenctatupdates (e.g. Diatoms of Europe,

Iconographia Diatomologica, Bibliotheca Diatomolgseries).
2.6. Functional analyses

2.6.1. Effective photosynthetic efficiency

The effective photosynthetic efficiency of photdsys Il (referred to as “eff. Yield”) was
estimated based on the chlorophyll fluorescencaasigecorded at 665 nm and given as
relative units of fluorescence. Chlorophyll fluaceace was measured on three small frosted-
glass slides from each sampling site and periothgusi MiniPAM (pulse amplitude-
modulated) fluorometer (Heinz Walz, GmbH) (Schrejl2902).
2.6.2. Basal respiration and substrate-inducedreggm

The basal respiration and substrate-induced regpiréSIR) of the heterotrophic biofilm
communities were studied using the MicroR&mmethod developed by Campbell at
(2003) for soil studies and adapted by Tliliakt(2010b) for aquatic ecosystem studies. This
technique is based on miniaturized systems offeting possibility to measure GO
production during short-term incubation. MicroRE%jis a colorimetric method based on the
color change of a pH indicator dye caused by, @lease by heterotrophic communities. The
system consists of two 96-well microplates placakfto face. One is a deep-well microplate
(1.2 mL capacity, 96-deep-well microplate, NUNC) which each well contains 500 pL
biofilm suspension (from one big glass slide, n for3each sampling site and period) with 30
uL of glucose solution (6.2 mg of C per well, pHxto calculate SIR or 30 pL of water to
calculate basal respiration. The second microptatetained the detection gel. The two
microplates were sealed together with a silicora, s@th interconnecting holes between the
corresponding wells. The assembly was clampedltegeind the system was incubated in the
dark for 15 hours at room temperature., @@p absorbance was measured at 570 nm (Biotek
Synergy HT spectrophotometer) immediately beforalisg to the deep-well plate (CoV
below 5%) and after incubation. Quantities of Jgoduced by the microbial samples were
calculated using a calibration curve of absorbaralaesversusCO, quantity measured by
gas chromatography (MTI 200 thermal conductivitjedeor). Results were then expressed as
g CQ.mg* of AFDW.h 2,
2.6.3. Short-term bioassays and zinc tolerancesassnt

To highlight the induced tolerance to zinc, the gkeah biofilms at each studied area and

period were subjected to short-term bioassays witleries of increasing concentrations of
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zinc. The functional descriptors used in this sttalgharacterize this induced tolerance were
photosynthetic efficiency (targeting the phototrigplsomponent) and SIR (targeting the
heterotrophic component).

A stock solution containing 2 M zinc (Zng®@H,O; MW = 287.5 g; Sigma high-purity
grade) was prepared in Milli-Q water and stored°& prior to dilution in the test vessels. A
semi-logarithmic series of concentrations was fsephepared by serial dilutions of the stock
solutions in 0.2 um-filtered water from the upstreaite. Final test concentrations in the
vessels ranged from 6.30M to 6.10° M for photosynthetic bioassay (3 blanks and 3
replicates for each of the 6 increasing concemwina)iand 2.1 M to 2 M for SIR bioassay (3
blanks and 3 replicates for each of the 9 incrgasomcentrations).

- Short-term photosynthetic bioassélye effect of Zn on the phototrophic fractiontbé

biofilm was assessed one, 3 and 5 weeks afterld@ion at each sampling site. Small
frosted-glass slides were exposed to increasingadientrations over 4 hours at 19°C with a
photon flux density of about 120 pmol3sT, under continuous gentle shaking. After 30 min
of dark adaptation, measurements were performedguai MiniPAM fluorometer. The
relative inhibition of the maximum fluorescencelgiat 665 nm in relation to control was
calculated to model concentration-response relghigs, which allowed us to calculate the
ECso values (Tlili etal. 2010a).

- Short-term SIR bioassato assess the effect of Zn on the heterotropfaictibn of the

biofilm, 3 big glass substrates from each sampéitg and date were scraped and suspended
separately in 10 mL of 0.2 um-filtered water frome tupstream site, and bioassays were run
using the MicroResp! method following Tlili etal. (2010b). The biofim suspension was
distributed into deep wells (5QQ per well) in a 96-well microplate to which we aatl50

puL of the metal solution (increasing concentratjoiie microplate was then pre-incubated
in the dark at room temperature for 3 hours (tcecefih artefacts causing chemical release of
CO,), then 30 pL of the glucose solution (120 mgtiwas added to each well and the
detection microplate was positioned. The systemseased and incubated for 15 hours in the
dark at room temperature (2QL°C). CQ-trap absorbance was measured at 570 nm
immediately before sealing to the deep well platd after 15-h incubation. Dose-response
curves were plotted using G@alues produced by the biofilm at each metal cotra&on,

and the EG values were calculated for each sampling sitepamibd.

2.7. Statistical data analysis
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XLstat software (2009 version) was used to analyagsicochemical data, CANOCO
version 4.5 (ter Braack and Smilauer 1998) was deedhe ordination methods, and the
Regtox model (E. Vindimian, http://eric.vindimia@online.fr/) was used to calculate thedgC
values.

- Physicochemical datato test the significance of differences in phgsitemical data
from the different sampling sites and verify whettieere was any time effect over the study,
we applied repeated-measures ANOVA using a mixedainbased on the Chi? test. If a
significance was confirmedp€0.05), the ANOVA were followed by a Tukey-HSD test
Homogeneity of variances was checked prior to datdysis.

- Biofilm diversity data analysesdata from diatom taxonomy identification, photgthic
pigments and ARISA (fungal and bacterial)-rRNA gemalysis were used to determine the
structural evolution of the different biofilm compents at each sampling site and date. Metric
data, based on relative band intensities for AREBW relative abundance for diatoms and
pigments were log(x + 1)-transformed before being included in thealgsis, and then
submitted to detrended correspondence analysis JDi@&ximum gradient length was below
3 standard deviation units for all the measuredupaters, indicating that linear methods were
more appropriate. Consequently, we carried ouirecipal component analysis (PCA) for all
the structural endpoints. Only diatom taxa and @inophic pigments accounting for at least
2% in two samples were included in the PCA (Guadeth 2009).

- Influence of environmental conditions on biofimetrics The relationship between
environmental conditions and biofilm metrics watabBshed by multivariate analysis.
Variables with a strong inter-correlation (diss@v€u, Pb and Cd) were eliminated. Except
for pH, oxygen (%) and cover (%), all the otheradatere logy(x + 1)-transformed before
being included in the analysis.

Datasets were analyzed by detrended canonical spamelence analysis (DCCA) to
determine the length of the gradient. DCCA revedlted the maximum amount of variation
in the data was below 3 standard deviation uni®0f&), indicating that linear ordination was
more appropriate. We thus ran redundancy data sieglfDA) in which response variables
were constrained by the environmental factors. lec$ only the explanatory variables that
significantly explained the distribution patternaafr samples, a forward selection was done at
a cut-off point ofp = 0.1 and the significance of each variable wateteby the Monte Carlo
permutation test (999 unrestricted permutations)b&bilities for multiple comparisons were

corrected using Bonferroni correction.
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Variance partitioning was performed to distingusttween the effects of two subsets of
environmental variables: metal pollution and theeotenvironmental variables (Borcardaét
1992). This approach allowed us to determine thetifsns of the explained variance that are
related to each data subset or shared by bothefform the variance partitioning, a series of
RDA was done: (1) RDA of response variables comstthby physicochemical variables, (2)
RDA of the response variables constrained by mptdiution, (3) partial RDA of the
response variables constrained by physicochemiaghbles with metal pollution as co-
variable, and (4) partial RDA of the response \@es constrained by metal pollution with

physicochemical variables as co-variables.
3. Results

3.1. Physicochemical data

All the physicochemical data including the concatidms of dissolved and bio-
accumulated metals measured in our study are suaedan Table. 1.

Results showed that colonization and upstream wsigge similar throughout the study in
term of their physicochemical characteristics (ANQ\W>0.05 for all parameters). On the
other hand, except for conductivity, percentageecoudissolved oxygen (%) and phosphate
concentrations, all other measured parameters (D®@perature, pH and nitrates) were
similar across all sampling areas (ANOMU#,0.05). Percentage cover was significantly lower
in the upstream site than the polluted sites (Mjriin Mining.2 and Mining.3) (Tukey test,
p<0.0001) and similar between Mining.2 and MiningTaikey testp>0.05). Mining.2 was
characterized by the highest conductivity (Tukegt 18<0.0001), followed by Mining.1
(Tukey test p<0.0001), whereas Mining.3 and the upstream sitaresh the lowest
conductivity (Tukey testp>0.05). PQ> concentration was significantly higher in the
upstream site than the other sampling sites (Tuksty p<0.0001), in contrast with Mining.2
which posted the lowest RO concentration (Tukey tesp<0.0001), whereas Mining.1 and
Mining.3 had a similar intermediate PO concentrations (Tukey tesp<0.05). Finally,
dissolved oxygen was similar between the sampliteg $ut significantly different between
sampling dates (ANOVAp<0.05).
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Table.1 Physicochemical variables measured in the stusited. Mean (n = 9) corresponds to the averagbentiata obtained throughout the
study for each sampling area and all the datesamadnmax correspond respectively to the minimumraagimum values obtained for each site,
whatever the sampling period. <LQ (under limit ofagtification). * :p < 0.05, ** :p < 0.01 and *** :p < 0.0001 based on repeated measures
ANOVA. Lower case letters indicate significant éifénces (p < 0.05) among sites (Tukey HSD test).

Colonization site Upstream site Mining. 1 Mimng. 2 Mining. 3

mean  min max mean min max mean min Max mean  mimax mean min max
pH 8.20 8.13 8.28 8.03 7.88 8.15 7.86 7.75 796 048. 7.86 8.2 7.54 7.28 7.79
Conductivity (uS/cm) ** 236 227 244 244 231 255 265 252 286 459 383 592 218 209 244
Oxygen (%) * 1005 994 102.8 99.60 97.2 101 93.10 83.1 98.8 101.17 97.3 104.8 98.55 95.9 101.2
Temperature (°C) 17.40 15.9 20.1 18.07 17 19.3 18.50 16.9 20 379.19.1 19.7 18.40 17.8 18.9
Cover (%) *** 10.00 8.37 12.54 2.19 1.36 2.67 14912.77 17.97 46.686 37.97 56 55.34 12.29 74.36
DOC (mg.L™) 3.28 2.65 3.86 3.62 2.72 6.51 3.87 2.79 6.75 403. 2.10 7.11 3.84 2.58 8.30
PO, (ug. L1 ** 0.47 0.39 0.67 0.47 0.31 0.67 (¢:390.34 0.44 0.22 0.16 0.27 0.3 0.28 0.53
NO, (mg.L™) 0.12 0.03 0.28 0.09 0.01 0.23 0.06 0.01 0.18 020. 0.01 0.04 0.09 0.02 0.19
NOz (mg.L™Y) 3.76 1.96 4.57 3.38 1.68 4.50 2.24 1.49 345 631. 0.17 3.24 3.36 1.95 4.11
NH," (mg.L™) <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ EQ <LQ <LQ <LQ <LQ <LQ
Dissolved metals
Al (ug. L) * 1.97 <LQ 6.75 1.83 <LQ 6.18 721 <LQ 15.02 <LQ <LQ <LQ <LQ <LQ <LQ
Fe (ug. L1 *** 336.0 304.4 3585 311.4 294.0 320.5 336.921.7 357.9 6000 470.1 767.7 1855 <LQ 273.4
Ni (ug. L) * 1.28 <LQ 3.92 1.39 <LQ 445 1503<LQ 5451 <LQ <LQ <LQ <LQ <LQ <LQ
Cu (ug. LY <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ EQ <LQ <LQ <LQ <LQ <LQ
Zn (ug. L) *** 4570 <LQ 146.90 36.03 <LQ 112.90 58.030.53 141.30 454.90346.50 620.90 44,69 <LQ 135.50
Cd (ug. LY <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ EQ <LQ <LQ <LQ <LQ <LQ
Pb (ug. LY <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ EQ <LQ <LQ <LQ <LQ <LQ
Bio-accumulated metals
Al (ug. g'DW) * 24666 18915 32239 18704 14799 27108 23785580 31322 17003 9528 23368 233416262 31763
Fe (ug. g'DW) 23756 19976 34397 17446 11714 27127 17612 1248406 14611 7582 21505 19549 15215 24111
Ni (ug. g'DW) ** 6.98 5.11 9.39 6.14 <LQ 26.24 9'61 0.58 40.88 29.94 6.48 52.81 12.33 10.21 20.83
Cu (ug. g'DW) * 17.42 10.47 24.23 2.64 <LQ 7.16 .47 1.76 15.24 5.2 2.03 15.19 13.78 9.67 18.56
Zn (Ug. g'DW) *** 137.95 106.78 161.00 97.14 74.71 157.18 748/96.28 1064.6 340851631.5 6129.2 5494 426.9 727.9
Cd (ug. g'DW) <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ <LQ EQ <LQ <LQ <LQ <LQ <LQ
Pb (ug. g'DW) *** 33.39 18.88 46.20 19.85 17.16 22.93 135.620.1 160.9 175°7 90.8 294.4 13123 92.84 199.0
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Dissolved Cu, Cd and Pb concentrations were alwal®v the limit of quantification in
all the studied sites and periods. Repeated-measMOVA showed that Al, Fe, Zn and Ni
concentrations were significantly different betwesiies p<0.05 for Ni andp<0.0001 for the
others). Ni and Al concentrations were significaritigher in Mining.1 than in the other
sampling sites (Tukey tegp<0.05), which showed similar contaminations of batktals
(Tukey testp>0.05). However, Fe concentration in the upstreenveas significantly higher
than in Mining.3 but significantly lower than in NMng.1 and Mining.2 (Tukey test,
p<0.0001). Conversely, the upstream site was cleiaet! by low Zn contamination whereas
Mining.2 showed the highest Zn contamination (Tukest, p<0.0001). Mining.1 showed
intermediate Zn contamination, whereas Mining.3 si#ghtly more contaminated than the
upstream site.

The quantification of accumulated metals withinfitimo matrices showed a different
pattern than for dissolved metals, except for Gd wmas also under the limit of quantification
in all the sampled biofilms. Compared to other nsgtAl and Fe accumulated most strongly
in biofilm matrices. There were no significant beem-site differences in Fe (ANOVA,
p>0.05), whereas Al was significantly different (AN@, p<0.05), with Mining.1 and
Mining.3 showing the highest concentrations andiMjt2 and the upstream site showing the
lowest concentrations (Tukey tegt<0.0001). Accumulated Pb, Ni, Cu and Zn were
significantly lower in the upstream site than thiken sampling sites, and Mining.2 biofilms
accumulated these metals more than the other sitespt for Cu which was most strongly
accumulated in Mining.1 and Mining.3 biofilms (Tykeest, p<0.0001). Biofilms from
Mining.1 and Mining.3 showed similar intermediatscentrations of Zn and Ni.

3.2. Structural analyses and principal componealyais (PCA)

3.2.1. Phototrophic communities

- Phototrophic pigmentsA total of 16 pigments were detected in all theamples
collected. Among them, only 10 (accounting forestst 2% in two samples) were included in
the PCA (Fig.2). The first two axes (PC1 and PG2he PCA accounted for more than 64%

of the total variability.
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Fig.2 Biplot of the principal component analysis (PCAsbd on the relative abundance of phototrophic @msin the collected biofilms: the
left panel represents the ordination of the fouoiQs/er sampling areas (Up: Upstream site, M1: iNgnl, M2: Mining.2 and M3: Mining.3) at
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PCA axes (PC1 and PC2) and the detected pigméné (teplicates per date and sampling area).
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Mining.2 (whatever the sampling period), Mining& pne week) and the Upstream site
(at three weeks) were separated on PC1 from oites and periods. PC2 was related to
biofilm age and separated sites according to agecantamination intensity. Mining.1 and
Mining.3 evolved faster than the Upstream sitedbonver than Mining.2. PC1 was positively
correlated to dinoxanthin and chlorophlllbut negatively correlated to chlorophgil-
whereas PC2 was positively correlated to diadintkanand zeaxanthin but negatively
correlated to fucoxanthin, pheophytin and carotene.

- Diatom taxonomylIn total, 99 diatom species were found in all fzenples collected.
Among them, 22 taxa (accounting for at least 2%wio samples) were included in the PCA
(Table.2). The first two axes (PC1 and PC2) of @A, based on relative abundance of
diatom species, accounted for more than 64% ofl tadaability (Fig. 3). PC1 clearly
separated Upstream site, Mining.1 and Mining.3 dasfrom Mining.2 samples, visibly on
the basis of metal pollution gradient. Diatom tgxesitively associated with PC1 and
therefore mainly characterizing Mining.2 at 3 an@véeks post-translocation weElimna
minima(EOMI) Mayamaea permiti$MAPE), andPlanothidium frequentissimugPLFR). In
contrast, biofilms collected at 3 and 5 weeks i@ Upstream site, Mining.1 and Mining.3
were mostly characterized Ifyocconeis placentuland its varieties (CPLA, CPLE, CPLI)
and Nitzschia fonticola(NFON). Biofilms collected one week post-transkima were
separated from the others on PC2, meaning thatebend PCA axis was clearly related to a
temporal evolution in diatom community. Diatom tgxasitively associated with PC2 were
Achnanthidium pyrenaicunfADPY), A. minutissimum(ADMI), Eolimna subminuscula
(ESBM), Melosira variangMVAR) and Nitzschia inconspicuéNINC).
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Table.2 Abbreviations used for diatom taxa.

Code

Diatom taxa
ADMI Achnanthidium minutissimum (Kutzing) Czarnecki
ADPY  Achnanthidium pyrenaicum (Hustedt) Kobayasi
APED  Amphora pediculus (Kitzing) Grunow
CPLA  Cocconeis placentula Ehrenberg var. placentula
CPLE  Cocconeis placentula Ehrenberg var. euglypta (Eee) Grunow
CPLI Cocconeis placentula Ehrenberg var. lineata (Elme)b/an Heurck
EOMI Eolimna minima (Grunow) Lange-Bertalot
ESBM  Eolimna subminuscula (Manguin) Moser Lange-Bert&lddetzeltin
MAPE  Mayamaea permitis (Hustedt) Bruder & Medlin
MVAR  Melosira varians Agardh
NCPR  Navicula capitatoradiata Germain
NGRE Navicula gregaria Donkin
NLAN  Navicula lanceolata (Agardh) Ehrenberg
NIAR Nitzschia archibaldii Lange-Bertalot
NDIS Nitzschia dissipata (Kitzing) Grunow var. dissipata
NFON  Nitzschia fonticola Grunow in Cleve et Moller
NIFR Nitzschia frustulum (Kitzing) Grunow var. frustulum
NINC Nitzschia inconspicua Grunow
NPAL  Nitzschia palea (Kutzing) W.Smith
PLFR Planothidium frequentissimum (Lange-Bertalot) LaiBgetalot
PTLA Planothidium lanceolatum (Brebisson ex Kiitzing) geBertalot
RSIN Reimeria sinuata (Gregory) Kociolek & Stoermer
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Fig.3 Biplot of the principal component analysis (PCAxbd on the relative abundance of diatom specig®inollected biofilms: the left panel
represents the ordination of the four Osor rivengliang areas (Up: Upstream site, M1: Mining.1, NM#ning.2 and M3: Mining.3) at one, three
and five weeks after translocation according toRE and PC2 axes, and the right panel repredenisotrelation plot between the PCA axes

(PC1 and PC2) and the identified diatom taxa (thepécates per date and sampling area).
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3.2.2. Heterotrophic communities

- Bacterial diversity Overall, a total of 22 bands were detected #RISA analysis. The
number of bands detected over the course of thy stueach sampling area varied from 7 to
14 at the upstream site (mean = 11), from 10 tatlMlining.1 (mean = 12), from 8 to 13 at
Mining.2 (mean = 11) and from 8 to 16 at MiningrBe@an = 13). PCA was applied to the
relative band intensities data for samples fromtladl studied areas and sampling dates
(Fig.4). The two first axes (PC1 and PC2) explaimede than 44% of the total variability in
bacterial diversity. PC1 separated the upstream @ithatever the sampling date) and
Mining.3 at the first two sampling periods (one ahdee weeks after translocation) from
Mining.1 and Mining.2 at all sampling date and Migu3 at the last sampling date. PC2 was
clearly related to the temporal evolution of thetbaal community, and separated samples
from all studied areas at one week after transiocdtom the other (3 and 5-week) samples.
According to PC2, the upstream site seemed to gteater temporal evolution that the other
sites. Overall, in these two projections, there wasy low variability between the three

replicates of sampled biofilms in each samplingaaed period.
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Fig.4 Principal component analysis (PCA) based on tlaive band intensities obtained by
PCR-ARISA analysis of the 16S-23S intergenic spaegjon from the bacterial rRNA
operon in biofilms collected from four Osor riveanspling areas (Up: Upstream site, M1.:
Mining.1, M2: Mining.2 and M3: Mining.3) at one,rte and five weeks after translocation
(three replicates per date and sampling area).
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- Fungal diversity Overall, a total of 23 different bands were degdcafter ARISA
analysis. The number of bands detected in each|sgmgrea varied from 12 to 17 in the
upstream site (mean = 15), from 14 to 15 at Mirdi(ghean = 15), from 12 to 16 at Mining.2
(mean = 14) and from 12 to 14 at Mining.3 (mean3¥ PCA performed with relative band
intensities data for samples from all studied aseassampling dates (Fig. 5) showed that the
first two axes (PC1 and PC2) accounted for mora 8620 of the total variability in fungal
diversity. PC1 was clearly related to the temperadlution of the fungal community during
our study. Samples collected one week after traatilon were separated on PC1 from the
other samples collected three and five weeks afémslocation. PC2 very clearly separated
samples from Mining.2 at 3 and 5 weeks from samfalken at the upstream site, Mining.1
and Mining.3 at the same dates. The variabilityMeen the three replicates in each sampling

area and period was also very low.
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Fig.5 Principal component analysis (PCA) based on tlaive band intensities obtained by

PCR-ARISA analysis of the ITS1-5.8S-ITS2 intergespacer region from the fungal rRNA

operon in the biofilms collected from four Osoremsampling areas (Up: Upstream site, M1.:
Mining.1, M2: Mining.2 and M3: Mining.3) at one,rde and five weeks after translocation
(three replicates per date and sampling area).
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3.4. Redundancy data analysis (RDA) and influencef @nvironmental factors on biofilm
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Fig.6 Triplot based on the Redundancy Analysis (RDA) @ biofilms collected from four
Osor river sampling areas (Up: Upstream site, Mlnihy.1, M2: Mining.2 and M3:
Mining.3) at one, three and five weeks after tracation. Solid arrows representing the
constraint variables give Zn for the dissolved zoacentrations, cover for the percentage of
cover and Oxy for the dissolved oxygen. Dottedasroepresenting biological variables are:
AFDW, chlorophylla (chla), Relative percentages of cyanobacteria (% cyaiajoms (%
diatom) and green algae (% green), effective plyotbgtic efficiency (eff. YIELD),
substrate-induced respiration (SIR), basal respirat(basal resp), Efg based on
photosynthesis bioassay (g&Yield)), and EGo based on SIR bioassay (&GSIR)) (three
replicates per date and sampling area).

Table.3 Correlation between environmental variables (diesb oxygen and percentage of
cover) and Zn with the Redundancy Analysis (RDAg¢aRD1 and RD2)

RD1 RD2
Oxygen -0.5463  0.4595
Cover -0.2556  -0.6056
Zinc -0.1011  -0.7768

Eigenvalues 0.2118  0.1240
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RDA analysis (Fig. 6) showed that among all the snead explanatory variables, only
dissolved oxygen, percentage cover and dissolvedofcentrations significantly influenced
the measured responses of the sampled biofilmd€BbThis ordination analysis explained
35.7% of variance. Variance partitioning showedt thhaysicochemical data (oxygen and
cover) alone accounted for 29.6% of the total @rpld variation, whereas Zn pollution alone
explained 11.7% of total variation. Results alsovetd that the shared fraction of total
variation between physicochemical and Zn pollutianiables was 5.6%, so the unexplained
variation was therefore 64.3%. The percentage nénee explained by physicochemical and
Zn pollution variables independently, with respextunconstrained variance, was different

between the response variables (Table.4).

Table.4 Results of the partial Redundancy Analysis (RDAjng biofilm metrics, Zn
concentrations, and physicochemical variables ¢tlissl oxygen and percentage of cover).
Bold indicates the total variance higher than 1@2hie left-side columns while and in the
right-side columns (fraction of explained variandegld indicates values that were clearly
biased towards certain groups of variables.

Biofilm Fraction of total variance Fraction of explained
metrics variance (%)
Pysico- Metals Pysico- Metals
chemical chemical
variables variables
EC50 (yield) 1.86 23.58 7.31 92.69
EC50 (SIR) 18.67 11.99 60.89 39.11
% diatom 18.61 0.01 99.95 0.05
% green 33.71 6.38 84.09 15.91
% cyano 4.26 24.69 14.72 85.28
chl-a 3.59 14.18 20.20 79.80
AFDW 14.36 3.13 82.10 17.90
basal resp. 27.38 2.42 91.88 8.12
SIR 32.18 3.21 90.93 9.07
eff. YIELD 22.44 0.28 98.77 1.23

Percentage of diatoms and green algae, total imdfibomass, basal respiration, SIR and
effective photosynthetic efficiency were mostly kped by physicochemical variables
(oxygen and cover). Percentage of cyanobacteriaraghyll-a concentrations and induced
tolerance to Zn based on photosynthesis had themiiahility mainly explained by Zn
pollution, while the induced tolerance to Zn basea SIR was explained by both
environmental and Zn pollution variables. Site rilisttion on the first RDA axis (RD1)
followed a gradient of dissolved oxygen, which wesiable according to sampling date.
Basal respiration and SIR were closely associatéd wgh amounts of oxygen, observed
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particularly at Mining.1 and Mining.2 whatever ts@mpling date and at Mining.3 at 5 weeks,
in contrast with effective yield which was assoethtwith the characteristic low oxygen
amounts of the upstream site at all the samplingsdd@he second RDA axis (RD2) showed a
site distribution along a joint gradient of coveittwZn pollution. High chlorophyla
concentrations, percentage of cyanobacteria, andhtist Zn-tolerant biofilms were related to
the most Zn-polluted and highest-covered sites)enigh total biomass concentrations and
percentage of diatoms were related to the leastafaminated and lowest-covered sites.
However, site ordination on RD2 throughout the ediéht sampling periods followed a
different pattern pattern. Mining.2 (the most Zrnhpied) was completely differentiated from
the other sites even at one week post-transloca#ind its variability remained very low
throughout the study. Conversely, according to RBfs upstream site, Mining.1 and
Mining.3 were characterized by high variability Wween different sampling periods and
tended to evolve like Mining.2 but less rapidly. 2weeks post-translocation, Mining.1 and

Mining.3 were similar to Mining.2, while the upstra site was still different.
4. Discussion

Trace metals have highly complex interactions witilological organisms, and the
structural or/and functional responses of thes@saq organisms may therefore vary strongly
(TIili et al. 2010a). Thisin-situ study led over five weeks monitored the evolutainthe
induced tolerance to zinc in biofilms translocatiesin a clean site to a spatial gradient of Zn-

contamination, taking into account their structuadl functional complexity.
() Uncertainties related to the confounding factos in field studies

The major drawback oin-situ approaches assessing the effects of metals omahatu
communities is the presence of numerous confounidicrs. Co-occurrence of metals and
the natural variability of sites make it difficuid establish a specific link between a given
toxicant and its effects on organisms. Many studiase investigated this issue, and all
converge on the same conclusion: metal toxicityicctae modulated by the physicochemical
characteristics of the ecosystem, which could foeeebe considered as confounding factors
(Soldo and Behra 2000, Ivorraat, 2002, Guasch efl. 2003, Duong e&l. 2008). As well as
providing a good physical and chemical charactédneof the studied sites, two different but
complementary approaches appear capable of solthig problem: (1) the use of

complementary indicators for ecotoxicological invgetions in river biofilms targeting
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different biological components (Dorigo at 2010, Tlili etal. 2010a), and (2) the use of
multivariate statistical techniques (Blanckaét2003, Guasch etl. 2009).

In general, most of the studies addressing theifspcof metal toxicity and the potential
roles of confounding factors have focused solely are component of the microbial
community. For example, in 2002 and 2004 Guasclaletdemonstrated the potential
influence of water pH and phosphorous enrichment Gan toxicity to benthic algae
communities, while Boivin eal. (2005) showed the influence of water temperatureCa
toxicity to biofilm bacterial communities. Howevefflili et al. (2010a) showed that,
depending on the functional descriptor used and ntherobial community targeted, the
influence of the confounding factors could be Maleaor even null. They thus concluded on
the need to use a range of parameters that tallgideain-biofilm biological kingdoms in
order to be able to attribute the measured effecthe toxicant contamination. Here, in
addition to a set of functional and structural esidts, the spatio-temporal evolution of the
induced tolerance to Zn was assessed by two furadtidescriptors that target two different
biological biofilm components (i.e. photosynthegfficiency for phototrophs like algae and
cyanobacteria, and SIR for heterotrophs like b&ctnd fungi). Our results confirmed those
obtained by TIili etal. (2010a), since phototrophic communities followaedlifferent time-
course pattern of induced tolerance to the toxi¢anthe present study: Zn) to heterotrophic
communities.

These findings were observed by using multivar@téination analysis (i.e. redundancy
data analysis (RDA)). RDA and variance partitionsigowed that some descriptors such as
SIR, photosynthetic efficiency or total and algabrbass were mainly influenced by
physicochemical variables (more than 90% of expldimariance for all these descriptors).
Moreover, EGo values based on photosynthesis were only linkedthétal contamination
(92% of explained variance) whereassk@alues based on SIR were related to both metal
exposure and physicochemical variables. On the didwed, physicochemical characterization
of the Osor river for this study showed the preseoicdifferent metals with profiles varying
from site to site. One important confounding fadtothe assessment of induced tolerance is
the “co-tolerance” phenomenon observable in fidlidies. Co-tolerance may occur when
communities that have been exposed to one toximainhot to another become tolerant to
both toxicants (Gustavson and Wangberg 1995, SmdoBehra 2000). Multivariate analysis
and forward selection indicated that among all tietals detected in Osor river, only Zn
significantly influenced the measured responsesauibtrophic and heterotrophic biofilm

communities, enabling us to exclude co-toleranca fastor.
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Overall, the strategy combining good physicochehubaracterization of the studied sites
with the use of a large set of functional and $tmad descriptors covering more than one
microbial component and the application of multiger analyses allowed us to discriminate
between the direct and specific effects of Zn gmluand the different confounding factors
potentially occurring in our field study, and thwasattribute each variable response with the
explanatory variable(s) that could influence it.

(i) Effects of Zn contamination on the induced toérance of autotrophic biofilm

communities

In ourin-situ study, community tolerance to Zn based onB@lues for photosynthesis
was strictly linked to Zn concentrations and wasifpeely dependant on the intensity of site
Zn contamination (92.7% of explained variance),gasting a pollution-induced community
tolerance (PICT) to Zn. On the other hand, RDA ¢atkd that the autotrophic PICT increase
was not only modulated by metal concentration Welt also by exposure duration. Indeed,
biofilms from Mining.2, which was the most Zn-comtimated site, exhibited higher EC
values than biofilms from the Upstream site just areek after biofilm translocation, whereas
biofilms from the low- and intermediate-pollutedesi (Mining.3 and Mining.1, respectively)
showed a slower and more progressive increaseduncéd tolerance over the course of the
study, becoming similar to Mining.2 at the endlod £xperiment.

Different hypotheses could explain the observedisemporal increase in phototrophic
induced tolerance to zinc. The physical structund ahemical characteristics of biofilm
communities make it possible to modulate the tefiects of metal pollutants (Barranguet et
al., 2000). Indeed, one of the most important parameinfluencing metal toxicity is the
accessibility of cells to the toxicants, and a kbicbiofilm is in theory less vulnerable to
inorganic contaminations since the cells are moogepted. Previous studies have shown that
biofilm thickness (i.e. biofilm biomass), which carcrease with biofilm age, is protective
against the toxicity of metals such as Cu or Zrorfla etal. 1999, Barrangueal. 2000).
Ivorra etal. (2000) demonstrated that mature benthic algagdctexrized by highest AFDW)
were less affected by Zn contamination than berdlgae exposed at an early development
stage. Nevertheless, in our study, RDA showed that most Zn-tolerant phototrophic
biofilms had the lowest total biomass, indicatihgttthe PICT increase was not influenced by
biofilm thickness. We can therefore reject this dtjgesis to explain our results, and suppose

that the PICT increase measured in our study wabnked to spatial biofilm architecture but
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to the phenotypic and genotypic characteristicsddferent phototrophic communities
composing the biofilms.

Guasch etl. (2003) assessed the responses of algal biofilmmaamties from different
lotic systems to short-term Zn-challenge bioassays found a negative correlation between
Zn toxicity and algal biomass. In an experimentaldg, Tlili et al. (2010a) also found a
simultaneous increase in chlorophgltoncentrations and induced tolerance to Cu (based
photosynthetic efficiency) after long-term Zn expsof biofilms. It is well established that
Zn at high concentrations can induce an inhibibbthe photosynthesis reaction by blocking
electron transfer at PSI and PSII levels, and aqunesatly stopping oxygen release and,CO
fixation (Ilvorra etal. 1999). The excited chlorophylls then allow theduction of reactive
oxygen species (ROS) like singlet oxygen, a higtdgctive form causing irreparable
damage. Thus, phototrophic organisms have evolatbus mechanisms to minimize the
destructive effects of this kind of challenge. Glemonstrated mechanism is the “greening
effect” (especially in shade-adapted organisms)reviclorophylla pigments biosynthesis is
increased to maintain an efficient conversion giitienergy to chemical energy (Waringaket
2007). In fact, the highest chlorophyll-a concetitres were found in Mining.2, whereas total
biomass (AFDW) diverged completely, giving risethe highest chlorophyl/AFDW ratio,
which argues for the “greening-effect” hypothe€isir results converge with this assumption,
since they indicated that the g@alues based on photosynthesis were strongly asitiyely
correlated with chlorophyl& concentrations.

Phototrophic organisms growing under low-light ctiods are know to have more light-
harvesting antennae (i.e. chlorophg)l{Demmig-Adams and Adams 2006), and our study
sites showed progressive more percentage of cdvevertheless, variance partitioning
indicated that chlorophyb: was mainly linked to metal contamination (79.8%ea&plained
variance) and not lower light intensity, unlike ABDwhich was influenced by percentage of
cover. Thus, there was more growth in open sites, Shaded sites did not suffer light
limitation and did not increase chlorophgll-We can therefore conclude that the ability to
adjust intracellular light-harvesting chlorophwgll-which was proportional to contamination
intensity and duration of metal exposure, was ohdhe mechanisms the phototrophic
communities in our study adopted to be more tokeiathe Zn contamination.

The “greening effect” is not the only strategy udmdphototrophic organisms to cope
with metal toxicity. Different xanthophylls assoigd with the light-harvesting center of algae
are involved in the thermal dissipation of excesstation energy which reduces the risk of

ROS generation (Demmig al., 1987) by a reaction called the “xanthophylls eyclThe
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xanthophyll cycle involves the enzymatic removalepbxy groups from xanthophylls (e.g.
violaxanthin, antheraxanthin, diadinoxanthin) teate ‘de-epoxidized’ xanthophylls (e.g.
diatoxanthin, zeaxanthin), which are capable ofcfieming as direct quenchers of energy
from excited chlorophyll. For example, in diatomladinoflagellates, the xanthophyll cycle
consists of the pigment diadinoxanthin, which iangformed into either diatoxanthin
(diatoms) or dinoxanthin (dinoflagellates). Moregvether carotenoids such as lutein or
fucoxanthin are known to act as antioxidants (Arorgg and Hearst 1996). Our phototrophic
pigment analysis revealed that biofilms from Minigwhich were the most Zn-tolerant,
showed the highest amounts of lutein, diadinoxantdnd zeaxanthin, but low amounts of
carotene and fucoxanthin. If the distribution ofofgtrophic pigments was linked to the
xanthophyll cycle, then diadinoxanthin should bgai&ely correlated to the zeaxanthin, but
this was not the case in our study. Moreover, tesalso showed that zeaxanthin and lutein
pigments were negatively correlatedatoand -carotene pigments, which are the precursor
pigments for lutein and zeaxanthin cycle syntheasispectively, indicating that the observed
increase of these two pigments results from a tengr physiological process and not a
straightforward de-epoxidation of a pre-existergnpént (Armstrong and Hearst 1996). We
can therefore exclude the hypothesis of a xanthbglgle activated by phototrophic cells,
especially given that such a mechanism usuallystakace only a few hours after disturbance.
On the other hand, multivariate analyses (RDA)datiéd that biofilm exposure to Zn led
to a significant increase in the relative abundarfceyanobacteria, which was dependent on
both Zn-contamination intensity and biofilm ageyca even biofilms from the upstream site
also showed an increase in cyanobacteria over these of the study. In addition, this
increase was strongly and positively correlatedhl&G;p values. It has been established that
some pigments are dominant and specific for cenpdiatotrophic organism classes (e.g.
fucoxanthin for diatoms, lutein for green algaezeaxanthin for cyanobacteria) (Jeffrey and
Vesk 1997). We could therefore suppose that théugwa of phototrophic pigments in our
study was more related to a selection of theiresponding algal class that was not just
exerted by Zn-contamination pressure but also eeélato a temporal succession of
phototrophic communities in our biofilms. Genter &t (1987) observed a shift in
phototrophic community composition from diatomsciganobacteria and green algae after
exposure to Zn. Other studies also reported biofimmunity shifts towards a dominance of
cyanobacteria after long-term metal exposure, atdig that cyanobacteria are highly tolerant
to metal contamination (Barranguetatt 2002, 2003; Serra etl. 2009). Cyanobacteria are

known to possess no xanthophyll cycle but nevesfiselcontain significant amounts of
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zeaxanthin and other xanthophylls involved in pebte of the photosynthetic apparatus
(Jeffrey and Vesk 1997), thus explaining their higlerance to metal contamination. These
findings confirm the hypothesis on which the PIGhecept was based, i.e. that the toxicant
exerts selection pressure when exposure reachdtical devel for a sufficient period of time
(Bérard etal. 2002), inducing a shift in the community structwith the emergence of the
most tolerant species (Mglander and Blanck 199Bnf#t-Jansen and Altenburger 2005).

The observed changes in diatom structure werecalssistent with this assumption. PCA
on diatom community structure showed that mosthef gpecies found in the upstream and
contaminated sites one week post-translocation typieal of early-stage colonization, such
asA. pyrenaicumA. minutissimunor M. varians(Stevenson and Peterson 1989, Duonrg.et
2008). On the other hand, more mature biofilmsn@ & weeks old) from Mining.1, Mining.3
and even the upstream site were characterized asswciation of species that are tolerant
(e.g.N. palea N. frustulum N. fonticolg and sensitive (e.dC. placentulaA. pediculusN.
dissipatg to metal contaminations (Feurtet-Mazelatt 2003, Morin etal. 2008). Higher
metal pressure in the most Zn-polluted site (i.@iMy.2) selected for small diatom species
known to be highly metal-tolerant, such Bsminima M. permitisandP. frequentissimum
(Duong etal. 2008, Ferreira da Silva etl. 2009). Previous studies suggested that
communities under chemical stress would tend taldminated by small species (ek.
minimg (Péres efal. 1996, Ivorra etal. 1999). Khoshmanesh ai. (1997) showed that
smaller algal cells have proportionally larger augf area and more sites for metal binding
than larger algal cells, allowing them to be markerant to high concentrations of metals.
Our results confirmed these observations, and stiothat Zn contamination exerted a
selection pressure proportional to both exposukellend biofilm age on the diatom
communities, leading to the partial proliferatioh some tolerant species in the low and
intermediately-polluted sites and total eliminatioh the sensitive species in the high-
pollution sites.

Overall, our assessment of the effects ilfsitu spatio-temporal Zn-contamination
indicated 1) that phototrophic biofilm communitiessuld exhibit constitutive (present in most
phenotypes, e.g. “greening effect”) and adaptives{img only in tolerant phenotypes, e.g.
smaller-size cells) mechanisms enabling them t@ awith high metal concentrations, and 2)
that these mechanisms responsible for toleranceetals were activated progressively over

time and modulated by pollution intensity.
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(i) Effects of Zn contamination on induced tolerance of heterotrophic biofilm

communities

Given the broad structural and functional diversity biofilm composition, it seems
natural to also consider the effects of aquaticsgstem pollutions on the induced tolerance,
at different levels of microbial community orgartiba (i.e. phototrophs and heterotrophs).
Earlier studies focused on this issue by considetite effects of toxicant contamination-
induced tolerance on phototrophic and heterotroptafilm communities as a whole (Blanck
et al. 2003: interregional variability in Zn-tolerance;ofiyo etal. 2010: resilience after
disturbance removal; Tlili edl. 2010a: potential interaction between phosphoradignt and
the induced tolerance). However, to our knowledpes is the first study to focus on the
effects of a spatial gradient of Zn contaminatiammbined with a temporal gradient of
exposure on the induced tolerance to Zn by takitig account the heterotrophic biofilm
component in addition to the phototrophic biofilongponent.

Besides its direct effects on phototrophic commaesjtZn is also known to have direct
or/and indirect effects on heterotrophic communiti& functional and structural level
(Paulsson eal. 2000). Mahmoud el. (2005) compared bacterial diversity in biofilmerfr a
high Zn-contaminated stream and a clean one. Towaydf differences between the two study
sites, supporting the idea that metal contaminaérarts a selection pressure on bacterial
community. In our study, patterns of bacterial &nmal community composition obtained by
molecular fingerprinting showed that in addition # temporal evolution of these
communities, Zn was also a driver of structuralnges. Multivariate analysis (PCA) showed
a that bacterial community composition was simbatween intermediate and higher Zn-
polluted sites (Mining.1 and Mining.2, respectiyebut completely different to the upstream
site, even just one week after translocation, waeerie the low Zn-polluted site (Mining.3) it
diverged from the upstream site and only convengétl Mining.1 and Mining.2 at five
weeks after translocation. However, fungal commumomposition showed a different
pattern. One week after transfer to the differetgss the biofilms showed a similar fungal
composition, whereas at three and five weeks drdyntost Zn-contaminated site (Mining.2)
evolved differently from other sites (Mining.1, Mig.3 and the Upstream Site remained
similar at 3 and 5 weeks). These results suggest thre different thresholds of the action of
Zn contamination on the structures of bacteria &ntyi composing biofilms. Bacterial
communities seem to be more sensitive to Zn thamgifusince they showed structural

changes earlier and at lower Zn concentrationa.dail study, Zhou etl. (2009) assessed the
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effect of increasing Zn concentrations on soil wical communities including bacteria and
fungi, and showed that bacteria were more sendiiga fungi to Zn in agricultural soils, as
the Zn concentrations inducing structural shift evargher for fungi than for bacteria. The
authors suggested that these observed results keuidked to the reproduction modes of the
different microbial communities: sexual growth (deristic of many fungi), which is more
complex, confers a greater ability to resist exemisturbance to a certain contamination
level than asexual growth (characteristic of baa}erom a microbial evolution perspective.
Our structural analysis were therefore consisteitit their findings, and indicated that Zn
contamination exerted selection pressure on thderdiit heterotrophic community
components by eliminating Zn-sensitive species@odoting Zn-tolerant tolerant species.
Extending on this finding, heterotrophic biofilmmmunities exposed to Zn should be
more Zn-tolerant than non-exposed biofilm commaesitiPaulsson etl. (2000) showed an
increase in the induced bacterial tolerance to easured by Thymidine incorporation)
accompanied by a gradual change in their strucifiex long-term exposure to different Zn
concentrations. In a previous-situ study, Lehmann eatl. (1999) found similar results and
concluded that Zn exposure of biofilm communitied to microbial community restructuring
that favoured Zn-tolerant bacteria. In our studygdal on SIR analysis targeting heterotrophic
communities, the assessment of Zn-induced tolerahosved that E£ values increased
along the spatial gradient of Zn contamination laléo along a temporal gradient.
Nevertheless, unlike autotrophic communities, RIDA gariance partitioning showed that the
Zn-induced tolerance of the heterotrophic commasitivas not exclusively linked to metal
exposure but was also related to the physicochérol@racteristics of our study site (i.e.
dissolved oxygen and percentage of cover). In 20B0&boratory study by Tlili eal.
concluded that induced tolerance of heterotrophafilin communities based on SIR bioassay
was positively influenced by exposure to Cu andsphorous enrichment together, with a

greater influence of nutrient addition, thus canfing our findings.
5. Conclusion

This in-situ study provides evidence that level of Zn combimath biofilm age and
exposure history has differential affects on theuctire and functions of the various
communities that compose biofilms. Our results stwwhat phototrophic communities
showed different patterns of response to spatiggteal Zn contamination than heterotrophic

communities. Moreover, in the same microbial broftomponent, Zn effects were different
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according to target community (i.e. fungi or baieteén the heterotrophic component). In more
global terms, taken together, our results emphddizgtly that mature biofilms were highly
tolerant to metals, even without a history of pxeasure, since even biofiims from the
upstream site showed an increase in temporah E&lues over the course of the study, and
secondly that this temporal evolution was moduldigccontamination intensity. The short-
term effects of high metal pollution on inducedetaince are similar to the effects observed
after long-term exposure to low metal pollutiondksy

Considering the variability of aquatic environmerasd the inherent resistance and
structural characteristics of the component comireg)i which in turn are a function of
species interactions, succession stage, and peevVimtory of exposure, PICT assessment
should take into account the mosaic of these viitiab. Although predicting contaminant
effects is a complex task due to the significanatighp and temporal variations in both
ecosystems and in community structures, we asshateatiopting an appropriate practical
approach (e.g. large set of explanatory and regpeasables) and theoretical approach (e.g.

statistical analyses) could give a better pictdrecosystem status.
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CONCLUSIONS ET PERSPECTIVES






Chapitre D. Conclusions et perspectives

Rappel des objectifs de la these :

Ce travail de recherche a visé deux objectifs granex :

(1) D’un point de vue écologie des milieux aquatiquestre but a été de contribuer a une

meilleure compréhension de la signification écajogi de la tolérance acquise des
communautés microbiennes des biofilms. Dans cet,volmus nous sommes focalisés
d’'une part sur I'étude des causes, qu’elles soatnes ou externes au biofilm, de cette
acquisition de tolérance vis a vis des xénobiosgu¥autre part, nous avons essaye de
mieux comprendre les conséquences de la toléradaée par la pollution sur la diversité
mais aussi sur les fonctions des communautés nigenobs du biofilm.

(2) D’'un point de vue gestion des milieux aquatiquisn des objectifs de ce travail de

thése était d’évaluer la pertinence de la démarKel, basée sur l'utilisation des
biofilms de rivieres comme modele biologique ettant qu’outil de bioindication des

conséguences de la pollution des cours d’eau.
D.I. CONCLUSIONS GENERALES

D.L.I. Le concept PICT d’'un point de vue écologique

Les études qui ont été menées durant ce travailede nous permettent de formuler les

quatre conclusions suivantes :

(1) D’apres Clements et Newman (2002), la notion déilg de I'écosystéme est
fortement liée a des concepts écologiques , tets lgurésistance et la résilience des
communautés. La notion de résistance se référe cagacité des communautés a se
maintenir en |'état suite a une perturbation. Quanta notion de résilience, elle
correspond a la vitesse a laquelle les communaatéarnent vers un état (quasi)initial
apres la perturbation. Une meilleure compréhengies facteurs écologiques qui
déterminent la résistance et la résilience perraetéliorer la capacité de prédire la fagon
avec laquelle les communautés répondent aux stRessexemple, dans I'une de nos
études sur les phénoménes de co-tolérance apresitips aux métaux, nous avons

constaté que des communautés périphytiqgues prééasgap un métal donné, devenaient
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également résistantes a d’'autres métaux (articl®dns une autre étude (article 5), nous
avons démontré aussi que des communautés micresiesmumises a un stress chronique
(contamination au diuron) devenaient moins sensildledes stress additifs (pulses de
diuron). Dans le cadre de notre démarche PICTmlesures de tolérance-induite basées
sur des parametres fonctionnels caractérisanticestéonctions fondamentales du biofilm

(photosynthése, dégradation des MO) et les anatggesomiques associées caractérisant
les diversités du biofilm, nous ont permis une haeie compréhension de la résistance et
de la résilience (dynamique de restauration) deécesystéeme suite a des perturbations

d’origine chimique.

(2) Des eétudes théoriques et empiriques ont suggérés cgutaines communautés
pouvaient subir des changements imprévus et naraities dans leurs structures ou
fonctions en réponse a des perturbations (Groffetaal. 2006, Muradian 2001). Ceci
introduit le concept de «seuil » ou « disconti@uit écologique. Dans sa définition
générale d’aprés I'académie francaise, un seugd@sidéré comme le point ou se produit
un changement rapide. Pour les écologistes, il &mid comme des changements
significatifs et discontinus dans une variable ad'éécologique (e.g. structure des
communautés, tolérance-induite...) en raison desggraants continus d’'une variable
environnementale (e.g. pollution chimique, réchaiént climatique...) (Clements et
Rohr, 2009). Le seuil écologique est donc étroitentié aux notions de résistance et de
résilience (figure 1). Par exemple, dans le cadrenas études relatives aux impacts de
modalités variées d’exposition aux toxiques (init&nst durée) sur la structure et les
fonctions des communautés microbiennes du biofértigles 5 et 6), nous avons mis en
évidence cette notion de seuils d’expositions raassi de seuils de réponses (structure et
fonctions). En effet, nous avons montré que desnwonautés adaptées a une exposition
chronique aux polluants avaient un seuil de réstgtaupérieur a celui des communautés
non adaptées. Ce seuil de résistance, correspaondcancentrations de contaminants
n’'induisant pas de changements dans la réponsegigoé des communautés (e.g.
structure...). En plus de la notion du seuil de tasise, il existe aussi celle du seuil de
résilience, décrite par Clements et Rohr (2009) rnenétant I'intervalle entre les points
dans le temps ou la récupération est d'abord éndtéfinalement achevée aprés le retrait
du stress. Nos résultats nous ont montré que dedseresilience est lui aussi variable,
selon le niveau de tolérance des communautés aetturipation. En effet, une

communauté déja adaptée et donc tolérante a uss slmné, semble avoir un seuil de
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résilience décalé (i.e. supérieur) par rapport lai acfune communauté de référence
(article 5). Une acquisition de tolérance a unsst@onné, pourrait donc se traduire par le
déplacement des communautés d’'un état (structarinetionnel) initial vers un état

« alternatif » stable, méme apres le retrait desst(Paine et al 1998).

@ [T
3 3
=3 =)
o o
° o
e ] i
- 8 Retrait
@ @ du stress
u : n B
5 Seuil de : 5 Seuil de
e résistance 2 résilien ce
[ \ [
. t, t,
Niveau du stress Temps

Figure 1 Seuils de résistance et de résilience en écotogieodes communautés. Un seuil de
résistance correspond a la concentration du contarhiniveau de stress) aprés laquelle un
changement brutal dans la réponse de la commumstitébservé. Le seuil de résilience
correspond a l'intervalle de temps entre les deaixtp ou la reprise est amorcée) (&t
complétée @) apres le retrait de stress (modifié d’apres Chlamet Rohr 2009).

(3) Comme indiqué précédemment, la disparition descespkes plus sensibles (comme
I'un des processus expliquant le PICT) n'affectecdmas les fonctions de la communauté
dans son ensemble au début et ce seulement jusguértain seuil de résistance. Le
PICT pourrait donc se traduire par une réductiofadiversité ou avec des modifications
dans la composition spécifique (articles 4 et &hsspour autant qu’il y ait un effet négatif
sur le fonctionnement de la communauté. La divetsiblogique semble donc avoir deux
réles principaux, le premier serait d'assurer l@sctions essentielles de I'écosysteme
(dans notre cas le biofilm), et le second seraip@knettre I'adaptation aux changements
environnementaux et aux stress. Chaque espéce dposisédes avantages qui lui
permettent d'affronter avec succes certains chaagisnide conditions environnementales
(article 4), ce qui expliquerait ainsi pourquoi systeme plus diversifié est généralement
plus stable (concept de « police d’assurance »zvirial, 2007 ; Loreau, 2002). Si une
communauté est constituée d'un grand nombre d'espextiondantes, la probabilité que
leur réle fonctionnel puisse étre maintenu, mémesapine forte perturbation, est plus

grande grace a la survie d’au moins une des espécetolérantes que les autres.
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(4) La capacité des communautés a devenir tolérantee gerturbation peut avoir des
conséquences négatives sur les capacités de mésilet de résistance des eécosystemes
(Vinebrooke et al. (2004) : concept de « co-toléeanégative entre especes »). En effet,
les communautés ayant une tolérance accrue a essstionné, malgré leur seuil de
résistance qui est plus important a ce stress glué d'une communauté de référence,
peuvent présenter une sensibilité accrue a d’apieesirbations, reflétant ainsi un codt

associé a la tolerance acquise (Kashian et al., Z@lig et al. 2008) (article 4).

Le PICT a été proposé initialement comme méthode évaluation de I'exposition des
communautés aux polluants et des impacts écotoxigaéBlanck et al. 1988). Nos travaux
ont montré que le PICT était aussi une approche caeptuelle, a I'échelle des
communautés, tres riche et qui confirme l'intérét ¢aborder I'écotoxicologie avec le
regard de I'écologue (Cairns 1986, Chapman 200)lus holistique que celui du
toxicologue (Thruhaut 1977). L’écotoxicologie étanmaintenant une discipline non plus

seulement descriptive mais aussi prédictive (Clemenet Rohr 2009).

D.LII. Le concept PICT et son cadre d’utilisationdans la gestion des milieux aquatiques
La méthode PICT appliquée aux microorganismes pdutonc completement satisfaire
aux criteres établis par Dale et Beyeler (2001)rdeuchoix d’'un bioindicateur de I'état
écologique des écosystémes et que nous rappeldnsspécificité de réponse a un stress
particulier (Blanck et al. 1988, Boivin et al. 200Z2) facilité et rapidité des mesures
(Millward et Grant, 2000). (3) intégratiathe la complexité structurale et fonctionnelle de |
composante biotique des écosystemes (Tlili etG82Dorigo et al. 2010). (4) spatialisation

temporelledes pressions anthropiques, c’est a dire capagié®eler une exposition présente

ou passée a un toxique (Dorigo et al. 2004, 20&6¢é et al. 2010). Cependant beaucoup de
guestions restent encore ouvertes : Quels sontp&@ameétres pertinents pour évaluer
I'acquisition d’'un PICT, en tenant compte de la pterité structurale et fonctionnelle des
communautés? Est-il possible de cibler I'effet @'snbstance donnée dans un cocktail de
polluants sur le PICT ? Quel est le seuil d’expositiux toxiques qui induit une acquisition
de tolérance des communautés, et est ce que deeseniodulé uniquement par la présence

du polluant dans le milieu ?
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Au cours de ce travail de recherche, nous avongiboé a répondre a ces questions au
travers des différentes études meni@esitu et en systémes expérimentaux. D’une maniére

générale, ces travaux nous ont permis de formegecdnclusions suivantes :

1- Pertinence des parametres fonctionnels de Eraoice acquise et diversité fonctionnelle
L’acquisition de la tolérance des communautés rbiermes du biofilm aux
xénobiotiques a déja été abordée par les sciamgigmais reste complexe a évaluer. Cette
complexité réside en partie, d’'une part dans lapderité structurelle et fonctionnelle au sein
du périphyton et des sensibilités variées (et aégamismes variés) des communautés aux
différents toxiques, et d’autre part dans le peoutils utilisés actuellement pour la

caractérisation de cette tolérance acquise. Cepgnuzus avons montré que :

(1) Les méthodes basées sur des mesures d'élémentaaiifdi (tels que 1é“C ou la
thymidine et la leucine triti€ée), sans remettrecanse leur précision et leur spécificité, ne
sont pas incontournables dans une approche PIGTeffet, I'utilisation de nouveaux
paramétres fonctionnels tels que les activités matgues (leucine-aminopeptidaseet
glucosidase) ou la respiration induite par un sabstarboné, nous ont permis la
réalisation de mesures PICT que ce soit dans delestx-situou in-situ. De plus une
miniaturisation de ces tests apparait possible comous I'avons démontré pour les
mesures de respiration avec I'adaptation de lanigake MicroResp” (article 2), ce qui

est un atout.

(2) Selon le mode d'action et les caractéristiques hies (i.e. organique ou
inorganique) du toxique étudié, les facteurs emrisanentaux (i.e. phosphore) peuvent

avoir un effet sur la tolérance acquise (article 3)

(3) Pour un méme polluant testé, l'influence des fastesnvironnementaux sur la
tolérance acquise aux toxiques des biofilm dépemdcampartiment microbien ciblé
(phototrophe ou hétérotrophe), d’ou la nécessiténdtre l'accent sur la diversité
fonctionnelle des biofilms de riviere en utilisades indicateurs complémentaires de la

tolérance acquise pour des investigations écottogaues (article 3).

(4) La détection d’'une co-tolérance dépend non seulenden polluant auquel les

communautés ont été exposées sur le long terms,auasi du compartiment microbiens
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ciblé (phototrophe ou hétérotrophe, eucaryote acawyote) et donc du descripteur
fonctionnel utilisé (article 4).

2- Pollution multiple des milieux et spécificité ’LCT

Compte tenu de la variabilité des milieux aquatiu@ multitude des contaminants
présents ainsi que la complexité structurale ettfonnelle des communautés, il est difficile
d'établir un lien de causalité univoque entre wiestnce toxique donnée et ses effets sur les

organismes. Cependant, nos études ont montré que :

(1) L’exposition chronique a un toxique peut induireewugmentation de la tolérance des
communautés phototrophes et hétérotrophes a ua taxique (co-tolérance) ayant le

méme mode d’action ou induisant les mémes modedgtdification (article 4).

(2) Chez les communautés phototrophes du biofilm, Hwolyance semble due a des
modes d’action similaires des substances chimiquass aussi a des modes similaires de
détoxification, alors que chez les communautésrbgtphes la co-tolérance semble

principalement liée a des modes de détoxificationlaires (article 4).

(3) La détection d’'une co-tolérance dépend non seulenden polluant auquel les
communautés ont été exposées sur le long terms,auasi du compartiment microbiens
ciblé (phototrophe ou hétérotrophe, eucaryote acawyote) et donc du descripteur
fonctionnel utilisé (article 4).

(4) Méme si le phénomene de la co-tolérance est soulgmit comme un inconvénient
lors d’une approche PICT (Soldo et Behra 2000), néssltats ont montré qu’il pourrait
étre utilisé comme une approche préliminaire dahaluation de I'état des milieux en
proposant une molécule « modeéle » d’'un type d&tex(classification selon les modes
d’action et de détoxification). Cette approche @ysaur but de « tester» les classes de
polluants « suspects ». Par la suite, une comlanals différents parametres fonctionnels
de la tolérance acquise, associée a une enquétiesssources et types de pollutions
possibles et des bioessais PICT complémentairésanti des molécules soupgconnées,

permettrait d’affiner les résultats obtenus etré’'@ius discriminant (article 4).
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3- Seuil de détection de la tolérance acquise pbimance du mode d’exposition

L’intensité et la durée d'exposition sont de toéwédence des facteurs majeurs pour le
développement de la tolérance. D’'une maniere ginéla PICT reflete I'exposition des
microorganismes du milieu a des produits chimiques I'environnement et donc la
biodisponibilité de ces contaminants (spéciatioa netaux, adsorption des toxiques sur la

matiere organique...). En effet, nous avons pu aéraoque :

(1) La tolérance acquise aux xénobiotiques des comniémanicrobiennes du biofilm est
fortement modulée par I'historique d’expositionads communautés (article 5).

(2) Le mode d’exposition des communautés biologiques @alluants (chronique ou

aigu) est un facteur important dans une démarcd Puisqu’il peut étre déterminant
pour le seuil de détection de la tolérance ind(dtéicle 5). Les effets de cette variabilité
d’exposition sur la tolérance induite des commuésunicrobiennes sont fonction de la

durée d’expositions aux polluants. (article 6).

(3) Selon la caractéristique biologique (structurelle fonctionnelle) considérée, la
relation entre la partition du toxique (dans laocwle d’eau ou dans la matrice biologique)
et I'exposition réelle est un mécanisme essentglsda modulation de la réponse du

biofilm (article 5).

(4) Le couplage d’'une démarche PICT avec une caraati@rnsphysico-chimique précise
du milieu, ainsi que l'utilisation d’analyses ssfitjues multivariées pour la caractérisation
des effets possibles de contaminants sur le biofitlms un systéme naturel complexe
gu’est la riviere, peut permettre d’avoir une neille image de I'état écologique de ce
systéme (article 6).

D’une maniéere plus globale, compte tenu de la varlité des milieux aquatiques et
des caractéristiques structurelles (ainsi que la gacité de résistance aux stress) des
communautés biologiques qui y vivent, et des histigues d'exposition aux polluants,
I'évaluation PICT doit tenir compte de la mosaiquede ces variabilités. A la lumiére de

nos résultats, l'intégration des mesures PICT comman outil complémentaire dans les
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systemes d'évaluation environnementale donnerait p$ de pertinence écologique et de

spécificité écotoxicologique a la batterie actuellges bio-indicateurs utilisés.

D.Il. PERSPECTIVES : du particulier au global

Les principales perspectives qui découlent deaeail de recherche s’articulent autour
de deux axes complémentaires : (1) des perspectoees I'objectif est d’approfondir
certaines interrogations apparues a la lumierecderésultats, et (2) des perspectives a plus

large échelle, avec une vision systémique du cdriekpr.

(1) Perspectives en lien direct avec nos résultates questions qui en découlent

Dans le contexte de I'évaluation des impacts déstipms complexes sur la diversité des
communautés microbiennes ou sur les fonctions desyétemes naturels, I'un des points
critiques reste la distinction entre les effetsatitd des pressions de sélection dues a la
pollution par les xénobiotiques et celles résul@des facteurs environnementaux. Un effort
doit donc étre fait pour multiplier les études $es facteurs environnementaux, dits de
confusion et la caractérisation de la « base-liolernce » (Molander 1991). Nos travaux ont
montré qu’un gradient en phosphore pouvait interagéc la présence des polluants dans les
milieux lotiques et ainsi influencer la tolérancegaise des communautés microbiennes du
biofilm a ces polluants. Cependant, nous avons r@aaiissi que I'application d’'une large
gamme de descripteurs fonctionnels du PICT permet meilleure discrimination de ces
effets confondant du phosphore. Il serait donc imé&&ressant d’adopter la méme démarche
pour étudier d’'autres facteurs environnementauxegqitles d’influer sur le PICT (e.g.
température, lumiere, vitesse du courant...).

Par ailleurs, compte tenu du contexte actuel degdraents climatiques (réchauffement,
modification des régimes de précipitations entnairsgtcheresses et inondations accrues...),
ces facteurs environnementaux pourraient aussi€tle changeaient) des facteurs de stress
supplémentaires. La question qui se pose alor# sepaelles seraient les conséquences de la
tolérance acquise dans un environnement soumisrauttgles perturbations ? Nous avons
démontré, que des phénomenes « croisés » d’acammss de la tolérance ou de la sensibilité
des communautés microbiennes des biofilm, peuveatobservés entre des métaux qui ont
les mémes modes d’actions ou qui induisent des msnas de détoxification cellulaires

similaires. L'une des perspectives que nous paegriolonc envisager dans ce genre
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d’approche serait de tester ces phénomeénes deariods croisées, non seulement en
s'intéressant aux pollutions toxiques, mais aussnggrant d’autres types de stress, tels que
par exemple ceux qui sont liés a 'augmentatiodadeitesse du courant et des quantités de
matiere organique pendant les épisodes de crues.

Au cours de l'une des études de ce travail de theseis avions testé [l'effet
écotoxicologique de différents scénarios d’exposita un pesticide sur les communautés
microbiennes du biofilm, simulant des situationscdees et d’étiage. Cependant, seuls les
effets des changements de concentrations des st été testés. La prochaine étape dans
I'évaluation de la toxicité des polluants, soudéténtes conditions hydrauliques, serait donc
de considérer les effets conjoints de la vitesgealilement, ainsi que les changements des
teneurs en matiere organique (associés aux crues)l@s augmentations des concentrations

en toxiques.

(2) Le concept PICT et son intégration dans uneragpe systémique : relation entre
diversité et stabilité des écosystemes

Parmi les questions importantes et d’actualité aogie microbienne, celles concernant
le type de relation qui pourrait exister entre l@diversité et le fonctionnement des
écosystemes font I'objet de débats (Chapin et®81Loreau 2002, Schwartz et al. 2000). Il
est généralement admis qu’une grande richessepéoesspermet une plus grande stabilité de
la communauté, mais le lien entre ces deux carsiitgres pourrait étre de nature différente
conduisant & des modéles différents (Clements etnien 2002) (figure 2). Avec le
développement d’outils moléculaires de plus en glagormants, la caractérisation de la
diversité des communautés devient de plus en gtalide et en conséquence de nouvelles
compétences telle que la bioinformatique devienmégessaires pour traiter les grands jeux
de données générés. Le concept PICT pourrait 8keenent couplé a ces outils, et permettre
de tester les différents modeles cités auparav@ette approche, qui se baserait sur la
méthode PICT en tant qu’indicateur de la stabiie/s communautés nous permettrait de

donner un éclairage nouveau entre la biodiversitétat écologique des écosystémes.
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Figure 2 Les quatre modeéles montrant la relation entre herdité et la stabilité
fonctionnelle des écosystemes. (A) le modéle Iméda stabilité fonctionnelle décroit
linéairement avec la réduction du nombre d'espg@dsle modéle rivetune redondance
fonctionnelle protége le systeme contre la pedsp#ces jusqu'a un certain seuil critique. (C)
le modele idiosyncrasiqud’effet de la disparition des especes dépend'idierdaction des
especes entre elle et I'évolution du systeme est ddficilement prédictive. (D) le modele
des conducteurs et passagdes stabilité dépend de l'importance écologique @speces,
puisque la disparition des espéces pilotes (esp#éspa plus d'effet que la disparition des
especes passagers (modifié d'apres Clements et BieR02).
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An experimental study was undertaken to highlight the potential ecotoxicological impact of the her-
bicide diuron on biofilms during flooding events in a small river (Morcille) in the Beaujolais vineyard
area (France). We investigated the responses of chronically contaminated biofilms exposed to short-term
pulses (3 h) of diuron. Biofilms were grown in indoor microcosms that were either non-contaminated
or exposed to low-level chronic contamination, and not exposed, or exposed to single or double pulses
of two environmental concentrations (7 and 14 pgL~') of diuron. Exposure to pollution and its impact
on biofilms were assessed by measuring pesticide concentrations in biofilms, biomass parameters (chl a,
AFDW), community structure (using 18S and 16S rDNA gene analysis by DGGE, and HPLC pigment analysis

Keywords:

River biofilms
Pulsed-exposure
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Diuron to target eukaryotes, bacteria and photoautotrophs, respectively) and by performing a physiological test.
Community analysis Control biofilms displayed very low diuron concentrations, whereas the herbicide was found in the con-
Microcosm taminated biofilms. Nevertheless, diuron concentrations were not higher in the pulsed biofilms than in

the non-pulsed ones. AFDW and chl a in vivo fluorescence increased in both microcosms during the experi-
ment and biomass was higher in chronically exposed biofilms than in control ones. The impact on biomass
was higher for the control double-pulsed biofilms than for the non-pulsed ones. Carbon incorporation by
the chronically exposed biofilms was greater during the first 28 days of growth than during the first 28
days of growth in the control biofilms. Both single and double pulses inhibited carbon incorporation of all
biofilm communities, especially of the control ones. Short-term inhibition of photosynthesis was never
significantly different in exposed and non-exposed biofilms. Few differences in the pigment structure were
found between chronically exposed and control biofilms, but pulses impacted on the pigment structure of
all biofilm communities. Bacterial structural differences were observed between single-pulsed and non-
pulsed biofilms, but not between double-pulsed and non-pulsed biofilms. The different pulses affected
the eukaryotic community structures of the control biofilms, but not of the chronically exposed ones.
Unlike the bacterial communities, the control eukaryotic communities were structurally different from
the chronically exposed ones. This preliminary experimental study indicates that exposure to environmen-
tal concentrations of diuron and other agricultural contaminants and further exposure to diuron can have
measurable effects on small river biofilm communities. The effects of a pulsed acute exposure to diuron
on biofilms depended on whether the biofilms had previously been exposed to the same stressors or not.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The European Water Framework Directive (WFD) and the Reg-
istration, Evaluation, Authorisation and Restriction of Chemicals
(REACH) programme aims that non-target communities inhabiting
water bodies should not be affected by the presence of chemical

* Corresponding author at: CEMAGREF, UR Qualité des Eaux, 3 bis Quai Chauveau
CP 220, 69336 Lyon Cedex 09, France. Tel.: +33 4 32 72 22 28; fax: +33432 72 22 12.
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0166-445X/$ — see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.aquatox.2008.02.004

substances. Pesticides are one of the main groups of chemicals
that could impair aquatic ecosystems (INRA-Cemagref, 2005),
and so they have been included in the frame of reference of both
WEFD (one of the strategies against water pollution is the setting of
environmental quality standards (EQS) for pesticides) and REACH.
Small lotic ecosystems (Strahler order below 3) are very sensitive
to this type of pollution, because little dilution can occur, and
because of the proximity of the sources of contamination (spraying
of pesticides, run off .. .) (Dorigo et al., 2003). In these ecosystems,
microbenthic biofilms (an attached community of autotrophic
and heterotrophic, eukaryotic and prokaryotic populations) play a
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fundamental role in the trophic web and in the geochemical cycles
within aquatic ecosystems (Battin et al., 2003). In rivers, epilithic
microbial communities are one of the first organisms exposed to
pesticides that run off from fields, and their structure and function
can be affected. Structural responses to environmental changes
occur within a few weeks (Sabater et al., 2007).

Studying stress effects by investigating changes in commu-
nity composition is attractive, since the presence and density of
different species integrate all the ecological drivers, and reflect
inter-species interactions (Bérard et al.,, 1999). The meta-analysis
on 446 measures of biodiversity effects by Balvanera et al. (2006)
confirms the importance of biodiversity for ecosystem function and
services. This means that it is essential to develop ecotoxicological
studies that take into account both the biodiversity and functioning
of microbial communities.

Diuron (N-(3,4-dichlorophenyl)-N,N-dimethyl-urea,
MW =233.10g) is an herbicide (phenylurea) that inhibits photo-
synthesis by blocking the chloroplast electron transport chain in
Photosystem-II {PSII) of phototrophic microorganisms and higher
plants (Moreland, 1967). Diuron is considered to be a model
herbicide with regard to physiological studies about PSII inhibition
in higher plants and algae, but few studies have investigated its
ecological impact on the microbial biofilms (Melander and Blanck,
1992; Pesce et al., 2006). This compound has been used to control a
wide variety of annual and perennial broadleaf and grassy weeds,
and is used in vineyard husbandry. Due to its persistence in the
natural environment (half-life from 56 to 231 days in soil), diuron
has been found in streams running through agricultural areas; for
example in 2005 in France, diuron was found in 34.6% of surface
waters and its concentration in low quality sites ranged from 2.1
to 36 pg L1 (IFEN, 2008).

In small watersheds, the environmental exposure of stream
organisms to agricultural pesticides increases very rapidly during
rainfall events, and reaches relatively high concentrations (exam-
ple: 14 pgL-! of diuron during the flood event of 27/07/06 in the
Morcille river, France, Rabiet et al., 2008): floods typically last only a
few hours, with a discharge that increases and then decreases very
rapidly. Pesticide concentrations are usually nearly synchronous
with discharges (Rabiet et al., 2007), leading to marked changes
in exposure levels. Recent studies have investigated the effects
of short and environmentally realistic pulsed toxicant exposures
on survival, development, reproduction, latent mortality, and the
different life stages of aquatic invertebrates (Cold and Forbes,
2004; Forbes and Cold, 2005; Reynaldi and Liess, 2005; Zhao and
Newman, 2006). These studies reflect that increasing attention is
being paid to pulsed-exposures resulting from episodic run off
events after the application of agrochemicals, and to ecotoxico-
logical questions about how to predict the lethal and sublethal
consequences of such exposure on biological populations.

Most experimental studies of aquatic microbial communities
have been done using chronically high concentrations of pesticides
(see the reviews of Bérard and Pelte, 1999 and DeLorenzo et al.,
2001), and only few have attempted to assess the effect of envi-
ronmentally realistic concentrations of pesticides on microbenthic
biofilms (Dorigo et al., 2004, 2007; Mglander and Blanck, 1992;
Nystrom et al., 2000). To our knowledge, only one study has
made any attempt to determine the impact of flooding by testing
short-term pulses of herbicides (atrazine) on autotrophic biofilms
(Jurgensen and Hoagland, 1990) without having previously exposed
the biofilms to chronic herbicide contamination. Nevertheless, in
this study pulses lasted for 24h, which is too long to mimic
flood events in small watersheds, which generally last a few
hours.

Ininterpreting the biological impacts of such changing exposure
levels, complex and variable interactions between the chemical and
the organisms must be taken into account (Guasch et al., 2003). For

example, the bioavailability of pesticides to microbenthic biofilms
should be determined, and this can be done by measuring the con-
centration of the pesticide within the biofilm matrix (Lawrence et
al., 2001). The choice of biological endpoints is also a matter of con-
cern, as the effect of a pesticide depends on the type of molecule
involved (specific mode of action), and because, as a result of a cas-
cading effect, various populations within the aquatic trophic web
could be affected indirectly (Aubertot et al., 2005).

The purpose of this study was to investigate the ecotoxicolog-
ical impact of the herbicide diuron on river biofilms (autotrophic
communities, named as periphyton, and heterotrophic communi-
ties), and especially to study the sublethal and long-term effects
of diuron pulses on an indoor microcosm mimicking different
exposure scenarios resulting from flood events. The impact of
diuron on microbenthic biofilm composition and function was
observed. To simplify this first study, our lentic microcosms did
not take the possible impacts of scouring on the biofilms into
account.

The specific questions investigated by this study were; (i) What
are the consequences of chronic diuron contamination on biofilms?
(ii) What are the consequences of the various different acute diuron
exposure scenarios on long-term responses of biofilms? (iii) What
influence does previous chronic diuron contamination have on
responses to subsequent acute exposures to diuron?

2. Material and methods
2.1. Sampling site

This study was carried out in a small river (the Morcille). The
Morcille river is situated in the Beaujolais vineyard area (east-
ern France, latitude 46.150N; longitude 4.600E), which is a region
with high wine-producing activity (70% of the 8 km? of the catch-
ment area), which contributes to the observed gradient of pesticide
contamination along the river (Gouy and Nivon, 2007; Rabiet et
al,, 2007). Diuron is one of the herbicides most often detected
in this stream, Water and stones carrying biofilms were collected
from the Morcille River at the upstream, unpolluted reference site
known as St. Joseph (physical parameters ranged from 3 to 5°C
for temperature, 49 to 66 wmolm—2s~! for irradiance and 0.20
to 0.33ms™! for stream current). Sampling was performed dur-
ing January and February 2007, before the pesticide application
period. The acute diuron concentrations used in our microcosm
study were similar to those at the polluted downstream site
of Versauds in late spring or early summer (diuron is usually
applied in April) (Rabiet et al., 2008). For experimental and ana-
lytical convenience, we used a chronic diuron concentration of
1pgL-! (on average 1-10 times higher than the concentrations
found at the polluted downstream site of the river Morcille dur-
ing low water periods, which ranged between 0.15 and 1.4 pgL~!
in 2006 (Rabiet et al., 2008), which was a realistic chronic con-
centration for low water periods, especially in the spring and
early summer in small rivers in agricultural areas (Pesce et al.,
2006).

2.2. Experimental schedule and long-term contamination

Two 35-L aquariums were filled with river water from the ref-
erence site, which had been filtered through a 500-pm mesh to
remove most of the grazers. Two stones from the same site, which
were coated with biofilms, were brought to the laboratory, and
one was placed in the bottom of each aquarium to act as a natural
biofilm inoculum in the experimental systems. Initially, the aquar-
iums were connected to each other by a system of PVC pipes in
order to ensure the homogeneity of the microbial communities in
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the two aquaria. After 3 days, this connection was cut off, the stones
were removed, and 70 artificial substrates (microscope slides) were
installed vertically in each aquarium (total surface of the artificial
substrates: 0.2258 m2/aquarium), At this point, one aquarium was
contaminated with a nominal concentration of 1 pgL~! of diuron
(high grade pesticide standard, Sigma, 99.5% purity, CAS RN 330-
54-1), and the other aquarium was used as a control (no diuron
was added). During the experiment (32 days), the aquarium water
was replaced each week with filtered (500 wm mesh) water from
the reference site. In the chronically contaminated microcosm, this
water was once again contaminated with a nominal concentration
of 1 ug L1 of diuron, The two microcosms were not run with repli-
cates. Both aquaria were filled up with water from the upstream
site (the reference site) of the river Morcille, whereafter one of the
aquaria was contaminated to represent the polluted downstream
site of the river and one was kept uncontaminated to represent the
reference site,

In order to reduce the heterogeneity that occurs on natural sub-
strates (Cattaneo et al., 1997), we controlled both the colonization
surface of the substrate (microscope slides) and the degree of mat-
uration of the biofilm. The water was kept at a temperature of 16°C
(£2°C), and exposed to a light intensity of 36 wmol m—2 s~ of pho-
tons, with a light/dark regime of 18:6 h. These physical parameters
were checked daily throughout the experiment.
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2.3. Short-term contamination scenarios

Two nanocosms were filled with 3.5 L of 500 pum-filtered water
from the reference site, and were contaminated with a nominal
concentration of either 7 or 14 pgL~! of diuron. On day 21 of the
experiment, biofilm samples from the control and the chronically
contaminated microcosms were subjected to short-term pulses of
diuron by plunging the colonized microscope slides into the highly
contaminated nanocosms. These short-term exposures lasted for
3 h corresponding to the average duration of a flood event (Rabiet
et al., 2007), and were performed under the same conditions of
temperature and light as those used for microcosms. After each
pulse, the slides were gently rinsed by plunging them for 1 min
into a third nanocosm filled with 500 pm-filtered river water, and
then replaced in their original microcosms. Some slides that had
been subjected to the first 7 g L~! diuron pulse, were subjected 4
days later to a second 7 pgL~! diuron pulse (for details see Fig. 1).

2.4. Biofilm collection
On day 21 (just before the first sequence of pulses), day 28, and
day 32 (i.e. 1 week after each sequence of pulses), biofilms were

sampled, and analyses were performed. Fourteen substrates were
collected from each contamination scenario (0.04515 m? surface

Control microcosm
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Fig. 1. Experimental schedule. No pulse of diuron: non-pulsed; one pulse of the high concentration of diuron (14 g L-1): 1D; one pulse of the low concentration of diuron

(7 pgL1): 1d; two pulses of the low concentration of diuron (7 pgL~'): 2d.
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area). Biofilms were scraped off the substrates using a Teflon blade,
and suspended in 160mL of 0.2 pm-Nuclepore filtered water
from the reference site. Total biomass and in vivo chlorophyll a
fluorescence analysis and bioassays (carbon incorporation) were
performed immediately after sampling, whereas others (chemical,
molecular and pigment analysis) were performed subsequently on
the deep-frozen biofilm (-25°C).

2.5. Chemical analysis

Two-liter water samples were collected in polyethylene bottles
from the Morcille river at the St. Joseph reference site and from the
microcosms just before replacing the waterin order to assess chem-
ical parameters such as DOC, NO;—, NO3—, NH4*, PO43-, SiO5, con-
ductivity and pH following French standard operating procedures
and protocols (Association Francaise de Normalisation, AFNOR).

Diuron and its main metabolites (3-(3,4-dichlorophenyl)-
1-methyl urea (DCMU) and 3,4-dichloroaniline (DCA)) were
measured in the water and biofilm samples by ESI-LC-MS-MS (API
4000, Applied Biosystems).

2.5.1. Pesticide concentrations in the water samples

The pure pesticides used for preparing the standard solutions
were of analytical grade and purchased from Dr. Ehrenstorfer
(Cluzeau Info Labo, France) or Riedel De Haén (Sigma-Aldrich,
France). The organic solvents used for the standard solutions,
extraction or chromatographic analysis were HPLC gradient grade
(SDS, France). Water samples for pesticide analyses were col-
lected in glass bottles from the microcosms just after they had
been contaminated (to verify the homogenisation of the pesti-
cide concentration in the microcosm, data not shown), and just
before the weekly replacement of the water. The samples were
then filtered over 0.2 um polyester filters (Chromafil PET 20/15
MS, Macherey-Nagel, Hoerdt, France). Nine hundred and ninety
microliters of filtered water was added to 10 pL of deuteriated
diuron (D6) used as the injection standard. Liquid chromatogra-
phy was performed on an Agilent Series 1100 HPLC system (Agilent
Technologies, Les Ulis, France). Chromatographic separation was
done using a Purospher Star RP-18e analytical column (5-pm par-
ticle size, 2 mm x 125mm) from Merck (France) at a flow rate of
0.3mLmin~! with a mobile phase consisting of water and ace-
tonitrile (62/38, v/v), plus 0.1% (v/v) formic acid. The injection
volume was 100 pL. The HPLC system was interfaced to a triple
quadripole mass spectrometer (ABI 4000, Applied Biosystems, Les
Ulis, France). The 233/72 and 233/46 m/z transitions were used
to quantify and confirm diuron, respectively. Quantification was
performed by internal calibration using deuteriated diuron. The
analytical method was validated according to French standard pro-
cedure XP-T 90-210 (AFNOR, 1999). The quantification limits (QLs)
were 0.02 pg L1 for diuron and DCA, and 0.5 pgL~! for DCMU.

2.5.2. Pesticide concentrations in the biofilm samples

For pesticide analysis on biofilms only one subsample of 75 mL
was analyzed, because of limiting biomass, and because the analyt-
ical method is quite expensive and time-consuming preventing us
from analyzing each sample in triplicate. Nevertheless, a previous
methodological study which has been conducted in our labora-
tory was done on artificial substrate biofilm from the same river
assessed the recovery, repeatability and the quantification limit
for this analytical method. The quantification limit was estab-
lished by analyzing sample matrices spiked at the concentration
of the estimated limit. Mean recovery and repeatability (assessed
by calculating the coefficient of variation, CV in %) were estimated
after the analysis of ten replicates. For diuron, the quantification
limit was 0.04 pgg~! dry weight and the recovery was 71% (CV
24%), 0.06 ngg~! for DCMU and 0.1 pgg~! for DCA. Biofilms were

first separated from the substrata (Section 2.4), and then 75 mL of
biofilm suspension were freeze-dried in order to prevent any matrix
degradation before analysis. Ten to hundred milligrams of dried
biofilm spiked with the analytical control standard (linuron) was
extracted with 10 mL organic solvent (acetone/dichloromethane,
20/80, v/v) in an ultrasonication bath for 30 min. This extraction
step was repeated, and the organic extracts were pooled before
being evaporated to dryness. Six milliliters of ultrafiltrated water
was then added to redissolve the extract. Purification was car-
ried out on a solid phase extraction (SPE) cartridge (Oasis HLB,
60mg, 3mL, Waters). Ten microliters of internal standard con-
trol (deuteriated diuron) was added to the final extract of 240 pL
water/acetonitrile (80/20, v/v). Biofilm sample extracts were then
quantified by ESI-LC-MS-MS. Diuron and its metabolites were sep-
arated on a 250 mm x 2 mm Purospher Star RP-18e column (Merck,
France). The mobile phase was water/acetonitrile with a gradient
of 0.3 mLmin~! and the injection volume was 10 p.L.

2.6. Biological analyses

2.6.1. Total and algal biomass

The organic matter content was evaluated by calculating the
ash-free dry weight (AFDW). Three subsamples of each biofilm sus-
pension (2 mL) were filtered through individual, previously dried,
25mm CF/C Whatman glass fibre filters (1.2-pwm pore size). Each
filter was weighed, after drying for 24 h at 105 °C in order to calcu-
late the dry matter. The filters were then combusted in an oven at
480°C (Nabertherm P320) for 1 h, and then weighed again to cal-
culate the mineral matter. The AFDW was calculated by subtracting
the mineral matter from the total dry matter. Results are expressed
as gm~2 (Wellnitz and Rader, 2003).

Algal biomass was estimated by in vivo chl a fluorescence
measurements (Leboulanger et al, 2006; Schmitt-Jansen and
Altenburger, 2007) using an Aquafluor™ Turner micro fluorimeter
(excitation and emission wavelengths: 460 and 665 nm, respec-
tively). In previous experiments with similar periphytic suspension
samples it has been shown that fluorescence data correlated well
with chemically extracted chl a concentrations (data not shown).
Five replicates of periphytic suspension subsamples (2 mL) were
used for the measurements, and the results were expressed as a
fluorescence index (FI). From pigment analysis by HPLC, chl a was
selected as an indicator of the total autotrophic biofilm biomass
(Bonin and Travers, 1992). The quantification of identified chl a
was made from external calibration on standard chl a. Final con-
centrations are given as pgcm—2 (see Section 2.6.3 for analysis
details).

2.6.2. Biofilm DNA extraction and amplification, and denaturing
gradient gel electrophoresis (DGGE) analyses

A preliminary experiment was done to test the reproducibility
of DNA extraction, amplification and DGGE analysis. Seven biofilm
suspensions, randomly chosen from among the various different
contamination scenarios, were extracted in triplicate (2 mL each).
DGGE analyses were done separately on 18S rRNA and 16S rRNA
polymerase chain reaction (PCR) amplified fragments. Replicates
produced identical DGGE band patterns (data not shown), which
led us to simplify the analysis further by pooling the three biofilm
subsamples for each contamination scenario.

Three replicates of 2mL of each biofilm suspension were
centrifuged at 14,000 x g for 30min, and the supernatant was
discarded (and kept at —25°C before extraction). Nucleic acid
extraction was performed on biofilm pellets using the FAST DNA kit
(QBIOgene, Illkirch, France) according to manufacturer's instruc-
tions. The integrity of the total DNA was checked by agar gel
electrophoresis, and quantified by determining the absorbance at
260nm.
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PCR amplification of the eukaryotic 18S rRNA gene fragment was
performed using 60 ng of template DNA and the primers Euk1Af
(Sogin and Gunderson, 1987) and Euk516r-GC (Amann et al., 1990),
leading to a 560-bp fragment. PCR amplification of the bacterial
16S rRNA gene fragment was done with 30 ng of template DNA,
and the primers 341f (Muyzer and Smalla, 1998) to which a GC-
rich fragment was attached (Muyzer and Smalla, 1998), and 907rM
(Schauer et al., 2003), which yielded a fragment of ~590 bp.

In both cases, PCR amplifications were performed on 50 pL vol-
umes containing a 10x Taq reaction buffer (Sigma), 120 uM of
each deoxynucleotide, 1 wM of each primer, bovine serum albumin
(Sigma, 0.5mg mL~! final concentration), and 1.25 U Taq DNA poly-
merase (Eurobio 1.25U). All amplifications were performed with
the same primers and the same PCR reactions as described in Dorigo
etal.(2007) using the Thermal Cycler T-Personal (Whatman Biome-
tra, GmbH Niedersachsen, Germany). For each set of reactions, a
negative control was included in which the template was replaced
by an equivalent volume of sterile deionized water.

DGGE analyses were performed as described in Dorigo et al.
(2007) on a pool of the three PCR amplified replicates. Digital
images of the gels were obtained using a digital camera (Scion
Corporation), subjected to further analysis using Microsoft Photo
Editor software, and finally processed as described in Dorigo et al.
(2006). The presence or absence of a nucleic acid band at a given
height in each lane was scored as 1 or 0, respectively. Matrices were
used to perform correspondence analysis and Ward method of clus-
ter analysis using the ADE-4 Software Package (Thioulouse et al.,
1997).

2.6.3. Pigment analysis by high pressure liquid chromatography
(HPLC)

The introduction of pigment analysis by HPLC facilitated easy
and rapid separation, identification and quantification of microal-
gal pigments. The occurrence of characteristic microalgal pigments
within each algal group has favored the use of pigment analysis
to investigate microalgal community composition (e.g. Jeffrey et
al,, 1997). A preliminary experiment was done to test the method-
ological variability of HPLC analysis. As for DGGE analysis, seven
biofilm suspensions, randomly chosen from among the various dif-
ferent contamination scenarios, were extracted in triplicate. HPLC
analyses were done separately. The relative variability on the most
important pigments found in biofilm samples was estimated as
coefficient of variation (CV: ratio of the standard deviation to the
mean, in %). The CVs varied between 4.8% (chl a), 5.4% (fucoxan-
thin) and 7.2% (diadinoxanthin). We decided thus to analyze only
one subsample of 5 mL for each contamination scenario.

Five milliliters of each biofilm suspension was centrifuged for
30min (9750 x g, 0°C), and kept at —25°C until analysis. Pellets
were placed in individual centrifuge tubes (Corning) and pigments
were extracted with 4 mL of methanol/0.5M ammonium acetate
(98/2,v/v) solution as described in Dorigo et al. (2007). An injection
volume of 100 pL of purified biofilm extract was used to deter-
mine the lipophilic pigment composition of the biofilm by HPLC.
Pigments were separated on a 4.6 mm x 250 mm column (Waters
Spherisorb ODS5 25 um). Each pigment was identified from its
retention time and absorption spectrum using DAD according to
SCOR (Jeffrey et al., 1997). A table was constructed (with samples
as rows and pigments as columns) taking into account the relative
abundance of each pigment in each sample (expressed as the per-
centage of the sum of the areas for all the pigments in the sample).
This matrix was used to perform correspondence analysis using the
ADE-4 Software Package (Thioulouse et al., 1997).

2.64. Short-term photosynthetic bioassay
The concept of pollution-induced community tolerance (PICT)
has been developed by Blanck et al. (1988) as an ecotoxicological

tool to determine the impact of toxic chemicals at the community
level. PICT is based on the assumption that the toxicant exerts selec-
tion pressure when exposure reaches a critical level for a sufficient
period of time. This difference in resistance between the unselected
and selected communities can be detected by comparing the results
of short-term physiological tests performed on the communities.

We monitored the effects of increasing concentrations (semi-
logarithmic) of the herbicide diuron on biofilm using C
photosynthetic assimilation as the endpoint (Guasch and Sabater,
1998). Briefly, a stock solution containing 100 uM (MW =233.10g)
of diuron was prepared in water and stored at —20°C prior to
dilution in the test vessels. A semi-logarithmic series of concen-
trations was freshly prepared, with a multiplication factor of 1093,
by serial dilutions of the stock solution in 0.2 pm-filtered river
water. Final test concentrations in the test vessels ranged from
0.00316 to 3.162 M (from 0.737 to 737.12 wg L1, five blanks and
three replicates for each of the seven increasing concentrations of
diuron). Photosynthesis activity was measured by 1#C incorporation
as described in Dorigo and Leboulanger (2001): biofilm suspen-
sions (2 mL) were directly placed within 20 mL scintillation vials
and diuron was added. After 1 h of preincubation (same conditions
of temperature and light as those used for microcosms), 25 pL of
NaH4COj5 (0.4 \.Ci per vial) was added to each vial, and photosyn-
thesis was allowed to run for 3 h under the same conditions. The
reaction was stopped by adding formaldehyde (3.7% final concen-
tration), followed by 200 p.L glacial acetic acid to remove inorganic
carbon. Supernatant water was removed after 1 h, and biofilm sus-
pensions were dried at 60 °C under a stream of air, Labelled organic
matter was dissolved in 1 mL of dimethylsulfoxide (1 hat 60°C) and
15 mLof scintillation cocktail was added. The samples were counted
after quenching attenuation on a 2100-TR (Packard Instruments).
Dose-response curves were traced using gross radioactivity val-
ues, as percent of the radioactivity of the control at each diuron
concentration,

2.7. Data processing

The effects of chronic-exposure, acute exposure and
chronic-acute exposure interaction on AFDW (n = 3), algal biomass
(n=5) and carbon incorporation (n=>5) values were tested by a
two-way ANOVA, and a post hoc test (Tukey). Student's t-tests
were done to compare the effects of chronic diuron contamination
on microbenthic biofilms at each sampling date. Prior to data
analysis homogeneity of variances was checked, EC50 values
were calculated by means of the Regtox model (E. Vindimian,
http://eric.vindimian.9online.fr/). The significance level was set to
5%.

3. Results
3.1. Physico-chemical data

Physico-chemical parameters found for water samples from the
river and microcosms are shown in Table 1. The conductivity in both
microcosms was relatively stable throughout the experiment. The
pH varies by up to 1.7 pH units in the chronic-exposed microcosm.
A decrease in nitrate and silicate levels was detected from day 28
of biofilm growth.

The diuron concentrations found in the control microcosm
water samples during the experiment were always below the
quantification threshold (0.02 wgL1). In the chronically contam-
inated microcosm, the diuron concentrations ranged from 0.66 to
0.89 pgL-1. No metabolite was detected in the water samples. The
diuron concentrations found in the biofilm matrices are shown in
Table 2. Like the water samples, the biofilms in control microcosm
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Table 1

257

Selected chemical parameters (pH; conductivity; DOC; NO, ~; NO3~ NH4*, Si0; and PO43-) of water samples collected from the Morcille River at the St Joseph site (reference),
within the control microcosm and within the microcosm chronically exposed to diuron (1 gL~ diuron, just before replacing the water in the microcosms with water from

the Saint Joseph site)

Sample Day pH  Conductivity DOC(mgL~') NO, (mgL') NOs~ (mgL') NH; (mgL!) SiO;(mgL') PO (mgL1)
(pSem-1)

Saint Joseph (reference) D14 7.15 1333 245 <0.02 7.6 0.02 15 0.1
D21 6.95 136.2 24 0.02 7 0.15 155 0.08
D28 7.05 1574 255 <0.02 6.6 0.1 15 0.06

Control microcosm D21 82 185 545 0.17 6.7 0.06 15 0.11
D28 93 160 49 0.16 2.1 0.07 4 0.08
D32 8.8 155 535 0.08 1127 0.03 <0.4 0.3

Chronically exposed microcosm D21 82 140 435 0.08 5.6 0.07 10.5 0.04
D28 96 155 4.7 0.12 27 0.76 34 0.36
D32 79 130 5.9 0.05 0.8 0.02 <0.4 0.1

had diuron concentrations below the quantification threshold even
after the pulse event, and no metabolites were detected in the
biofilms. In contrast, diuron was found in the biofilm matrix of the
contaminated microcosm, but interestingly concentrations were no
higher in the pulsed biofilms than in the non-pulsed ones.

3.2. Biomass parameters

As shown in Fig, 2a, AFDW increased in both contaminated and
control microcosms throughout the 32 days of the experiment.
Chronically exposed biofilms were characterized by having higher
biomass than the control ones, especially at day 32 (Student's t-
test, p<0.05). At day 28 of growth, the effects of chronic-exposure
or chronic-pulse exposure interaction on AFDW were significant
(ANOVA, p<0.01). Nossignificant differences in AFDW biomass were
reported between single-pulsed and non-pulsed biofilms at day 28
of growth (apart from the higher diuron pulse on control biofilms,
Fig. 3a, Tukey test p<0.01), whereas on day 32 of growth, the
effect of chronic and pulsed-exposures on AFDW were significant
(ANOVA, p <0.01), and the biomasses of the double-pulsed biofilms
were significantly lower than that of the non-pulsed ones (Tukey
test, p<0.01).

In vivo fluorescence was significantly higher in chronically
exposed biofilms than in control biofilms at the three sampling
dates (Fig. 2b, Student's t-test, p<0.05). At day 28 of growth, the
effect of chronic-exposure, pulses and chronic-pulse exposures on
in vivo fluorescence were all significant (ANOVA, p<0.01). At the
same date, noinhibition of in vivo fluorescence was found for single-
pulsed and chronically exposed biofilms, but significant inhibition
was found for single-pulsed control biofilms (Fig. 3b, Tukey test,
p<0.01). The impact on the in vivo fluorescence of the control
biofilms of the one high concentration pulse was significantly
higher than that of the one low concentration pulse (Tukey test,
p<0.01). At day 32 of growth, the effect of chronic and pulse expo-

Table 2

Diuron concentrations within the biofilm matrix (pg diurong=! of biofilm dry
weight) of non-pulsed, single- or double-pulsed biofilms from the control, and from
the chronically exposed microcosm (1 pgL~" diuron)

Microcosm Biofilm D21 D28 D32

Control Non-pulsed <QL <QL <QL
One pulse of diuron (7 pgL-") na <QL na
One pulse of diuron (14 pgL-1) na <QL na
Two pulses of diuron (7 g L") na na <QL

Chronically exposed Non-pulsed 0.07 041 0.30
One pulse of diuron (7 pgL—") na 0.27 na
One pulse of diuron (14 pgL~") na 0.32 na
Two pulses of diuron (7 pgL-1) na na 0.27

QL: quantification limit=0.04 pgg~'; na: not analyzed (because not corresponding
to a contamination scenario studied).

sures on in vivo fluorescence were significant (ANOVA, p<0.01).
HPLC-chl a data confirm the in vivo fluorescence results (Fig. 2c,
Fig. 3c).

3.3. Carbon incorporation and EC50 values

As shown in Fig. 2d, carbon incorporation by the biofilm (five
replications of control biofilm obtained from the short-term bioas-
says)was significantly higher in the chronically exposed microcosm
during the first 28 days of growth than in the control micro-
cosm (Student's t-test, p<0.01 at day 21 and p<0.05 at day
28). At day 28 of growth, chronic-exposure, pulsed-exposure and
chronic+ pulsed-exposures all had a significant effect on carbon
incorporation (ANOVA, p<0.01). Single and double pulses signifi-
cantly inhibited carbon incorporation by the biofilm communities,
especially in the control biofilms (Fig. 3d, Tukey test, p<0.01),
except for the chronically exposed biofilms, which were not sig-
nificantly affected by the low concentration pulse at day 28.

The short-term inhibition of photosynthesis (EC50) fluctuated
throughout the experiment (Fig. 2e), but was never significantly dif-
ferent in exposed (chronic and acute exposures) and non-exposed
(control and non-pulsed) biofilm (Fig. 2e, Fig. 3e).

3.4. Pigment composition

Twelve pigments were identified: chlorophyll c1, chloro-
phyll ¢2, chlorophyll ¢3, fucoxanthin, neoxanthin, antheroxanthin,
diadinoxanthin, diatoxanthin, vaucheriaxanthin, chlorophyll b,
beta-carotene and chlorophyll a (chl a). The most important pig-
ments found in all biofilm samples analyzed (mean >5%) were chl
a, then fucoxanthin and diadinoxanthin, the latter two being diag-
nostic pigments of diatoms (Jeffrey et al., 1997). Green algae, which
are characterized by the presence of chl b (Jeffrey et al., 1997), were
found in small amounts within biofilm samples. Correspondence
analysis performed by taking into account the relative percentage of
each of the 12 pigments identified in a sample (Fig. 4), revealed few
differences between chronically exposed biofilm and control ones,
except at the end of the experiment (C-D32 and D-D32). However,
all of the types of pulses tested impacted on the pigment structure
of all biofilm communities.

3.5. Community structures

3.5.1. Bacterial community structure

Up to 38 different DGGE bands were detected in all the biofilm
samples. The number of bands detected in each biofilm sample
ranged from 24 to 33 in the control microcosm (average 29), and
from 24 to 31 in the chronically exposed microcosm (average
29). Cluster analysis was performed using the presence/absence of
bands within each sample in the control (Fig. 5a) and chronically
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Fig. 2. Long-term chronic impact of diuron (1 g L-") on biofilms in control (¢) and chronically exposed (M) microcosms with no diuron pulse. (a) AFDW biomass, (b) in vivo
chl a fluorescence, (c) HPLC-chl g, (d) carbon incorporation (CO; incorporation), and (e) short-term sensitivity to diuron (EC50) during the 32 days of experiment. Error bars
represent standard deviations (n=3 for AFDW; n=>5 for CO, incorporation, EC50 and in vivo fluorescence). (*) Student’s t-test (5%).

exposed (Fig. 5b) microcosms. Whatever the history of the biofilms,
structural differences were always observed between single-pulsed
and non-pulsed biofilms (day 28), but not between double-pulsed
and non-pulsed ones (day 32). The cluster analysis in Fig. 6a shows
considerable similarity between biofilms from control and chroni-
cally exposed microcosms for each sampling date.

3.5.2. Eukaryotic community structure

Thirty-seven different bands were detected in the biofilm sam-
ples as a whole. The number of bands detected in each biofilm
sample ranged from 15 to 25 in the control microcosm (average 22),
and from 17 to 22 (average 21) in the chronically exposed micro-
cosm. Cluster analysis was performed using the presence/absence
of bands within each sample (Fig. 7). The cluster analysis shows
that the different pulses affected the eukaryotic community struc-
tures of biofilms from the control microcosm (Fig. 7a), but not of
biofilms from the chronically exposed microcosm (Fig. 7b). Unlike
the bacterial communities, the eukaryotic communities from the
control microcosm were structurally different from those from the
chronically exposed microcosm (Fig. 6b).

4. Discussion

During the 32 days of the experiment, epilithic biofilms grew
on the artificial substrates within each microcosm (measured
from the ash-free dry weight, in vivo fluorescence, and carbon
incorporation). The three sampling dates were characterized by

changes in both the sensitivity of biofilm photosynthetic activ-
ity to diuron (short-term test) and in the community structure
(DGGE and pigment analysis). These changes can be explained
by successive processes (changes in algal density and community
composition) occurring during colonization of the glass plates of
the biofilm (Guasch et al., 1997), and by confinement in the micro-
cosm (Schelske, 1984), even though this confinement was reduced
by the weekly replacement of the water in the microcosms. The
concentrations of dissolved nutrients, especially NO3~ and SiO,
(nitrates are used by all algae, and silicates are principally used
by diatoms) at the end of the experiment were very low compared
to the initial values, suggesting that a rapid uptake of nutrients
had occurred. The rapid increase in biofilm biomass may have pro-
duced nutrient limitation, and a consequent reduction in biofilm
productivity.

4.1. What are the consequences of chronic diuron contamination
on biofilm?

Chemical analyses of various different biofilm template forms
have shown that diuron is adsorbed by biofilms that have previ-
ously been subjected to chronic diuron contamination (1 pgL™1).
Diuron concentrations within the biofilms were already measur-
able after 21 days of biofilm development, and increased thereafter
up to day 28 of development and of exposure to diuron. Lawrence
et al. (2001) studied herbicide adsorption by biofilms, and showed
that atrazine and diclofop methyl were absorbed and metabolised
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Fig. 3. Impacts of diuron pulses on biofilms in control (W) and chronically exposed
(0) microcosms at days 28 and 32 of the experiment. (a) AFDW biomass, (b) in vivo
chl a fluorescence, (c) HPLC-chl a, (d) carbon incorporation (CO, incorporation),
and (e) short-term sensitivity to diuron (EC50) during the 32 days of experiment.
One pulse of the low concentration of diuron (7 pgL-1): 1d; one pulse of the high
concentration of diuron (14 pgL-1): 1D; two pulses of the low concentration of
diuron (7 pgL~1): 2d. Error bars represent standard deviations (1 =3 for AFDW; n="5
for CO, incorporation, EC50 and in vivo chl a fluorescence).

in the biofilm matrix, which can therefore be viewed as a sink
for organic contaminants. All these laboratory experiments con-
firmed field study findings (Margoum et al,, 2007) revealing that the
chronic contamination of natural biofilms grown in a small stream
was affected by diffuse pesticide pollution. Concentration levels in
the biofilms were related to those of the contaminants dissolved in
surface water.

Biofilm biomass (quantified by AFDW and fluorescence in vivo),
and carbon incorporation were both found to be increased in
the contaminated microcosm (1 gL~ of diuron), and changes
were found in community structure (DGGE and pigment analysis).
Based on carbon incorporation per biomass (carbon incorpora-
tion per AFDW and carbon incorporation per fluorescence units),
named specific carbon incorporation was found not to be increased
in the contaminated microcosm especially at the end of exper-
iment (data not shown), which may explain a lower pH at the
same date. Mplander and Blanck (1992) found an increase in chl
a content, in specific carbon incorporation (incorporation per chl
a) and in species richness of the marine periphyton, which had
been exposed to low concentrations of diuron for 3-4 weeks.
Algae exposed to low concentrations of PSII inhibitors (for exam-
ple diuron) were shown to increase their light-harvesting pigments
{which is known as the greening effect) in order to maintain the
conversion of light energy to chemical energy during photosyn-
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Fig. 4. Correspondence analysis of the biofilm phototroph community structure
(pigment analysis by HPLC). C: control microcosm; D: chronically exposed micro-
cosm. Sampling dates; Day 21: D21; Day 28: D28; Day 32: D32; one pulse of the
low concentration of diuron (7 pgL1): 1d; one pulse of the high concentration of
diuron (14 pgL-1): 1D; two pulses of the low concentration of diuron (7 g L-1): 2d.
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Fig. 5. Cluster analysis (Ward method) of the biofilm bacterial community structure
(DGGE analysis on PCR amplified 16S rRNA gene fragments). (a) Control microcosm.
(b) Pre-exposed microcosm. Sampling dates; Day 21: D21; Day 28: D28; Day 32:
D32; Day 28; one pulse of low diuron concentration (7 g L~1): D28 1d; Day 28; one
pulse of the high concentration of diuron (14 pgL-1): D28 1D; Day 32; two pulses
of the low concentration of diuron (7 gL—1): D32 2d.
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structure at three sampling dates. Day 21: D21; Day 28: D28; Day 32: D32. Control:
biofilm growth in the control microcosm. Diuron: biofilm growth in the microcosm
chronically exposed to 1 gL' of diuron.

thesis (Bérard and Pelte, 1999). In vivo chl a fluorescence can be
enhanced by PII inhibitors (like diuron) by blocking the electron
transport chain in the first phase of photosynthesis (photophos-
phorylation, Moreland, 1967). This phenomenon has been used
to measure photosynthesis inhibition and PICT on phytoplankton
after few hours of incubation with the PSII inhibitor (e.g. Seguin
et al,, 2002). In contrast, fluorescence measurements in our study
were done 1-3 weeks after the first exposure of biofilms to diuron,
and HPLC-chl a data were in concordance with the fluorescence
results, Francois and Robinson (1990) have also shown that low
levels of PSII inhibitors can enhance nitrate or nitrite reductase
activity and carbon fixation in unicellular algae Chlamydomonas
cultures, leading to increased protein accumulation in the cells.
These phenomena may explain the increase in biofilm chl a flu-
orescence, AFDW and carbon incorporation observed in this study.
Our results also suggest that communities may have the capacity
to compensate for the inhibition of photosynthesis produced by
sublethal herbicide concentrations, which could be explained as a
toxicant-induced succession among microbial species resulting in
tolerance or hormesis (Schmitt-Jansen and Altenburger, 2005).
Whereas a difference in the eukaryotic DGGE profiles of the
control and contaminated microcosms became evident from day
21 of growth, changes in bacterial community structure appeared
only at the end of the experiment (D32 of growth). It is well
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Fig. 7. Cluster analysis (Ward method) of the biofilm eukaryotic community struc-
ture (DGGE analysis on PCR amplified 18S rRNA gene fragments) in (a) control
microcosm (b) chronically exposed microcosm. Sampling dates; Day 21: D2; Day 28:
D28; Day 32: D32; Day 28; one pulse of the low concentration of diuron (7 pgL™1):
D28 1d; Day 28; one pulse of the high concentration of diuron (14 pgL-1): D28 1D;
Day 32; two pulses of the low concentration of diuron (7 pgL-1): D32 2d.

known that substrates are first colonized by bacteria, and then by
microalgae (Liu et al., 1993; Lyautey et al., 2005), and that strong
interactions occur between microbenthic algae and heterotrophic
bacteria within the biofilm (Romani and Sabater, 1999; Romani
et al., 2004). This time-lag between algal and bacterial commu-
nity restructuring within the biofilm suggests that the impact of
a low concentration of diuron on bacteria may be mainly indirect.
Long-term exposure to diuron affects both the structure and the
functioning of microbenthic algae, which may result in changes
in the quantity and quality of algal products available to bacteria
within the biofilm, leading to a shift in the composition of the bac-
terial community (Horner-Devine et al., 2003; Pesce et al., 2006).
A shift from autotrophic-dominated to heterotrophic-dominated
microbial communities has been highlighted in biofilms exposed to
photosynthesis inhibitors, such as atrazine and copper (DeLorenzo
et al,, 1999; Nystrom et al., 2000; Barranguet et al., 2003).

Dorigo et al. (2007) investigated the environmental impact
of diffuse pesticide pollution on natural biofilms, at both pris-
tine (upstream) and contaminated stations (downstream) in the
Morcille River. The community composition in terms of bacteria,
eukaryotes and photoautotrophs as assessed by DGGE and by pig-
ment analysis, respectively, was significantly different in samples
from contaminated stations and from uncontaminated ones, which
is in accordance with our experimental observations. Community
tolerance towards diuron, based on EC50 values for photosynthesis,
was significantly lower for upstream photoautotrophic organisms
than for those found further downstream, suggesting that there
was a pollution-induced gradient in community tolerance (PICT).
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In the present experiments, we found differences in microbial com-
munity structure, but we did not find any significant difference
between the control and the contaminated microcosms in pho-
totrophic biofilm tolerance to diuron. There are several reports of
other experimental studies in which no PICT was detected, despite
the obvious selection pressure exerted by a given toxicant (Nystrom
etal., 2000; Molander and Blanck, 1992). Some diatom species may
be more tolerant to PSIlinhibitors than species of other algal classes
(Bérard and Pelte, 1999; Guasch et al., 1997), and the predominance
of diatoms within periphytic layers is a very common situation in
lotic systems (Stevenson and Pan, 1999), which was confirmed by
our HPLC pigment analyses. Algal species occurring in our biofilm
communities may therefore have a narrower range of tolerance to
PSII inhibitors, and during our experiments, this kind of herbicide
may have little potential for any increase in periphyton commu-
nity tolerance in comparison to other algal communities (Nystrom
et al., 2000; Bérard and Benninghoff, 2001). Mglander and Blanck
(1992) present a conceptual three-stage model of the impact of
diuron on marine periphyton as a function of diuron concentra-
tions in the water. During the first stage, exposure to diuron has
no long-term effect, during the second stage, a slight long-term
effect on biomass and structure occurs, and during the final stage,
the diuron stress is so severe that sensitive species are eliminated
resulting, on the one hand, in a decline in the diversity and in
chl a biomass, and on the other hand, in an increase in commu-
nity tolerance, giving an easily detected PICT. Our chronic-exposure
conditions could be compared to the second stage (between 2
and about 9 pg of diuron per liter for these authors, and 1 pgL~!
in our study). We detected the stimulation of various biomass
parameters, changes in structure (but no decrease in diversity) and
no PICT. One of the main differences between our experimental
study and that of Dorigo et al. (2007) is the surrounding biolog-
ical environment. Despite an effective contamination of almost
1pgL-1, the contaminated and reference microcosms were regu-
larly supplied with water, and thus with microorganisms from the
upstream station of the Morcille river. In the field, emigration as
a result of drift, and immigration of microorganisms onto the sub-
strata can be important processes in regulating biofilm composition
and standing crop in streams (Stevenson and Peterson, 1991). At
the downstream stations, biofilms are continually interacting with
neighboring microbial populations, which are continually exposed
to the contaminants, whereas our microcosms were not. This may
explain why diuron was detected in situ in short-term PICT tests
(Dorigo et al., 2007), but not in vitro (our study). Another major dif-
ference between our experimental study and the study of Dorigo et
al. (2007) is, of course, the exposure history of the in situ biofilms,
whichin Dorigo's study may have been exposed to flood events and
higher herbicide contamination in the river before the sampling
and testing of the study (during flood events concentrations higher
than 10 pgL-! of diuron can be found in the Morcille river, Rabiet
et al., 2008), whereas in the context of our experiment, the pulses
tested had no significant impacts on biofilm tolerance towards
diuron. The small increase in periphyton community tolerance
could also be due to protocol artifacts, which may have pre-selected
periphyton communities colonizing artificial substrates. For exam-
ple, temperature was higher within the microcosms than within
the sampling site of the Morcille river. Combined effects of diverse
stress (physical and chemical) on microbial communities can have
synergistic effects or the inverse (Vinebrooke et al., 2004; Sargian
et al,, 2005).

4.2. What are the consequences of the various acute scenarios on
long-term responses of biofilms?

Based on AFDW results, we estimated the increase of biofilm
biomass in our microcosms during the length of one pulse (3 h): it

was between 0.8 and 1.7% of the initial biomass, which confirms
that the pulses we applied were in the scale of acute impacts. In
the context of our in vitro experiments, a 24 h pulse (Jurgensen and
Hoagland, 1990) would then permit the growth of 6-14% of biofilm
biomass.

Single or double 3h pulses of diuron did not induce diuron
accumulation within the biofilm matrix. Considering the findings
of Headley et al. (1998), who showed that only a few minutes
are needed for pesticides with higher Kow to be bioconcentrated
in biofilms, we could assume that the sorption kinetics mainly
depends on the physico-chemical properties of the pesticide. In
our study, diuron (log Kow =2.68) analyses were only performed
1 week after each pesticide pulse so we may not exclude that
diuron may have accumulated within the biofilm matrix during
the “pulse period”, and then have been released during the 7 days
of the “recovery period” when they had been transplanted from the
nanocosms back into the microcosms, In the light of the adsorption
theory, other parameters could also explain these different findings
such as the stirring level and varying ratios between the water vol-
ume and the substrate mass during experiments (Boesten, 1990;
OCDE, 2000).

A single diuron pulse (7 and 14 pgL~1) had no significant effect
compared to non-pulsed biofilms on either the ash-free dry weight
of the biofilms or the biofilm sensitivity (PICT bioassays, EC50) after
28 days of development (apart from the higher diuron pulse on con-
trol biofilms). Some differences were found between pulsed and
non-pulsed biofilms for chl a fluorescence, carbon incorporation,
biomolecular structure (DGGE) and pigment diversity after 28 days
of development. We observed that the effects of the short-term
pulses displayed very slight, dose-dependency, but except for the
chl a fluorescence and carbon incorporation, there was little dif-
ference between biofilms that have been subjected to the higher
diuron pulse (14 wgL~1) and that have been subjected to the lower
pulse(7 pgL-1). At the concentrations and experimental conditions
that we tested, diuron pulses had only a slight impact on long-term
responses of biofilms.

Asingle pulse (14 wgL~1) lasting 3 h had less impact on biofilms
thanadouble pulse (7 g L~!), which induced decreases in biomass
(AFDW and chl a fluorescence) and in photosynthetic activity (car-
bon incorporation), and an increase in sensitivity towards diuron
(EC50, but not significant). Macinnis-Ng and Ralph (2004) exam-
ined the impact of double pulses of copper and of the PSII inhibitor
Irgarol 1051 on photosynthesis and total chlorophyll concentra-
tions of a seagrass, Zostera capricorni. Consistent with our findings
for river biofilms, their results indicated that multiple pulses of
photosynthetic inhibitors had a greater impact on photosynthesis
parameters than a single pulse.

Nevertheless, it should be noted that river biofilms might also be
affected by flow velocity and sediment deposition and/or abrasion
(Wellnitz and Rader, 2003). For example, in an experimental study
with atrazine, Jurgensen and Hoagland (1990) showed that runoff
related sediment deposition and the associated fluctuations in the
stream flow had more impact on stream periphyton than short-
term pulses of the same herbicide. Sabater et al. (2002) proved
experimentally that current velocity triggers the effect of copper
on biofilms, which more marked at low and high velocities than at
intermediate current velocities. Future experimental studies must
be designed to take into account the influence of physical parame-
ters and their interaction with pollutants on river biofilms.

4.3. What about the influence of a past chronic diuron
contamination on further acute diuron exposures?

When we looked more closely at the impact of diuron pulses on
biofilms, we found some differences in the responses of microbial
communities originating from the control microcosm and those of

253



262 A. Tlili et al. / Aquatic Toxicology 87 (2008) 252-263

microbial communities originating from the contaminated micro-
cosm,

Biofilm eukaryotic communities (DGGE on 18S rDNA gene frag-
ments) from the control microcosm were restructured by acute
exposure to diuron, whereas the eukaryotic community structure
of biofilms that have previously been exposed to a low concen-
tration of diuron was not affected by the diuron pulses. In an
experimental study, Niederlehner and Cairns (1992) showed that
periphytic communities grown under chronic Zn stress were ini-
tially impaired in terms of community structure and gross primary
productivity, but that they changed less when subsequently sub-
jected to an additional stress. This means that the taxonomic
composition changed less in response to a secondary stress of the
metal in chronically contaminated communities than in previously
contamination-free communities. This suggests that algal commu-
nities initially selected in the slightly contaminated microcosm may
have lost their potential for selection, and were no longer restruc-
tured by fresh acute contamination by the toxic agent (Vinebrooke
etal,, 2004).

Diuron pulses inhibited the chl a fluorescence and carbon incor-
poration of pre-exposed biofilms less than those of the control ones.
This lower inhibition of pre-exposed photosynthetic microbenthic
biomass and activity by diuron pulses may be an indirect result of
diuron-induced algal community tolerance via changes in structure
(Bérard and Benninghoff, 2001). No tolerance effect was demon-
strated in short-term bioassays, but this effect could be significant
under these long-term experimental conditions (algal biomass and
carbon incorporation measurements were done 7 days after the
pulses).

5. Conclusion

In conclusion, our results indicate that exposure to envi-
ronmentally realistic concentrations of an herbicide can have
measurable effects on freshwater biofilm communities (in terms
of biomass, eukaryotic community structure and primary produc-
tion), and especially on algal communities. Most of the existing
effect concentrations used for environmental risk assessment cor-
respond to exposure conditions lasting for more than 1 day,
which may not be representative of real exposure conditions in
small rivers, For example, the EC50 of 3.3 pgL ! for diuron in
the growth bioassay of the green algae Scenedesmus subspica-
tus corresponds to an exposure lasting 96 h (OECD 201) (Agritox:
http://www.dive.afssa.fr/agritox/index.php). So far, environmental
risk assessment has not taken into account the exposure time,
previous exposure and pulse exposure parameters. This is par-
ticularly important because the differing mechanisms of action
of pesticides mean that the toxic effects produced may be time
dependent: for example PSII inhibitors can inhibit the photosyn-
thesis of aquatic microorganisms within a few seconds, but only
subsequently induce physiological stress and long-term effects on
microbial communities, as we showed 7 days after a short-term
exposure to diuron for 3 h.

In our study, the impact of diuron on the composition and func-
tion of microbenthic communities were studied under conditions
of sequential stresses over time in relation to chronic and acute
exposures mimicking flooding events in a small river contaminated
by diffuse pesticide pollution. We have shown that the effects of
an acute disturbance on biofilm systems depend on whether the
biofilms have previously been exposed to these stressors. Given
the important environmental implications of these findings, further
studies simulating different contamination scenarios (concentra-
tion, duration, frequency and mixtures of pesticides) are clearly
warranted in order to devise models of the ecotoxicological impacts
of flooding on non-target aquatic organisms, such as microbenthic
biofilms.
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Les biofilms aquatiques : dans quelle mesure
permettent-ils de comprendre 'effet des pesticides

sur le fonctionnement des cours d’eau ?
Exemple en zone de vignoble

Stéphane Pesce, Ahmed Tlili et Bernard Montuelle

En France, malgré le développement de nouvelles pratiques agricoles plus respectueuses de I'envi-
ronnement, les pesticides restent les principaux responsables de la pollution chimique des riviéres. La
compréhension et I'évaluation de I'impact de ces substances sur le fonctionnement des cours d'eau
représentent donc un enjeu majeur pour la reconquéte de la qualité de I'eau et des milieux aquatiques.
A partir des résultats d'études obtenus sur une riviére du Beaujolais, les auteurs de cet article analysent
le réle écologique clef joué par les communautés microbiennes structurées sous forme d'assemblage
appelés « biofilms » et proposent leur utilisation comme indicateurs biologiques pour détecter et évaluer
les pollutions chimiques par les pesticides ainsi que leurs effets sur le fonctionnement des cours d'eau.

es diverses pressions anthropiques (rejets

domestiques/industriels/agricoles), qu’elles

soient ponctuelles ou diffuses, permanen-

tes ou temporaires, entrainent des dégra-
dations parfois fortes et durables des écosystemes
aquatiques. Depuis quelques années, au-dela du
constat de pollution d’un milieu, se sont dévelop-
pées les notions de « santé des écosystemes » et
de « bon état écologique » (Costanza et Mageau,
1999) qui considerent une approche plus globale
du milieu aquatique, allant si nécessaire jusqu’a
prendre en compte le fonctionnement du bassin
versant.

Malgré le développement d’une législation plus
protectrice de I’environnement et |'introduction
progressive de nouvelles pratiques agricoles pour
limiter I’'usage et le transfert des pesticides les plus
mobiles, de telles substances sont tres fréquem-
ment détectées dans les eaux de surface, a des
concentrations souvent élevées (IFEN', 2007).
La directive cadre européenne sur I'eau (DCE,
2000/60/CE), qui établit une politique commu-
nautaire en terme de préservation et de gestion
des écosystemes aquatiques, se traduit par une
intensification des actions de surveillance des
écosystémes aquatiques et I’élaboration d’ac-
tions correctives afin de réduire leur niveau de
contamination et atteindre ainsi le « bon état »
chimique et écologique des masses d’eau avant
2015.

Les zones viticoles sont des zones bien identifiées
de dégradation de qualité des milieux aquatiques
(Agence de |'eau Rhone-Méditerranée & Corse,
2008). Elles drainent de petits hydrosystemes par-
ticulierement exposés aux pesticides qui peuvent
étre temporairement en fortes concentrations
(orages, ruissellement) et souvent en mélange de
substances (Rabiet et al., 2008). Les modalités
fines de transfert et d’action des pollutions diffuses
ne sont pas entierement connues. || est cependant
indispensable de pouvoir relier, dans ces cours
d’eau, les niveaux d'exposition réels aux effets
sur les communautés biologiques, en intégrant
les aspects de variabilité spatiale et temporelle
(Montuelle et al., 2007). De méme, la capacité
de récupération des communautés (résilience)
est un élément de connaissance important pour
appréhender le potentiel de retour a un bon état
écologique en cas de remédiation du milieu.

Parmi les biocénoses aquatiques, les commu-
nautés microbiennes sont des acteurs clés dans
le fonctionnement général des écosystémes
aquatiques. En effet, par leur position a la base du
réseau trophique et leurs capacités enzymatiques,
les micro-organismes eucaryotes (possédant un
noyau : microalgues, champignons, levures...) et
procaryotes (sans noyaux : bactéries, cyanobacté-
ries...) interviennent de maniere prépondérante
dans différents processus écologiques fondamen-
taux : la production primaire, assurée par les orga-
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nismes autotrophes, capables de synthétiser du
carbone organique par photosynthese (microal-
gues et cyanobactéries), ou la dégradation de la
matiere organique et le recyclage des nutriments,
assurés par les organismes hétérotrophes, qui ne
sont pas capables d’effectuer la photosynthese
(bactéries, champignons...).

Sur des supports immergés, ces communautés
microbiennes se structurent sous forme d’agrégats
dénommés biofilms ou périphyton (encadré 1).
Dans les petits cours d’eau, tels que ceux drai-

nant les surfaces agricoles, I'importance relative
de ces biofilms est grande et ils assurent un réle
fonctionnel majeur pour I’écosysteme (Dorigo
et al., 2008 ; Villeneuve et al., 2009). De plus,
ces assemblages microbiens interagissent pré-
cocement avec les substances dissoutes (Sabater
et al., 2007) et notamment avec les pesticides.
La contamination des milieux aquatiques par ce
type de polluants est donc susceptible de modi-
fier leur structure et leur fonctionnement par des
effets directs et/ou indirects (Pesce et al., 2006 ;

Les biofilms se développent selon un schéma maintenant bien connu. Les espéces microbiennes
sont entrafnées par le courant et colonisent les surfaces immergées, selon une succession qui
dépend des temps de génération spécifiques des espéces (bactéries ; champignons filamenteux ;
algues de type diatomées, algues vertes et bleues). L’atteinte d’un climax (biofilm mature, A)
dépend des conditions environnementales (teneurs en nutriments contrélant la croissance des
micro-organismes, régime hydraulique entrainant ou non de 'abrasion, température...). Les dyna-
miques de croissance et le calcul d’un taux de croissance en phase exponentielle (B) permettent
de caractériser des situations chimiques différentes.
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Figure 1 - Formation et cycle de développement d’un biofilm (Othoniel, 2006 ; d’aprés (A) Mozes, 1995 ;
(A) et (B) Biggs, 1996).
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Tlili et al., 2008). En outre, les micro-organismes
présentent une forte capacité a répondre rapide-
ment a des changements environnementaux et a
s’y adapter de maniere transitoire ou irréversible
(Sabater et al., 2007). C'est pourquoi les biofilms
microbiens constituent des indicateurs de per-
turbation (ou bio-indicateurs) particulierement
pertinents qui peuvent offrir un signal précoce
de stress environnemental suite a une pollution
chimique (Sabater et al., 2007) et notamment par
des pesticides.

Deux approches complémentaires co-existent
pour évaluer la réponse microbienne a un stress
environnemental :

— une approche basée sur Iétude structurale des
communautés (biomasse, taxonomie, diversité...).
C’est la méthode la plus connue qui a donné des
indicateurs normalisés comme I'indice biologi-
que diatomique (IBD) ou I'indice de polluosen-
sibilité spécifique (IPS), basés sur la taxonomie
des algues appartenant au groupe des diatomées
(Coste, 1982 ; Morin et al., 2007). Pour "instant
ces méthodes sont cependant limitées a une bio-
indication essentiellement trophique ;

- une approche fonctionnelle portée générale-
ment sur le suivi d’activités métaboliques (pho-
tosynthese, respiration, activités enzymatiques,
potentiel de biodégradation...).

Lutilisation du biofilm microbien comme bio-
indicateur permet donc un large choix de descrip-
teurs, plus ou moins adaptés aux différents types
de contaminants. Le choix de ces descripteurs est
également trés important afin de pouvoir discri-
miner les effets liés aux pesticides de ceux asso-
ciés aux facteurs environnementaux (vitesse de
courant, luminosité, autres composés organiques
et inorganiques) et de prendre en considération
les spécificités et les interactions des différentes
composantes biologiques du biofilm (Sabater et
al., 2007 ; Villeneuve, 2008).

Dans cet article, nous proposons ainsi de discuter
le potentiel offert par les biofilms aquatiques pour
évaluer I'impact des pesticides sur le fonction-
nement d’un cours d’eau, en se basant sur des
résultats obtenus au cours de différentes études
menées sur un site atelier du Beaujolais. Apres
une présentation du site d’étude et une bréve
description des différents descripteurs microbiens
utilisés, nous exposerons et commenterons les
résultats obtenus pour chacun d’entre eux afin
d’en discuter la pertinence comme bio-indica-
teurs d’une pollution par des pesticides.

Le bassin versant de la Morcille (9,5 km?) est
situé au nord du département du Rhone, dans le
Haut-Beaujolais, entre la bordure orientale du
Massif Central et I'extrémité ouest de la vallée de
la Sadne (figure 2). Il constitue un sous-bassin de
I’Ardiéres (220 km?) avec lequel il compose le site
atelier Ardieres-Morcille (SAAM), intégré dans la
zone atelier du bassin du Rhone (ZABR). Le bassin
versant de la Morcille est essentiellement forestier
en amont et planté de vignes en aval. Trois sites
d’échantillonnage sont généralement privilégiés
par le Cemagref pour la caractérisation chimi-
que du cours d’eau : un site amont, dénommé
« Saint-Joseph » ; un site intermédiaire, dénommé
« Versauds » ; et un site aval, dénommé « Saint-
Ennemond ». Ces trois stations sont représenta-
tives de I"'augmentation de la proportion relative
de vigne sur la surface de bassin versant drainée
par le cours d’eau de la station amont (7 %) a la
station aval (69 %) (figure 2). Cette augmentation
est associée a un gradient croissant des teneurs
en pesticides (majoritairement a action herbicide)
tout au long du cours d’eau avec une prédomi-
nance du diuron (Dorigo et al., 2007 ; Gouy et
Nivon, 2007 ; Rabiet et al., 2008 ; Pesce et al.,
2009). Cette matiére active, largement utilisée
comme herbicide sur les vignes ces derniéres
années, est interdite d’utilisation par les viticul-
teurs depuis le 13 décembre 2008.

Les caractéristiques de ce bassin versant en font
un site de choix pour évaluer I'impact de ce type
de polluants sur les communautés microbiennes.
La principale période de pollution du cours d’eau
par les pesticides s’étend d’avril a ao(t, durant les
différents traitements des vignes par les produits
phytosanitaires, mais le gradient de contamina-
tion est également mesuré en période hivernale.
Comme souvent dans le cas de bassins versants
agricoles (Pesce et al., 2008), un gradient simi-
laire amont-aval est également observé avec les
métaux lourds, notamment |’arsenic et le cuivre
(Rabiet et al., 2008), le carbone organique dissous
et les composés inorganiques azotés et phospho-
rés (Dorigo et al., 2007). Les micro-organismes
étant également tres sensibles a ces composés,
ces derniers peuvent donc représenter des fac-
teurs de confusion importants dans I"évaluation
de la réponse des communautés microbiennes
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Figure 2 -
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aux pesticides (Dorigo et al., 2007 ; Pesce et al.,
2008 ; Villeneuve, 2008).

LES RESULTATS ISSUS DES CAMPAGNES
D’ECHANTILLONNAGE

Les résultats présentés dans cet article sont issus
de différentes campagnes d’échantillonnage
effectuées sur la Morcille au cours de la période
2004-2008. Les biofilms ont été collectés au
niveau des trois stations décrites précédemment
sur des substrats artificiels immergés pendant
deux mois (supports de verre) ou des substrats
naturels prélevés dans le lit de la riviére (cailloux).
Les périodes de prélevement et les substrats uti-
lisés seront précisés pour chacun des résultats
présentés ci-apres.

LES DESCRIPTEURS MICROBIENS UTILISES

Plusieurs types de descripteurs ont été utilisés
pour caractériser les propriétés fonctionnelles et
structurales des biofilms de la Morcille lors des
travaux présentés dans cet article. La biomasse
totale, qui permet d’appréhender la structure
générale du biofilm, a été estimée par mesure de
la matiere seche. La distribution des différentes
classes de micro-organismes photosynthétiques
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(microalgues et cyanobactéries) au sein du bio-
film a été appréciée par analyse des pigments
photosynthétiques par chromatographie liquide
haute performance (HPLC"). La diversité micro-
bienne a également été appréhendée de maniere
plus fine a 'aide d’une méthode moléculaire
dite « d’'empreinte génétique » : la PCR-DGGE
(encadré 2).

Le niveau de tolérance global des communautés
photosynthétiques (algues et cyanobactéries) du
biofilm au diuron, principal herbicide détecté
dans la Morcille, a été apprécié a partir de tests
de toxicité aigué effectués en laboratoire. Brieve-
ment, les biofilms ont été soumis au laboratoire
a des concentrations croissantes en diuron et
la réponse microbienne, en fonction du niveau
d’exposition, a été appréciée en terme d’activité
photosynthétique par mesure du taux d’incor-
poration de "C. Les courbes dose-réponse (ou
dose-effet) établies ont ainsi permis de déterminer
la concentration efficace en diuron inhibant 50 %
(CE50) de I'activité photosynthétique de chacune
des communautés étudiées (encadré 3).

Le potentiel de dégradation du diuron par les
communautés microbiennes bactériennes et
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Initialement, la DGGE (électrophorése en gradient de gel dénaturant) a été développée dans
le domaine médical pour détecter des mutations impliquées dans des maladies génétiques.
Aujourd’hui elle est largement utilisée pour distinguer les différentes populations de micro-orga-
nismes dans des échantillons naturels aprés amplification par PCR (réactions de polymérase en
chaine) de région de génes codant pour ’ARNr" 16S pour les procaryotes ou 18S pour les eucaryotes.
Cette technique est basée sur le fait qu’un ADN” double brin se dissocie, lorsqu’il est soumis a des
dénaturants chimiques, en fonction de sa séquence nucléique. Aprés amplification, les molécules
d’ADN de mémetaille, différant d’un ou plusieurs nucléotides, vont donc migrer différemment tout
au long du gradient dénaturant. Lors de 'analyse d’une communauté complexe, des profils multi-
bandes sont obtenus et chaque bande est théoriquement représentative d’une séquence et donc
d’un phylotype, permettant ainsi de visualiser la richesse spécifique des communautés.

Procarxotes

il

L amplificat arat
]'i 11}.'11 e I;(:?Rm Serz::n Analyse des profils
ADN génomique i ‘ |
extrait m“ "
185 i

Figure 3 - Principe de la méthode PCR-DGGE.

fongiques dubiofilm a été évalué par la méthode
de radiorespirométrie (qui permet de mesurer la
quantité de CO," issue de I"activité microbienne),
couplée a |utilisation de diuron marqué radioac-
tivement ("*C-diuron). Brievement, les biofilms
ont été incubés en enceinte radiorespirométrique
étanche pendant seize semaines en présence de
"C-diuron et le suivi de la cinétique de biodégra-
dation compléte de la molécule (minéralisation) a
été réalisé par un dosage régulier du CO, radioac-
tif ("*CO,) produit par les micro-organismes suite
a cette minéralisation.

La variabilité spatiale et temporelle de la bio-
masse totale, estimée par mesure du poids sec,
a été appréciée a partir de biofilms collectés

Eucaryotes

mensuellement sur des cailloux prélevés aux trois
stations d’échantillonnage entre juin 2007 et mai
2008 (figure 5). Les résultats obtenus au cours de
ce suivi d'un an semblent faire apparaitre une
|égere tendance saisonniéere avec des biomasses
plus importantes en hiver qu’en été. Les variations
spatiales inter-sites sont quant a elles tres limitées,
y compris durant le printemps et I'été, principales
périodes de contamination de la Morcille par les
pesticides.

Deux campagnes réalisées sur les trois stations
d’échantillonnage au printemps 2004 et en hiver
2005 ont également permis d’appréhender les
variations spatiales et saisonnieres de la com-
position du biofilm (Dorigo et al., 2007, 2009).
Ces variations sont illustrées sur la figure 6 sous
forme d’une analyse en composantes principales
(ACP) représentant les individus (échantillons)
dans un espace en deux dimensions en fonc-
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Le niveau de tolérance d’'une communauté biologique a un toxique peut &tre mesuré par estimation
de la concentration efficace de ce toxique réduisant de x % l'intensité d'un processus biologique
choisi (CEx). Cette estimation s’effectue par I'analyse de courbes dose-réponse qui permet de
représenter le niveau d’activité biologique en fonction du niveau d’exposition au toxique choisi et
de déterminer la valeur de la CExrecherchée (généralement la CE50, comme sur ’exemple présenté
sur la figure 4). La confrontation des CEx obtenues pour différentes communautés permet ainsi
de comparer leur niveau de tolérance pour un toxique : plus la valeur de la CEx augmente, et plus
la communauté présente des capacités de résistance importante vis-a-vis du polluant. Ainsi sur
la figure 4, la communauté B est caractérisée par une CE50 supérieure a la communauté A, ce qui
signifie qu’elle est plus tolérante que celle-ci au toxique auquel elles ont été exposées.
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Figure 4 — Mesure et comparaison du niveau de tolérance de communautés biologiques.
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biofilms collectés mensuellement sur substrats naturels aux trois stations
(J : Saint-Joseph ; V : Versauds ; E : Saint-Ennemond) entre juin 2007 et mai

2008.
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tion des coordonnées définies par une matrice
obtenue par comparaison des profils de diversité
génétique observés par DGGE (figure 6B et 6C)
ou par analyse de la composition en pigments
photosynthétiques (figure 6A). Cette représen-
tation graphique permet ainsi de visualiser les
variations suivant les deux axes majeurs qui
expliquent la majorité des différences inter-
échantillons observées (56 % a 99 % dans les
ACP représentées). Les analyses effectuées sur les
biofilms printaniers montrent une distinction tres
nette entre les trois sites en période de pollution
par les pesticides, tant au niveau de la répartition
pigmentaire des organismes photosynthétiques
(microalgues et cyanobactéries) au sein de la
communauté (figure 6A), que des diversités
eucaryotes (figure 6B) et procaryotes (figure 6C),
évaluées par PCR-DGGE. En hiver, cette dis-
tinction entre les trois sites reste bien marquée
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Figure 6 - Analyse en correspondance principale (ACP) de la répartition des différents pigments photosynthétiques
(A), des profils de diversité eucaryote obtenus par PCR-DGGE sur ADNr 18S (B) et des profils de diversité procaryote
obtenus par PCR-DGGE sur ADNr 16S (C) dans des biofilms collectés sur substrats artificiels (triplicats) immergés durant
deux mois au printemps (mi-avril @ mi-juin 2004) et en hiver (février-mars 2005) aux trois stations () : Saint-Joseph ; V :
Versauds ; E : Saint-Ennemond) d’aprés Dorigo et al. (2007, 2009). Pour chaque échantillon, les symboles représentent
la position médiane des profils de diversité et les traits la variation observée entre les triplicats.
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pour la diversité procaryote (figure 6C), mais de
fortes similitudes sont observées entre la station
amont et la station intermédiaire au niveau de la
diversité eucaryote (figure 6B). Ceci est confirmé
par I’analyse pigmentaire de la communauté
photosynthétique (essentiellement composée
d’organismes eucaryotes) qui fait apparaitre un
fort rapprochement de la composition des bio-
films de chaque station en hiver par rapport au
printemps (figure 6A).

-

J

Figure 7 — Tolérance moyenne (et écarts-types) au diuron (exprimée sous forme
de concentration efficace inhibant 50 % de l'activité photosynthétique : CE50) de
biofilms collectés sur substrats artificiels (triplicats) immergés durant deux mois
au printemps (mi-avril @ mi-juin 2004) et en hiver (février-mars 2005) aux trois
stations (J : Saint-Joseph ; V : Versauds ; E : Saint-Ennemond) d’aprés Dorigo et al.
(2007). Couleurs pleines : printemps ; couleurs hachurées : hiver.

Figure 8 -
Cinétique moyenne
(et écarts-types) de
minéralisation de
14C-diuron par des
biofilms collectés sur
substrats naturels
(triplicats) aux
stations amont
(J : Saint-Joseph)
et aval (E : Saint-
Ennemond) en
juin 2007 d’aprés
Pesce et al. (2009).
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Les deux campagnes d’échantillonnage décrites
précédemment ont également permis d’apprécier
le niveau de tolérance des communautés pho-
tosynthétiques printanieres et hivernales a une
exposition aigué a I’herbicide diuron (Dorigo et
al., 2007). Les résultats présentés sur la figure 7
mettent en évidence une augmentation des CE50
entre les trois stations. Ceci traduit donc une plus
grande résistance des communautés a ce produit
d’amont en aval, au printemps comme en hiver.
Des variations saisonnieres sont également obser-
vées pour les biofilms situés en amont et surtout
pour ceux de la station intermédiaire (Versauds),
qui sont caractérisés par une CE50 proche de
la station avale durant la principale période de
pollution par le diuron (printemps) alors qu’elle
diminue et se rapproche de celle mesurée en
amont durant I’hiver.

Le potentiel de biodégradation des communautés
microbiennes hétérotrophes de la Morcille a été
apprécié a partir de biofilms collectés aux stations
Saint-Joseph et Saint-Ennemond, en juin 2007
(Pesce et al., 2009). Les courbes obtenues lors
du suivi radiorespirométrique (figure 8) mettent
clairement en évidence une augmentation du
potentiel de biodégradation totale (minéralisa-
tion) du diuron entre la station amont et |a station
aval durant une période de forte contamination
du cours d’eau par cette molécule.
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Les résultats décrits précédemment mettent en
évidence une modification nette du biofilm
d’amont en aval de la Morcille, tant d’un point
de vue structural que fonctionnel. Cependant,
certains descripteurs ne permettent pas d’ap-
préhender la spécificité microbienne de chacun
des sites étudiés. Ainsi, I"absence de différence
inter-sites pour le poids sec des biofilms (figure 5),
et ce, quelle que soit la saison, confirme clai-
rement que ce type de descripteur global de la
structure générale du biofilm s’avére peu adapté
pour étudier la réponse des communautés micro-
biennes a des modifications environnementales
(Othoniel, 2006 ; Villeneuve, 2008). Les chan-
gements structuraux des biofilms d’amont en
aval sont néanmoins perceptibles a I'aide de
descripteurs plus spécifiques, tels que la carac-
térisation de la composition pigmentaire ou des
diversités eucaryotes et procaryotes (figure 6).
Les variations inter-sites sont beaucoup plus
marquées en période printaniere et estivale de
forte pollution de la Morcille par les pesticides,
en particulier pour les communautés autotrophes,
majoritairement eucaryotes (microalgues). Ces
communautés sont particulierement sensibles
aux herbicides et notamment au diuron (Pesce
et al., 2006 ; Tlili et al., 2008), prédominant
dans le cours d’eau a cette période de I'année
(Dorigo et al., 2007 ; Rabiet et al., 2008). Les
variations spatiales, entre les trois sites présentant
un gradient croissant en herbicides, et temporel-
les, entre le printemps et I"hiver, suggérent donc
un lien fort entre le contexte de contamination
par les pesticides et la composition du biofilm.
Cependant, ces parametres structuraux sont aussi
conditionnés par de nombreux facteurs physiques
(température, vitesse de courant, lumiére...) et
chimiques (teneurs en nutriments, présence de
polluants organiques et inorganiques...) qui évo-
luent fortement d’amont en aval de la Morcille
(Dorigo et al., 2007 ; Rabiet et al., 2008). C’est
pourquoi les approches structurales ne peuvent,
a elles seules, constituer un outil suffisant pour
utiliser les biofilms comme bio-indicateurs d’'une
pollution par des pesticides.

Le niveau de résistance des biofilms au diuron
a été apprécié au moyen d’un descripteur fonc-

tionnel spécifique de la communauté autotro-
phe : I'activité photosynthétique (figure 7). Cette
double démarche d’évaluation des effets de
polluants sur la diversité microbienne et sur 'ac-
quisition d’une tolérance/résistance se place dans
le cadre conceptuel de la méthode PICT” (Blanck,
1998) qui postule qu’une communauté exposée
a un contaminant s’adapte et devient tolérante
a cette substance (encadré 4). Elle est fondée
sur I'hypothése qu'une communauté biologique
naturelle est constituée de différents composants
ayant des sensibilités variables vis-a-vis d'un
toxique donné. Ainsi, suite a une exposition a
un toxique, les organismes les plus sensibles ne
sont plus concurrentiels et sont remplacés par
des organismes plus tolérants. La communauté
résultante présente alors une tolérance vis-a-vis
du toxique, supérieure a celle observée pour une
communauté semblable mais n'ayant pas connu
de pression de sélection par ce toxique (Bérard
et al., 2002). Uutilisation de la démarche PICT
a ainsi permis de mettre en évidence une forte
adaptation de la communauté autotrophe au
diuron dans la Morcille, engendrant alors une
augmentation notable de leurs capacités de résis-
tance a ce polluant d’amont en aval (figure 7 et
Dorigo et al., 2007). Ce type d’approche s’avere
donc particulierement utile dans une démarche
de bio-indication puisqu’elle témoigne, pour un
pesticide donné, du niveau d’exposition préalable
des communautés a celui-ci dans le milieu.

La complémentarité entre |la caractérisation de la
composante autotrophe, par analyse pigmentaire
et par analyse de la diversité de la communauté
eucaryote (essentiellement composée de microal-
gues photosynthétiques), d’une part, et la mesure
de son niveau de tolérance au diuron, d’autre
part, est clairement mise en évidence par les
résultats décrits. En effet, si les biofilms prélevés
respectivement aux stations amont et intermé-
diaire sont bien différenciés au printemps, tant
au niveau de leur structure que de leur capacité
de résistance au diuron, on constate en période
hivernal un fort rapprochement des communautés
pour ces deux criteres. Cela confirme donc que
le contexte de contamination par les pesticides
conditionne fortement la composition du biofilm,
en particulier pour sa composante autotrophe,
favorisant ainsi les especes les plus tolérantes au
sein du biofilm.

En cas d’exposition prolongée a des polluants
organiques, les processus d’adaptation micro-
bienne peuvent également conduire a la stimu-
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— Encadré 4
Le concept PICT

Le concept PICT ou 'acquisition de tolérance induite proposé par Blanck et al., en 1988, est basé
sur le fait qu’'une communauté biologique naturelle est constituée de différents « composants »
(espéces, souches, clones) ayant des sensibilités variables vis-a-vis d’un toxique donné. L’exposi-
tion d’une communauté a ce toxique se traduira par la sélection des organismes les plus tolérants
ou lamise en place de mécanismes de détoxification. La communauté résultante présentera alors,
dans son ensemble, une tolérance vis-a-vis du toxique supérieure a celle d’'une communauté
n’ayant pas subi de pression de sélection par ce toxique. Cette différence de tolérance, que l'on
peut évaluer in vitro par des bio-essais a courte durée en laboratoire et avec des concentrations
croissantes en toxique, peut donner une indication sur Uexposition préalable (in situ) au toxique
des différentes communautés échantillonnées.
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lation des capacités de biodégradation de ces
composés. Cette fonctionnalité concerne les
micro-organismes hétérotrophes (essentiellement
les bactéries et les champignons) capables de
dégrader les polluants (totalement ou partielle-
ment) en les utilisant comme source énergétique.
Elle a principalement été étudiée jusqu’a présent
pour des communautés provenant de sols agrico-
les. Les résultats obtenus lors du suivi mené sur
la Morcille (figure 8) confirment que les com-
munautés hétérotrophes de biofilms aquatiques
possedent également cette capacité d’adaptation
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(Pesce etal., 2009). Dans une période majeure de
contamination de la Morcille (fin du printemps),
le potentiel de biodégradation du diuron (allant
jusqu’a la minéralisation totale du composé) par
les communautés microbiennes est tres élevé
en zone aval et quasi nul en amont, et semble
donc refléter une adaptation au niveau d’expo-
sition a ce polluant dans le cours d’eau. Ce type
d’approche fonctionnelle, ciblée sur les activités
hétérotrophes de biodégradation, semble donc
particulierement bien adapté a une démarche de
bio-indication.
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De par son role écologique et sa sensibilité aux
modifications environnementales, Iutilisation du
biofilm comme indicateur précoce d’un stress
chimique est largement admise par la commu-
nauté scientifique (Dorigo et al., 2007 ; Sabater
et al., 2007 ; Villeneuve, 2008). Nous avons vu
précédemment qu’une des étapes les plus impor-
tantes dans une démarche de bio-indication réside
dans le choix des descripteurs microbiens consi-
dérés. Pour caractériser la réponse microbienne a
une pollution aux pesticides, il semble nécessaire
de coupler les approches structurales et fonction-
nelles (Sabater et al., 2007 ; Villeneuve, 2008), en
ciblant des fonctions spécifiques aux molécules
étudiées (ex. : activité photosynthétique pour les
herbicides inhibiteurs du photosysteme 11, tels que
le diuron). La méthode PICT se révele donc parti-
culierement bien adaptée a ce type de démarche
et a déja été utilisée avec succes dans des rivieres
contaminées par divers pesticides (Dorigo et al.,
2004 ; Dorigo et al., 2007 ; Sabater et al. ,2007).
Elle présente toutefois encore quelques limites
puisque les capacités de tolérance microbienne a
un pesticide donné peuvent étre conditionnées par
des facteurs externes (autres que son seul niveau
d’exposition a cette molécule), tels que le contexte
nutritif ou la présence d’autres pesticides (Sabater
et al.,, 2007) qui peut engendrer des phénoménes
de co-tolérance (Blanck et al., 2002). Cette co-
tolérance s’observe généralement en présence de
molécules ayant des modes d’action comparables
envers les communautés microbiennes.

Sielle n’est pas encore trés développée en milieu
aquatique, I'approche fonctionnelle ciblée sur
les activités hétérotrophes de biodégradation des
pesticides offre des perspectives prometteuses
pour une démarche de bio-indication puisque
ces activités sont généralement ciblées sur des
molécules ou des groupes de molécules spécifi-
ques. Elle pourrait notamment étre enrichie par
des mesures in situ d’expression de génes codant
des enzymes impliquées dans les mécanismes
de dégradation (quand ils sont connus) et des
études de diversité pour identifier les organismes
impliqués dans ces processus.
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Fixés sur des substrats immergés, les biofilms microbiens assurent un role écologique majeur dans les
petits cours d’eau. Ils interagissent avec les substances dissoutes et les contaminants (et notamment
avec les pesticides) qui peuvent modifier leur structure et leur fonctionnement par des effets directs
ou indirects. Les biofilms peuvent &tre utilisés comme indicateurs biologiques d’une pollution (bio-
indicateurs) grace a une grande variété de descripteurs microbiens, taxonomiques ou fonctionnels.
Ils apportent des informations complémentaires aux indices biologiques normalisés mis en ceuvre
pour évaluer le bon état écologique des masses d’eau, au sens de la directive cadre sur 'eau. A partir
de résultats obtenus dans une riviére située en zone viticole, nous proposons ici de discuter dans
quelle mesure les biofilms permettent de comprendre U'effet des pesticides sur le fonctionnement
des cours d’eau.

Biofilms are attached microbial assemblages onimmersed substrates and play a major ecological role
in stream ecosystems. Biofilms interact with dissolved substances and contaminants (such as pesti-
cides), which can directly or indirectly affect their structure and functions. A variety of taxonomic and
functional microbial indicators exist for considering biofilm as biological indicators of pollution (bio-
indicators). They can provide complementary information to normalized biological indices, which are
used to assess the ecological status of waters, as defined by the European Water Framework Directive.
Synthesizing results obtained in a river draining a vineyard area, we propose here to assess to what
extent biofilms can be used to characterize pesticide effects on lotic ecosystems.
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Vineyard areas are important causes of water contamination, especially by pesticides and residues.
These compounds can markedly disturb aquatic communities particularly photosynthetic organisms
that are targeted by herbicides. Biofilms and diatoms were used as bioindicators for quality assessment
in the Morcille watershed, an area impacted by Beaujolais vineyards (SE France), during the pesticide
spreading period (April-May 2008). Biofilms were allowed to settle on glass slides for 4 or 8 weeks at

Keywords: three sites along a 7-km long gradient of trophic (mainly orthophosphate) and pesticide pollution. After a
River biofilms 8 : :

Diatoms 4-week colonization, samples from the two contaminated downstream sites were transferred upstream
Pesticides to the clean site for 4 weeks while others were left in the same place.

In vivo fluorescence measurements indicated that the periphytic communities were dominated by
diatoms. Going downstream, biofilm biomass and diatom species richness decreased; normalized
diatom indices (including the French standard BDI) expressed the increase in trophic status quite well.
The species composition of the assemblages was used to discriminate between the effects of nutrients
and toxicants, which increased simultaneously as the river continued downstream.

The way in which the biofilm samples transferred upstream recovered was quite different depending
on the location of the original site in the contamination gradient. Most of the quantitative descriptors
reached a level comparable to that of the reference communities, but the diatom assemblages (cell
density per surface unit, taxonomic composition) varied between dates and along the gradient. These
communities did not entirely recover a reference structure but the increase in diversity, associated with
the settlement of sensitive species, suggested an elevated recovery potential.

© 2009 Elsevier Ltd. All rights reserved.

Biological Diatom Index
Community analysis
Diuron

Recovery

1. Introduction

Aquatic life constitutes the ultimate indicator of conditions in
aquatic systems, and many studies undertaken to assess the
degradation of habitats and water quality have been based on key
organisms (primary producers, benthic invertebrates and fishes).
In particular, periphytic diatoms are widely used for monitoring
purposes because of their value as indicators of organic pollution,
eutrophication and acidification (the major diatom-based indices
are reviewed in Prygiel et al., 1999). More recently, in situ surveys
of toxic pollutants like heavy metals (Ivorra et al., 2002; Gold et al.,
2003; Morin et al., 2008a) or pesticides (De Jonge et al., 2008;
Morin et al., 2009) have provided data in favour of an extension of
the application domain of diatoms indices.

Reaching a ‘good ecological status' (i.e. close to reference
conditions) for most surface waters by 2015, as imposed by the
European Water Framework Directive (2000/60/EC), should lead to

* Corresponding author. Tel.: +33 557 892721; fax: +33 557 890801.
E-mail address: soizic.morin@cemagref.fr (S. Morin).

1470-160X/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ecolind.2009.07.008

the rehabilitation of many impacted sites. In this context, growing
interest is now given to studying recovery trajectories and
community resilience in aquatic environments. Due to their key
ecological role in streams and rivers, studying and understanding
biofilm resilience is a matter of importance. Since polluted sites are
difficult to remediate and generally necessitate long-term sur-
veillance, the assessment of the consequences of site rehabilitation
on periphytic communities could be helped by rapid alternative
methods. The use of translocation approaches (from up- to
downstream of a point source of contamination and vice versa)
has thus been proposed to provide an in situ assessment of the
impacts on un-exposed microbenthic communities or of the
resilience of chronically exposed communities after mimicking a
reduction of pollution pressure by biofilm translocation (Ivorra
et al., 1999; Tolcach and Gémez, 2002).

Considering the lack of knowledge about the recovery
trajectory of microbenthic communities moved from contami-
nated sites, we propose here an in situ survey for studying biofilm
and diatom recovery potential in the Morcille River (France) which
exhibits increasing pesticide contamination with vineyard pres-
sure (Gouy et al., 1998; Lagacherie et al., 2006; Rabiet et al., 2008),
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accompanied by an elevation in nutrients (Dorigo et al.,, 2007)
and metals (Rabiet et al., 2008). Along this gradient, microbial
biofilms differ in structure (Montuelle et al., 2006; Dorigo et al.,
2007, 2009) as well as in tolerance to pesticides, notably diuron
(Dorigo et al.,, 2007) and in diuron-mineralization potential
(Pesce et al., 2009).

We studied the structural changes in assemblages induced by
the transfer of periphytic communities from 2 contaminated sites
on the Morcille River, respectively draining areas of 51.6 and 79% of
vineyard cover, to a clean site upstream. We expected a recovery of
the translocated communities, either in structure or in diversity.
Biofilm biomass, diatom taxonomic composition, and commonly
used indices were used to characterize their response to the
gradient of agricultural contamination and to the simulated
improvement of water quality.

2. Materials and methods
2.1. Location of the study sites

The translocation experiments were conducted in Spring (April
and May) 2008 along the Morcille River, located in the Beaujolais
vineyard area, eastern France (46.150°N, 4.600°E, belonging to
national river type 3 “Massif Central sud”, Fig. 1). The Morcille
River is a small first-order stream (7 km long) subjected to strong
agricultural pressure, essentially exerted by vineyards that occupy
almost 80% of the 8.5km? catchment area. Three sites were
selected along the gradient of increasing percentage contribution
of vineyards to the catchment area: Saint-Joseph (vineyard
percentage cover: 6.7%), Les Versauds (51.6%) and Saint-Ennemond
(79%).

With pesticide concentrations below the quantification limits
in 2007, Saint-Joseph was considered as a “clean” site, whereas
total pesticide concentrations at Les Versauds and Saint-Enne-
mond in Spring sometimes exceeded 2 pg/L and 5 pg/L, respec-
tively (Rabiet et al., 2008).

2.2. Stream water physicochemical characteristics of the sites

Sampling was performed in Spring 2008, during the intense
pesticide application period. During the experiment, pH, electrical
conductivity and dissolved oxygen were measured in situ (WTW,
Weilheim, Germany). Water samples were taken, cooled to 4 °C
and brought back to the laboratory for nutrient (bimonthly) and
pesticide analyses, twice a month at Saint-Joseph and Les
Versauds and mid-survey at Saint-Ennemond. Nitrite, nitrate,
ammonia, orthophosphate and suspended solids concentrations
were determined following French standard operating proce-
dures and protocols (Association Francaise de NORmalisation,
AFNOR).

Using standardized protocols, the 8 most frequently found
pesticides and some of their degradation products were analyzed

......... . S km
River Morcille
France J
int-Joseph
% Les Versauds
S'aiht-Erm?mond

N ) /
W+ E - Ardieres watershed

S River Sadne

Fig. 1. Location of the study sites along the Morcille River.

in the water samples by ESI-LC-MS/MS (API 4000, Applied
Biosystems) at the Water Chemistry Laboratory in Cemagref
(Lyon). An exhaustive, complementary, screening of 379 sub-
stances was also performed at Les Versauds on the 30th May by the
Laboratoire Départemental d’Analyses de la Drome (LDA, Valence,
France).

2.3. Collection of periphytic communities

At each site, large glass slides (300 cm? area for both slides)
fixed in perforated plastic boxes were used as artificial substrates
allowing algal colonization. After a 4-week immersion (2 April-6
May), slides were removed (i) for collection to characterize the 4-
week-old communities (3 slides per site, called 1 month April”),
(ii) for a 4-week translocation to the site Saint-Joseph (2 slides per
site, called “translocated slides”), and (iii) 3 slides remained for 4
more weeks at their respective sites (2 April-29 May; called “2
months”). Simultaneously, new slides were caged to characterize
the 4-week-old communities settling between 6 and 29 May at the
three sites (called ‘1 month May").

2.4. Biofilm analyses and diatom species composition

The proportions of the different algal groups (i.e. green algae,
diatoms and cyanobacteria) were estimated by in vivo chlorophyll
a fluorescence measurements (Leboulanger et al., 2006) using a
Phyto-PAM (Phytoplankton analyzer Phyto-PAM, Heinz Walz
GmbH, Effeltrich, Germany) directly on randomly selected points
of the colonized slides. Then the biofilm was scraped off each
replicate slide, suspended in a standard volume of mineral water
and subsampled for further analyses.

A 20-mL aliquot was used to determine the dry weight (DW)
and ash-free dry mass (AFDM) of the biofilm, expressed as mg/cm?.
After filtration of the suspension through individual, previously
dried and weighed, glass fibre filters (pore size: 1.2 pm; Sartorius,
Gottingen, Germany), the samples were dried for 1 h at 105 °C for
DW calculations. Then the filters were ashed at 500°C for 1h
(Nabertherm P320 furnace) and weighed to determine the mineral
content. AFDM was calculated by subtracting the mineral matter
from the total dry weight.

Ten milliliters of the suspension were filtered through a
Whatman GF/C filter, then extracted with acetone for 24 h before
spectrophotometric analyses. Chlorophyll a concentrations were
calculated after Lorenzen (1967).

An aliquot of 5 mL was preserved with 1 mL of formalin solution
for diatom cell density enumeration and taxonomic identification.
Enumeration was done from 125 L of each preserved sample
using a Nageotte counting chamber: the total number of cells
counted in 10 fields (1.25 mL each, 0.5 mm depth) using light
microscopy at 400x magnification (photomicroscope Leica DMRB,
Wetzlar, Germany) was then recorded as cells per unit area of
substrate (number of diatom cells/cm?). Subsamples assigned to
taxonomic analyses were prepared according to Charles et al.
(2002), i.e. digestion in boiling hydrogen peroxide (30% H,0,) and
hydrochloric acid (35%) followed by three cycles of centrifugation
of the sample and pellet rinsing with distilled water. After the last
treatment, the pellet was once again resuspended in distilled
water, and the suspension deposited onto coverslips then mounted
onto slides after air drying, using the high refractive index (1.74)
medium Naphrax (Brunel Microscopes Ltd., UK). Diatom counts
were conducted at a magnification of 1000 x ; individual fields were
scanned until at least 400 valves had been identified using
taxonomic literature from central Europe (Krammer and Lange-
Bertalot, 1986-1991). From the specific composition of each
sample, the indices BDI v.2006 (Biological Diatom Index, Coste
et al, 2009) and SPI (Specific Polluosensitivity Index, Coste in
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Table 1

421

Mean values and standard errors (SE) corresponding to physical and chemical parameters of the 3 sites of the Morcille River during the experimental period (5 samplings per

site, except from Saint-Ennemond where pesticides were sampled once).

Parameter Saint-Joseph Les Versauds Saint-Ennemond

Mean SE Mean SE Mean SE
pH 7.1 0.3 73 0.1 73 0.2
Conductivity (p.S/cm) 1288 36 190.9 155 2105 10.9
Temperature (°C) n.m. 12.0 0.7 126 0.8
DOC (mg/L) 23 0.6 29 0.1 38 02
Nitrite (mg/L) <0.02 0.030 0.005 0.059 0.011
Nitrate (mg/) 5.9 0.2 75 03 6.5 0.4
Ammonium (mg/L) 0.07 0.05 0.05 0.01 0.07 0.01
Orthophosphate (mg/L) 0.12 0.02 023 0.02 0.29 0.02
Suspended solids (mg/L) 16.0 20 100 3.0 8.7 3.7
Diuron (DIU) (pg/L) <ql. 1.00 0.52 6.65 -
3-(3’-Dichlorophenyl)-1 methylurea (DCMU) (pg/L) <ql. 022 0.07 1.22 -
Azoxystrobine (AZS) (pg/L) <ql 0.04 0.02 <q.l -
Tebuconazole (TBZ) (pg/L) <ql 0.18 0.05 0.05 -
Dimethomorphe (DMM) (pg/L) <ql 131 0.80 0.32 -
Procymidone (PCM) (pg/L) <ql. 0.09 0.01 0.18 -

n.m. not measured; q.l. quantification limit=0.02 pg/L for DIU and DCMU, 0.025 p.g/L for AZS, 0.04 pg/L for DMM and TBZ, 0.08 for PCM.

Cemagref, 1982) were calculated using Omnidia software (Lecointe
et al.,, 1993).

2.5. Data treatment

Biofilm characteristics and diatom index values were checked
for normality and variance equality before analyzing the dataset
using one-way ANOVA with Srtamistica software (v. 5.1, StatSoft,
1998). After having completed ANOVA, Tukey's post hoc tests were
performed in order to determine which groups of data significantly
differed from each other.

Non-metric multi-dimensional scaling (NMDS), an indirect
ordination method based on the dissimilarities in species commu-
nity structure of the samples, was performed using the labdsv
package (http://ecology.msu.montana.edu/labdsv/R/labdsv) for the
R statistical environment (IThaka and Gentleman, 1996).

3. Results

3.1. Physical and chemical characteristics of the sites (Table 1)
During the survey, pH was quite stable over time and between

sites. From up- to downstream, there was a longitudinal increase in

conductivity, DOC, nitrite, orthophosphate and pesticides. Con-
ductivity, DOC, nitrite and orthophosphate indicate the progres-

sive increase of human inhabitants from up- to downstream in the
watershed and pesticides are connected to the vineyard area.

Routine analyses gave pesticide concentrations that were
always below the quantification limits at Saint-Joseph; they
increased downstream to reach the value of 8.4 ug/L at Saint-
Ennemond. Differences were observed between April and May at
Les Versauds (1.9 pg/L and 2.6 pg/L). The contamination of the
water was mainly due to herbicides (diuron and its metabolite
DCMU) and, to a lesser extent, by fungicides (azoxystrobin,
dimethomorph, procymidone, tebuconazole). At the half-course of
the experiment, the complementary survey performed by the LDA
at Les Versauds recorded 21 substances reaching a total
concentration of 8.2 wg/L, mainly herbicides (90%, data not
shown). Among the compounds found were high concentrations
of diuron (4.1 pg/L) as well as the substances routinely analyzed,
but also the pyridazinone herbicide norflurazon (0.3 pg/L)
together with its breakdown product norflurazon desmethyl
(2.6 pg/L), terbumeton desethyl (0.4 w.g/L)and dichlorobenzamide
(02 pg/L).

3.2. Global descriptors of the biofilm (Table 2)
Significant differences were observed between DW (p < 0.01)

and AFDM (p < 0.05) along the gradient and between April and
May. Both indicators of biomass established in a 1-month period

Table 2
Mean (+SE) values of biofilm descriptors and diatom indices. ‘p < 0.05, “p < 0.01, the superscript letters indicate statistically different groups according to the HSD Tukey test.
Dry weight™ Ash-free dry Chlorophyll a” Cell density™ BDI” SPI”
(mgfcm?) matter’ (mg/cm?) (pgfem?) (cellfjem?)
Colonization: 1 month (April)
Saint-Joseph 0.78 +0.12¢ 0.15+0.03¢ 0.76 £0.10*® 46 600 +2500% 15.1 £0.3¢ 16.4+0.1°
Les Versauds 0.27 +£0.02>° 0.06 +0.00*° 0.98 +0.15° 172 700 +12 400° 14.1 £0.22° 16.0+£0.5>¢
Saint-Ennemond 0.15 +0.00* 0.03 +0.00° 0.12+0.012 10 800+ 1200° 1344012 14.9+0.3%
Colonization: 1 month (May)
Saint-Joseph 0.34+0.14° 0.07 +0.032° 0.04+0.02° 7100 + 1500% 14.7 £0.1%¢ 17.1+£0.2¢
Les Versauds 0.26 +0.040*° 0.06 +0.012° 0.04 +0.00% 4300 +200* 13.5+04° 13.5+04%
Saint-Ennemond 0.38 +0.032>¢ 0.06 +0.00*° 0.04+0.012 4200 4 300* 112 £042 9.1+£05%
Colonization: 2 months
Saint-Joseph 0.57 +£0.032>¢ 0.16+0.01° 0.83 £0.462° 122 000 + 20 700° 14.7 +0.1>¢ 17.14+0.3¢
Les Versauds 0.21+0.01>° 0.07 +0.00*° 0.21 +0.06>° 30 000 +900° 13.8+0.2%° 16.4+0.2>¢
Saint-Ennemond 0.62+0.17>¢ 0.1040.032b< 0.06 +0.012 24 000 4+4700% 13.1£0.12 13.7£0.0%
Translocation
Les Versauds — Saint-Joseph 0.36+0.082P< 0.11+0.02°¢ 0.80 +0.162° 153 700+ 12 700°¢ 14.3 £0.130¢ 17.0+02°
Saint-Ennemond — Saint-Joseph 0.41 £0.00>< 0.1240.01°¢ 0.14+0.05*> 37 000 & 500° 14.2 £0.3%5¢ 16.2£0.3%¢

272



422

S. Morin et al. /Ecological Indicators 10 (2010) 419-426

w200 ] 3 200 S
g () 63)
3
2 1504 %5 4
=
*
4 1004 100 -
=
2
5}
<
TS o 5
g 09 50 A
f‘: a a a a
R @ é
a8 o . . 0 ——— :
Saint Joseph Les Versauds Saint Ennemond Saint Joseph Les Versauds Saint Ennemond
s 200 200
£ 3) @)
& b.c
©
S 150 b 150 1 b
=
*
o
.2 1001 100 4
-
3
=
B 501 50 1
= a a a
a o r . 0 .
Saint Joseph Les Versauds Saint Ennemond Saint Joseph Les Versauds Saint Ennemond
= Saint Joseph = Saint Joseph

Fig. 2. Diatom cell densities corresponding to 1-month-old biofilms grown in April (1), in May (2), 2-month-old biofilms (3) and translocated biofilms (4). The letters refer to

the different groups defined in Table 2.

showed a significant decrease along the gradient in April. In May
DW and AFDM were lower at Saint-Joseph, and no statistical
difference was observed between sites. The translocated samples
presented intermediate values of biomass between Saint-Joseph
and the site from which they were transferred.

The PhytoPAM measurements indicated that the biofilms were
almost exclusively made up of the pigment class corresponding to
diatoms (average 90% of the photosynthetic activity). Chlorophyll a
concentrations and diatom cell densities were strongly correlated
(R? =0.934, p < 0.01) and their variations closely paralleled those
of DW and AFDM. The cell densities after a 1-month colonization,
and 2 months at the same site or after translocation, are given in
Fig. 2.

3.3. Diatom communities

A total number of 120 species representing 40 genera were
identified, but the assemblages were always dominated by
Planothidium lanceolatum (Brébisson ex Kiitzing) Lange-Bertalot,
this species representing about 60% of the relative abundances in
all samples. From the NMDS performed using the 40 species
occurring at more than 1% relative abundance in at least one
sample (Fig. 3), samples presenting strong similarities in commu-
nity structure were grouped.

Clear differences were observed between in the assemblages
collected in both April and May (noted 1m/April and 1m/May in
Fig. 3). April samples from Les Versauds and Saint-Ennemond were
characterized by increasing abundances of P. lanceolatum, P.
frequentissimum (Lange-Bertalot) Lange-Bertalot, Cocconeis placen-
tula Ehrenberg var. placentula and by decreasing proportions of
Achnanthidium minutissimum (Kiitzing) Czarnecki and Rhoico-
sphenia abbreviata (C. Agardh) Lange-Bertalot, in comparison with
the communities grown at Saint-Joseph (see Table 3). In May,

higher relative abundances (in decreasing order of abundance) of
Nitzschia linearis (Agardh) W.M. Smith var. linearis, Hantzschia
amphioxys (Ehrenberg) Grunow, Luticola cohnii (Hilse) D.G. Mann,
Surirella angusta Kiitzing and Nitzschia palea (Kiitzing) W. Smith
were found downstream. The communities translocated from
Saint-Ennemond to the upstream site tended to shift towards
typical Saint-Joseph community structure (with higher propor-
tions of A. minutissimum and R. abbreviata), whereas the composi-
tion of the biofilms translocated from Les Versauds did not diverge
as much from the assemblages that settled in April or during the 2-
month colonization.

Whatever the sampling date and the duration of colonization,
BDI and SPI values decreased significantly from up- to downstream
(p <0.01, see Table 2). In cases of translocation, the values
returned to levels comparable to those of Saint-Joseph.

4. Discussion
4.1. Potential of diatoms in the assessment of multi-contamination

The BDI (Lenoir and Coste, 1996; Coste et al., 2009) and SPI
(Coste in Cemagref, 1982) indices were originally designed to
assess alterations in trophic status. The values of diatom indices
along the gradient for 1-month-old communities in April and May
indicate the efficiency of the index for the diagnosis of trophic
pollution, with significant differences between the index values
along the stream (Table 2) and changes in water quality class (as
defined by the WFD; good/moderate boundary: BDI = 14 for this
national type and stream order) between Saint Joseph (good
status), Les Versauds (good to moderate) and Saint Ennemond
(moderate). This was confirmed by the organic pollution tolerance
scales of the species in the assemblages. According to Lange-
Bertalot (1979), larger proportions of *“pollution-sensitive” species
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Fig. 3. Plot of the non-metric multi-dimensional scaling. (@) Saint-Joseph, (A)
Versauds, (M) Saint-Ennemond, (A) Versauds — Saint-Joseph, ([1) Saint-
Ennemond — Saint-Joseph. The labels refer to the colonization period (1m: 1
month, 2m: 2 months).

were found at Saint-Joseph (25.4%), as compared to Les Versauds
(18.2%) or Saint-Ennemond (15.9%). Comparably, the trophic
conditions as assessed by Steinberg and Schiefele's method
(1988) or the saprobity state (van Dam et al., 1994), confirmed
the gradient of both organic and inorganic pollution along the
Morcille River with 14.1 down to 6.2% of species sensitive to
trophic conditions and 8.9-16.4% of ameso- to polysaprobous
species between up- and downstream. In the present context of
multi-contamination (nutrients and chemicals increasing simul-
taneously along the gradient) of the Morcille River, it is difficult to
determine whether the changes in periphytic community struc-
ture are due to effects of pesticides or to other factors like organic
or inorganic nutrients. Indeed, Dorigo et al. (2007) were unable to
unambiguously distinguish between the effects of nutrients and
xenobiotics on the community structure of both prokaryotic and

Table 3

eukaryotic microorganisms in biofilms. The shift in community
structure they observed was concomitant with an increased
diuron-induced tolerance, revealing that pesticide contamination
was probably a major driving factor. In the present study, we prove
that the BDI was able to demonstrate the specific effects of
increasing trophic status along the gradient, whereas it was almost
impossible for Dorigo to unequivocally explain the changes in
microbial assemblages using non-taxonomic methods.
Complementary ecological information was obtained by a
precise study of diatom species. Indeed, most of the taxa present in
the Morcille River have already been described as metal-tolerant
(Gold et al., 2002; Ivorra et al., 2002; Szabd et al., 2005; Morin et al.,
2008a,b). This may result from the chronic contamination of the
stream by As and Cu, already found at Saint-Joseph in significant
concentrations (e.g. in Spring 2006, total As was around 4 p.g/L and
total Cuaround 2 pg/L, see Rabiet et al., 2008). Among the diatoms
recorded, several subdominant species (e.g. A. minutissimum,
Eolimna minima (Grunow) Lange-Bertalot, Navicula lanceolata
(Agardh) Ehrenberg) found at Saint-Joseph but not downstream
have already been described as pesticide-sensitive (Hamilton et al.,
1987; Pérés et al, 1996; Morin et al, 2009), as well as less
abundant ones like Eunotia minor (Kiitzing) Grunow in Van Heurck
or Encyonema minutum (Hilse in Rabenhorst) D.G. Mann (Morin
et al.,, 2009). Their extinction could not have resulted from the
trophic gradient, as they are known to tolerate quite elevated
organic and inorganic nutrient concentrations (van Dam et al.,
1994). In contrast, some of the species that preferentially
developed at Les Versauds (especially in May) and Saint-
Ennemond (P. lanceolatum, P. frequentissimum, C. placentula) have
already been recorded under herbicide concentrations >5 pg/L
(Kosinski, 1984; Pérés et al., 1996; Morin et al., 2009). To date, only
few studies have provided data about diatom sensitivity or
tolerance to pesticides, but substantial evidence has been given
by these works in favour of diatom use for the assessment of
pesticide contamination. Hamilton et al. (1988), Pérés et al. (1996)
and Schmitt-Jansen and Altenburger (2005) found a remarkable
decrease in diatom numbers under atrazine and isoproturon
contamination. Growth inhibition of the periphytic communities
exposed to pesticides has also been observed by Kasai and
Hanazato (1995), Tang et al. (1997) and Leboulanger et al. (2001).
However, the nature and the intensity of interactions between the
various xenobiotics in this environment are quite difficult to
determine precisely: antagonistic effects were observed between
nutrients (favouring the development of the community) and

Mean relative abundances of the 15 dominant species (i.e. representing more than 3% relative abundances in at least one sample).

PTLA RABB ADMI NLIN PLFR HAMP SBRE NLAN NGRE SANG APED LCOH (PLA NPAL EOMI
Colonization: 1 month (April)
Saint-Joseph 42.8 49 143 1.1 5.5 - 0.1 6.6 1.8 0.1 0.6 - 0.1 0.1 1.5
Les Versauds 51.4 03 13.8 0.2 113 - - 1.1 1.9 0.1 1.7 - 14 0.1 3.6
Saint-Ennemond 60.7 0.3 0.6 0.3 135 0.1 0.1 1.0 1.8 1.2 5.7 0.2 1.1 1.0 1.6
Colonization: 1 month (May)
Saint-Joseph 2703 14.7 8.0 3.0 29 0.1 0.1 7.3 3.6 0.1 0.8 0.1 3.7 0.6 3.1
Les Versauds 26.9 34 31 7.7 6.7 04 0.1 6.2 5.9 0.7 2.8 0.1 25 23 2.0
Saint-Ennemond 11.0 0.7 04 139 20 11.2 0.6 35 29 5.8 24 5.6 36 4.5 0.8
Colonization: 2 months
Saint-Joseph 60.3 3.8 7.7 0.6 5.7 - - 1.7 1.2 0.1 2.1 - 04 - 14
Les Versauds 68.0 0.1 14 0.7 129 - 0.1 0.5 0.7 0.5 14 - 5.5 0.3 1.2
Saint-Ennemond 57.6 0.1 0.9 2.6 9.1 2.0 7.7 0.2 1.2 0.7 1.5 20 53 0.5 1.1
Translocation
Les Versauds — Saint-Joseph 67.2 4.0 53 0.6 95 - - 0.7 04 - 14 - 24 0.1 14
Saint-Ennemond — Saint-Joseph ~ 50.2 10.1 55 1.2 83 - 0.1 33 2.1 0.1 2.1 - 1.2 0.2 1.0

Species abbreviations: ADMI: Achnanthidium minutissimum, APED: Amphora pediculus, CPLA: Cocconeis placentula, EOMI: Eolima minima, HAMP: Hantzschia amphyoxis, LCOH:
Luticola cohnii, NGRE: Navicula gregaria, NLAN: N. lanceolata, NLIN: Nitzschia linearis, NPAL: N. palea, PLFR: Planothidium frequentissimum, PTLA: Planothidium lanceolatum,

RABB: Rhoicosphenia abbreviata, SANG: Surirella angusta, SBRE: S. brebissonii.
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toxicants (drastically reducing diatom biomass) (Lozano and Pratt,
1994). An improved identification of pesticide specific effects,
based on more precise indicators is needed, such as PICT
approaches (Blanck et al., 1988; Dorigo et al., 2007). Globally,
further studies in environments with various xenobiotic loads, in
different hydro-ecoregions (sensu Tison et al., 2005), would be
necessary to implement diatom-based indices for such pollution.

Other characteristics of diatom communities like quantitative
estimates (e.g. diatom cell densities, AFDM or chlorophyll a as
global indicators of periphytic biomass), the impacts of the
toxicants were underlined (see Fig. 2 and Table 2). Finally, not
only the thickness of biofilm, but also its adhesion to the substrate,
differed between the sites. When scraping the glass slides, the
biofilms from Les Versauds and Saint-Ennemond appeared to be
much more tightly attached to the substrates than those from
Saint-Joseph. This could also be considered as a response of the
biofilm to pesticide exposure. Indeed, Guasch et al. (2003)
demonstrated the influence of the physiognomy of the commu-
nities on their tolerance to atrazine pollution, the loosely attached
algae being more sensitive than compact periphyton from the
same reach.

4.2. Temporal variability of water contamination and periphytic
community responses

In this study, the example of the site Les Versauds underlined
the limits of spot measurements of pesticides to analyse dose/
response effects. Here the bimonthly frequency of sampling is
maybe not sufficient and we might have missed high contamina-
tion events, especially during floods, as described by Rabiet et al.
(2008). The exhaustive pesticide analysis on this particular site by
the LDA also proved that a wider range of chemicals should be
tested to assess the diatoms exposure to the toxics. In particular,
the high concentrations of norflurazon desmethyl that were
measured should be considered: no data are available in the
literature concerning its effect on biofilms, but its parent
compound norflurazon has been previously shown to affect the
growth of freshwater benthic algal species (Blanck et al., 1984). For
these reasons, we were not able to characterize precisely the real
exposure of benthic microorganisms.

However, the assemblages developed at Les Versauds in April
and May were quite different in terms of community structure and
SPI values, diatom cell densities and even chlorophyll a concen-
trations. The decrease of these last estimates in May suggests that
pesticide contamination, which only increased slightly from April
(average total pesticides: 5.7 pg/L) to May (7.5 pwg/L), reached a
threshold above which the effect became noticeable. As nutrient
availability has been shown to mitigate the effects of toxicants
(Lozano and Pratt, 1994), the trophic level is likely to reduce the
sensitivity of the biofilms towards xenobiotics, until contamina-
tion reaches a critical level. It is difficult to establish whether the
increase in trophic level affects sensitivity by interfering with the
bioavailability of the toxicant, or by protecting the algae in some
way from herbicide exposure. The shift in diatom community
structure from up- to downstream may partly contribute to a
protective effect towards contamination. Guasch et al. (1998)
underlined the fact that the diatom taxa occurring under different
levels of eutrophication have different sensitivities to pesticides,
which can be linked to species’ tolerance to high trophic levels, but
also to physiological and structural parameters of the biofilms.
Inverse correlations also occur between the sensitivity to toxicants
and biomass accrual (age, succession stage as well as thickness)
(e.g. Sabater et al., 2007), but environmental factors like irradiance
are important as well (Guasch et al., 1997).

Assuming that pesticide contamination was too low in April
would also mean that the translocation experiment of the

communities was probably done too prematurely in the pesticide
treatment season, so the periphytic communities of Les Versauds
and Saint-Ennemond had not had the time to adapt to the
prevailing levels of pesticides. The dramatic cell loss between 1-
month-old (April) samples and 2-month-old biofilms could be the
result of this increase in pesticide contamination, but other
processes could have taken place simultaneously, such as
suspended sediment scour (Francoeur and Biggs, 2006) or self-
generated detachment (Boulétreau et al., 2006) due to senescence,
especially in the context of the Morcille River where discharge can
undergo great variations. However, the use of artificial, caged
samplers that decreased local flow velocity (divided 10 times
inside the plastic racks) may have severely limited the abrasive
effects of the current.

4.3. Recovery potential of diatom assemblages

The samples transferred from Les Versauds and Saint-Enne-
mond to the upstream site recovered at different rates, particularly
depending on the descriptors taken into consideration. Most of the
quantitative parameters (DW, AFDM, chlorophyll a) of the
translocated biofilms showed rapid recovery, with values close
to those of Saint-Joseph after a 2-month colonization. Using the cell
density data, the samples originating from the less contaminated
Les Versauds site proved to have quicker recovery trajectories than
those transferred from Saint-Ennemond.

The intermediate values of BDI for the translocated biofilms
between Saint-Joseph and the downstream sites, as well as the
shift in diatom community structure towards the “reference”
assemblages, indicate the occurrence of a recovery process.
However, recovery was not attained within 1 month and a longer
translocation time would be necessary. Dorigo et al. (unpublished
data) observed that translocation over comparable periods of time
was too short to recover a reference community structure analyzed
by molecular finger print (PCR-DGGE), whether for eukaryote or for
prokaryote assemblages. They also found with PICT assays, in the
transferred biofilms, EC50 values intermediate between those
obtained with up- and downstream biofilms. This seemed to
indicate the persistence of a toxic pressure. It was shown that
detectable concentrations of xenobiotics were still adsorbed in the
biofilms even after several weeks of translocation, which would
have affected the cells exposed to this residual internal contam-
ination. Ivorra et al. (1999) and Dorigo et al. (unpublished data)
have in fact demonstrated that transferred biofilms did not
completely release metals accumulated after 2-9 weeks of
translocation to a new environment. We cannot exclude that such
accumulations are possible with pesticides, but in their attempt to
measure diuron accumulation in biofilms from the Morcille River,
Tlili et al. (2008) did not observe any accumulation of pesticide
within the matrix. They hypothesized that the sorption depended
on the physicochemical properties of the chemical (log Kow) or
that accumulation was followed by rapid release from the biofilm
to the water phase when replaced in uncontaminated water.

Whatever the age of the biofilms, immigration and emigration
of diatoms play an important role in diatom accumulation
(Stevenson and Peterson, 1989; Stevenson and Peterson, 1991),
and certainly took place in our translocation experiment.
Therefore, the trajectories of structure assemblage recovery
observed in the present study are partly due to immigration and
emigration of species and not only to the new water conditions.
At Saint-Ennemond in particular, diatom cell densities in April
were outstandingly low and 3-fold higher after translocation
with higher proportions of the rapid colonizer A. minutissimum
(that was rather found in Saint-Joseph). In this case, immigration
may have prevailed over multiplication rates of pre-established
species in the process of translocated community development.
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Complementary experiments are needed to assess the real
importance of cell import and export in the evolution of diatom
community structure. However, especially in the context of
small rivers like the Morcille River the effects of diatom
immigration and emigration cannot be dissociated from the
recovery potential of the ecosystem. Indeed, as the distance
between the up- and downstream sites is no longer than 7 km, an
improvement of the water physicochemical quality following
stream restoration associated to the drift of species usually
found upstream, would probably result in comparable shifts in
community structure as observed by our translocation experi-
ment.
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Abstract Developing new biological indicators for
monitoring toxic substances is a major environmental
challenge. Intensive agricultural areas are generally
pesticide-dependent and generate water pollution due
to transfer of pesticide residues through spray-drift,
run-off and leaching. The ecological effects of these
pollutants in aquatic ecosystems are broad-ranging
owing to the variety of substances present (herbicides,
fungicides, insecticides, etc.). Biofilms (or periphyton)
are considered to be early warning systems for
contamination detection and their ability to reveal
effects of pollutants led researchers to propose a
variety of methods to detect and assess the impact of
pesticides. The present article sought to provide new
insights into the ecological significance of biofilm
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microbial communities and to discuss their bioindica-
tion potential for water quality and land use by
reporting on 4 years of research performed on the
French Ardiéres-Morcille experimental watershed
(AMEW). Various biological indicators have been
applied during several surveys on AMEW, allowing
the characterisation of (i) the structure and diversity of
biofilm communities [community level finger printing
(CLFP) such as PCR-DGGE and pigment classes],
(ii) functions associated with biofilm [community level
physiological profiles (CLPP) such as extracellular
enzymes, pesticides biodegradation or carbon sources
biodegradation] and (iii) biofilm tolerance assessment
(pollution-induced community tolerance, PICT) of the
main contaminant in the AMEW (copper and diuron).
Approaches based on CLFPs and PICT were consistent
with each other and indicated the upstream—down-
stream impact due to the increasing land use by
vineyards and the adaptation of algal and bacterial
communities to the pollution gradient. CLPPs gave a
contrasted bioindication because some parameters
(most of the tested extracellular enzymes activities)
did not detect a pollution gradient. Such CLPPs, CLFPs
and PICT methods applied to biofilm could constitute
the basis for a relevant in situ assessment both for
chemical effects and aquatic ecosystem resilience.

Keywords Biofilms - River - Biological indication -
Pollution - Community level physiological profile -

Finger prints - Pollution-induced community
tolerance
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Introduction

In setting objectives for achieving a ‘good ecological
status’ for aquatic systems, the European Water
Framework Directive (WFD 2000/60/EC) has raised
numerous scientific questions: What is a ‘good
ecological status’? How can we improve the chemical
and biological quality of aquatic environments?
Some authors doubt that these objectives can be
reached for priority substances or persistent organic
pollutants (Fuerhacker, 2009). This aim requires in
particular being able to identify causal relationships
between contaminants and biological effects: a dif-
ficult task in situ, because of multiple co-occurring
pollutants and confounding factors, etc. Bioindicators
supporting French and European legislation (inverte-
brates, fishes macrophytes and diatoms) have been
defined to characterise trophic pressure: the macro-
phytes biological index for rivers (Haury et al., 2000),
the biological diatom index (BDI) (Lenoir and Coste,
1996) and the standardised global biological index
(AFNOR NF T 90 350, 2004). These three standard-
ised indicators are used to evaluate water quality in
France. However, much research work is in progress
to design or propose new bioindicators appropriate
for toxic substances or newly emerging contaminants
like drugs and hormones, to allow early warning of
such pollution.

In low-order streams (Strahler order below 3 or 4)
draining rural watersheds, domestic and agricultural
discharges often result in eutrophication (N and P
inputs) and toxic contamination through point or
diffuse pollution (e.g. pesticides). Because of the
generally low dilution in small rivers, such discharges
may temporarily or permanently impair biodiversity
and dynamics in aquatic ecosystems. Intensive agri-
cultural areas that are generally pesticide-dependent
generate water pollution due to transfer of organic or
mineral pesticide residues through spray-drift, run-off
and leaching (Landry et al., 2004; Vu et al., 2006).
Their ecological effects in aquatic ecosystems are
broad-ranging owing to the variety of substances
present (herbicides, fungicides, insecticides, etc.)
(DeLorenzo et al., 2001).

In small aquatic systems, trophic webs are generally
reduced and most microorganisms live on submerged
substrates such as biofilms (periphyton). These bio-
films are complex assemblies of microbial communi-
ties embedded in a polysaccharide and protein matrix.

@ Springer

In such environments, living organisms, both prokary-
otic (bacteria) and eukaryotic (mostly microalgae, but
also fungi), interact strongly (Rier & Stevenson, 2002;
Barranguet et al., 2003) and are responsible for most of
the energy input through primary production and
nutrient cycling (Battin et al., 2003a, b). They play a
marked ecological role in biochemical processes such
as organic matter degradation (Romani et al., 2004) or
nitrogen biotransformation (Teissier & Torre, 2002).
The ability of biofilms to reveal the effect of
pollutants has been the subject of research for some
years (Admiraal et al., 1999; Sabater, 2000). As
reviewed by Sabater et al. (2007), there is a variety of
current methods to detect and assess the impact of
pesticides on functional and structural targets, and
periphyton is considered as an early warning system
for contamination detection. Benthic algae have been
the subject of a great deal of work in this area, based
on taxonomy (e.g. diatoms: Stevenson & Pan, 1999;
Gold et al., 2003; Morin et al., 2007), algal pigments
or their photosynthetic capacity (Dorigo et al., 2007;
Schmitt-Jansen & Altenburger, 2008; Villeneuve,
2008). Conversely, little work has been published on
periphytic bacterial communities (Lyautey et al.,
2003; Pesce et al., 2006, 2008; Dorigo et al., 2007,
2009). The ability of microbenthic communities to
adapt to pollutants (short generation time, high
taxonomic and functional diversity) has produced
the concept of pollution-induced community toler-
ance (PICT; Blanck et al., 1988). PICT is based on
the principle that an ecosystem in contact with a
toxicant results in changes at the community level
due to various toxicant-induced phenomena. These
latter include individual acclimation, physiological or
genetic adaptation, and loss of sensitive species.
Overall, this adaptation results in a lowered sensitiv-
ity to this contaminant and higher effective concen-
tration (EC,) values. This approach has already been
successfully applied to evaluating the tolerance of
algal communities to pesticides (Dorigo et al., 2004;
Bérard et al., 2003) and of bacterial communities to
metals (Boivin et al., 2005), demonstrating upstream—
downstream gradients in a wine-growing drainage
basin (Dorigo et al., 2007, Pesce et al., 2010) and
differentiating between chronic and acute effects
(Tlili et al., 2008). Such methods, associated with
molecular tools for biodiversity studies, have lent new
perspectives to bioindication based on microbial com-
munities. These methods allow a better understanding
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of ecological responses of rivers, as global change
effects are often confused because of the complexity
of interactions among anthropic drivers acting on a
mosaic of natural hydrogeomorphological and cli-
matic settings. With this aim, the work reported here
sought to provide new insight into the ecological
significance of benthic microbial communities (bio-
films), and discuss their bioindication potential for
water quality and land use. We report here on 4 years
of research performed on the French Ardiéres-Mor-
cille experimental watershed (AMEW) (part of the
Rhéne Basin long-term ecological research watershed
http://www.graie.org/zabr/

index.tm). Several chemical and biological surveys
were carried out to give a comprehensive overview of
the microbial dynamics in play along this impacted
river and to provide tools for assessing the effects of
intense agriculture (as a particular element of global
change) on freshwater ecological services.

Materials and methods
Field site and sampling

The Morcille River is located in the Beaujolais wine-
growing area of eastern France (46.150°N, 4.600°E).
Its watershed consists of three nested sub-watersheds
(Fig. 1), defined by three sampling stations: St Joseph,
Versauds and St Ennemond (upstream to down-
stream). In this region, which is characterised by an
intensive wine-producing activity (vineyards occupy
79% of the catchment area), the routine application of
pesticides to the vineyards generates a pesticide
contamination gradient from the upstream section of
the river down to its mouth (Collectif, 2008).

Most of the samples analysed and discussed here
were taken in 2007 except for CLLP measurements
(2009). Other surveys with some of these parameters
and with specific objectives were performed between
2006 and 2009 (cf. Dorigo et al., 2007, 2009; Tlili
et al., 2008; Rabiet et al., 2008; Pesce et al., 2009a, b,
2010; Villeneuve et al., 2010).

Physical characteristics and land use
General characteristics of the soils, slopes, crops and

climate were acquired through various sources such
as the 1: 25,000 topographical map of IGN (French
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'\Q:%; ‘ «StJoseph »
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Fig. 1 GIS of Morcille watershed and its three sub-basins with
the main land uses. Data indicate, respectively: vineyard area
as % of sub-basin surface//length of ditches connected to the
river (km)//surface area of housing (ha)

Institute of Geography), a digitized map of the agricul-
tural field boundaries, soil maps, local measurements
of soil characteristics, rainfall and water flow and
field identification of the main surface water path-
ways from the plots to the stream, especially the
numerous ditches originally dug to limit erosion.
Complementary inquiries among the farmers with the
support of agricultural advisers (Chambre d’Agricul-
ture du Rhéne) were compiled to make an inventory
of the commonly used pesticides and periods of
application.

Chemistry

Chemical variables were regularly analysed in the
course of annual surveys. The data presented here are
those from 2007 and are typical of the water chemical
quality of the river Morcille (n = 33 for pesticides,
n = 33 for metals and n = 45 for nutrients).

Nutrients
DOC, NO, ™, NO;~, NH,*, PO43_, conductivity and
pH were analysed using French standard operating

procedures and protocols (Association Francaise de
Normalisation, AFNOR).

@ Springer
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Pesticides

Using standardised protocols, the eight most fre-
quently found pesticides and some of their degrada-
tion products were analysed in the water samples by
ESI-LC-MS/MS (API 4000, Applied Biosystems) at
the Water Chemistry Laboratory in Cemagref (Lyon).
The herbicide diuron together with two of its
breakdown products (DCPMU and 3,4-DCA) and
fungicides azoxystrobin, carbendazim, tebuconazole,
procymidone and dimetomorph were analysed and
quantified. The quantification thresholds of the method
ranged between 0.02 and 0.08 ng/l according to the
compound analysed.

Metals

Cu and As were analysed by filtration on PVDF
membrane (0.2 pm), and then acidification with
HNO; SUPRAPUR 0.5%. The analyses were per-
formed by ICP-MS (THERMO ELECTRON X7
Series 2) to meet the standard NF EN ISO 17294-2.
The quantification threshold was 0.05 pg/l for both
compounds.

Biological variables

Biofilms were generally sampled on non-embedded
stones (diameter 1-4 cm) in the river bottom, but
artificial substrata in the form of glass discs immersed
in the river Morcille for 8 weeks were also used for
PCR-DGGE and pigment analysis. Sample triplicates
were made and several microbial variables were
measured to describe the biological and functional
quality of the periphyton and its responses to changes
in the chemical quality of the river water. All the
measurements were made on periphyton suspensions
after scraping and dilution in 0.2 pm filtered river
water.

Biomass

Periphytic biomass was evaluated by calculating ash-
free dry weight (AFDW). Suspensions (2 ml) of
biofilm replicates were filtered through individual,
previously dried, 25 mm CF/C Whatman glass fibre
filters (pore size 1.2 pm). Each filter was dried for
24 h at 105°C and weighed to calculate dry matter.

@ Springer

The filters were then burned to ash at 480°C
(Nabertherm P320) for 1 h and weighed again. The
AFDW was calculated by subtracting the mineral
matter from the total dry matter. Results were

expressed in g m~>.

Community level finger printing: pigment analysis

For each biofilm sample, one glass disc was placed in
a centrifuge tube (Corning) containing 4 ml of
methanol/0.5 M ammonium acetate (98/2 v/v) solu-
tion and sonicated by means of a 4 mm probe for
1 min at 180 W and at 50% activity (Vibracell,
Bioblock Scientific 375W). The tubes were then
centrifuged for 6 min at 6xg and 0°C. The superna-
tant was collected and filtered through a 0.2 pm filter
syringe (Cameo 3N-syringe nylon filter; Micron
Separation Inc.); 100 pl of this extract was injected
to determine the lipophilic pigment composition by
high pressure liquid chromatography. Pigments were
separated on a 4.6 x 250 mm column (Waters
Spherisorb ODSS5 25 pm) and identified from reten-
tion time and absorption spectrum using DAD
according to SCOR.

Chlorophyll a can be considered as a proxy of the
total periphyton biomass beside the AFDW. In this
case, biomasses are given as pg of chl a per cm’ A
quantitative method was used, obtained from a
calculation model based on published ratios for
monocultures (Dorigo et al., 2004). A table was
constructed, taking into account the relative abun-
dance of each pigment in a given sample (expressed
as the percentage of the sum of the area of all
pigments in a sample) (see Dorigo et al., 2007 for
detailed method and data). Furthermore, the total
number of pigments and the total number of degraded
pigments per sample were counted.

Community level finger printing: PCR-DGGE

Each biofilm sample was collected by scraping six
glass discs and was suspended in 2 ml of 0.2 um
filtered river water. Biofilm suspensions were centri-
fuged at 14,000xg for 30 min and nucleic acid
extraction was performed on the biofilm pellets
(Dorigo et al., 2009). The integrity of the total
DNA was checked by agarose gel electrophoresis and
the nucleic acid concentration determined by 260 nm
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absorbance. PCR amplification of eukaryotic 18S
rRNA gene fragments, bacterial 16S rRNA gene
fragments and their DGGE analysis was performed
according to TIili et al. (2008). After migration,
separated PCR products were stained for 45 min in
the dark with SYBRGold (molecular probes), visu-
alised on a UV transilluminator (Claravision), then
photographed and digitalized using Microsoft Photo
Editor software. Each band at a given height in each
lane was scored 1 or O (presence or absence). This
data set was used to perform correspondence analysis
(COA) using ADE-4 software. A similarity index
(Jaccard index) was also built using DGGE finger-
prints based on presence/absence data. A similarity
value of 1 indicates that two DGGE banding patterns
are identical, whereas a value of 0 indicates that there
are no common bands.

Community level physiological profile

Two variables were used to describe the community
level physiological profiles (CLPPs) based on organic
matter degradation: extracellular enzyme activities
and carbon mineralisation (substrate-induced respira-
tion method).

The three extracellular enzymes pf-p-glucosidase
(pGlu), f-xylosidase (fXyl) involved in cellulose
degradation, and leucine aminopeptidase (Lap)
involved in amino acid degradation, were ana-
lysed as in Romani et al. (2004). Activities were
analysed by fluorimetry, using substrate analogues
(4-methyl-umbelliferyl- 5-p-glucopyranoside (750 pM),
4-methyl-umbelliferyl-xylopyranoside (1,000 pM) and
L-leucine-4-methylcoumarinyl-7-amide HCl (1,000 uM),
respectively) to predetermine saturation curves and for
experimental measurements. For all enzyme assays
6 ml of substrate solution was added to triplicate
biofilm samples (non-disrupted biofilm in place on
stone) and formaldehyde-killed control samples incu-
bated for 30 min with formol 40% before assay.
Incubation was performed at 20°C for 20 min under
continuous shaking in the dark. Substrate blanks were
also prepared with filter-sterilised stream water. The
reaction was stopped in boiling water and each tube
was then centrifuged for 10 min at 5,000xg. The
fluorescent products released by enzyme activities
were measured after adding 0.05 M glycine buffer pH
10.4, using a microplate reader (SAFIRE, TECAN
Group Ltd, Switzerland) with excitation and emission

wavelengths of 363 and 441 nm, respectively, for
MethylUmbelliFeryl (MUF) and with 343 nm (exci-
tation) and 436 nm (emission) for MethylCoumarine-
Acid (MCA). Quantification was achieved using a
standard solution of MUF and MCA. The intensity of
fluorescence of the blanks was subtracted from all
samples to correct for non-enzymatic hydrolysis.
Activity in formaldehyde-killed controls was sub-
tracted to correct for abiotic activity. Results were
expressed in nmol of hydrolysed compound per hour
and per cm? surface area.

Basal (BR) and substrate-induced respiration (SIR)
were assessed using the MicroResp™ system of
Campbell et al. (2003), consisting of a 96-deep-wells
microplate (Nunc 278012) housing periphyton sus-
pension and aqueous carbon sources, sealed individually
to a colorimetric CO,-trap microplate. Mineralisation
of 11 carbon sources was tested (glucose, fructose,
sucrose, ribose, galactose, maltose, arginine, glycine,
lysine, glutamic acid and citric acid). The carbon stock
solutions were prepared at 120 mg/ml and adjusted to
river pH (7) to avoid any substrate—pH effects on
microbial communities and minimise chemical arte-
facts due to carbonate-derived CO,. Colorimetric CO,
traps were prepared in 96 microplate wells. The
indicator dye with the gel detector plate consisted of
cresol red dye (12.5 ppm), potassium chloride
(150 mM) and sodium bicarbonate (2.5 mM) set in a
1% gel of noble agar (150 ml per well). Periphyton
suspension (500 pl) was added to the 96-deep-well
plate after 30 pl of each C source had been dispensed
(four wells per substrate = SIR plus four water per
plate = BR). Each deep-well microplate was sealed to
the CO,-trap microplate with a silicone seal and
incubated in the dark at 25°C. CO,-trap absorbance
was measured at 570 nm (Biotek Synergy HT spec-
trophotometer) immediately prior to sealing to the soil
deep-well plate, and after 15 h incubation. A calibra-
tion curve of absorbance against headspace equilib-
rium CO, concentration (measured on a gas
chromatograph) was fitted to a regression model.

Organic pesticide biodegradation

The ability of aquatic microbial communities to
mineralise diuron was determined by radiorespirom-
etry as described by Pesce et al. (2009a). Samples
were treated with 1.45 kBq of **C uniformly (ring)-
labelled diuron [specific activity 567 MBg/mmol;
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99% radiochemical purity (Sigma-Aldrich)]. An epili-
thon suspension was prepared with the collected stones
using filtered river water. Final concentration was
adjusted to approximately 5 cm? of stone biofilm per
millilitre of suspension and 50 ml was used for each
sample. Epilithon samples were supplemented with
0.5 pg of diuron to reach a final concentration of
10 pg per litre of river water. They were processed in
triplicate and incubated under artificial light (13 h
photoperiod) at 20°C for 16 weeks; “co, resulting
from the mineralisation of '*C-diuron was trapped in
5 ml of 0.2 M NaOH solution and analysed by liquid
scintillation counting using ACS II (Amersham)
scintillation fluid.

Tolerance assessment

Short-term laboratory experiments were performed to
assess the natural tolerance of the photoautotrophic
communities to the main toxicants found in the river,
namely Cu and diuron. The PICT concept makes the
assumption that communities exposed to contami-
nants become tolerant to these contaminants by
adaptation or species changes (Blanck et al., 1988;
Bérard et al., 2002). During laboratory toxicity
assays, exposed communities will be characterised
by higher ECsy values than reference communities
with respect to the toxicant tested. The effects of
contaminants on periphyton were assessed using *C
photosynthetic assimilation as the endpoint (Guasch
& Sabater, 1998). A stock solution containing
100 pM diuron (MW 233 g/mole) (Sigma high grade
standard 99.5%) was prepared in water and stored at
—20°C prior to use. A semi-logarithmic series of
concentrations was freshly prepared by serial dilution
of the stock solution in 0.2 pm filtered river water.
Final test concentrations ranged from O to 10 pM of
diuron (one blank and nine increasing concentrations,
i.e. from O to 2.3 mg/l). For copper bioassays, final
concentrations in the test vessels ranged from O to
100 pM (five blanks and nine increasing concentra-
tions, i.e. from 0 to 6.3 mg Cu), starting from a stock
solution of 1,000 uM Cu (CuSOy, Merck high purity
grade). The measurements of photosynthesis activity
by 'C incorporation were made as described in
Dorigo et al. (2007). Data were fitted to a logistic
equation using the least squares method, and used to
plot a dose-response curve and determine photosyn-
thetic EC5 values for each biofilm and period.
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Results
Description of land uses

Description of land uses is summarised in a geo-
graphic information system (GIS) (Fig. 1, Gouy,
unpublished data). The three sampling points are
associated with a specific sub-watershed, with vine-
yards occupying an increasing percentage of the
catchment area along the upstream to downstream
gradient (from ca. 7% to nearly 80%). Different land
use indicators allowed a better characterisation of the
landscape features involved in the formation of
pollution flows (Collectif, 2008). In these, allowance
was made for drainage channels (sum total of
drainage ditches collecting run-off water, helping
the rapid transfer of pesticides from treated plots to
waterways), and the building surface areas measuring
the potential upstream/downstream increase in domes-
tic pressure. Hence, these two indicators could help to
understand the changes in chemical quality of the
river Morcille, as they indicate a level of anthropo-
genic pressure.

Water chemistry

A fairly strong upstream/downstream increase (Fig. 2)
was significant for most of the variables (DOC, POy,
conductivity), very likely indicating domestic waste-
water inputs. Median values of DOC, PO, and
conductivity increased by about 125, 300 and 150%,
respectively, from upstream to downstream. All the
chemical parameters were significantly different
between sites (ANOVA 1; P > 0.001), except for pH
and nitrates (ANOVA 1; P =0.569 and 0.106,
respectively). However, the chemical quality of the
upstream water (St Joseph) was more stable, and the
variability more marked at St Ennemond. Overall
the water quality was in line with French standards of
good chemical status for the nutrients (DCE, 2005).
Copper and arsenic concentrations increased grad-
ually from upstream to downstream, irrespective of
season (Fig. 3, yearly data), with maxima also
strongly increasing (more than 16 pg/l for Cu and
more than 40 pg/l for As). The annual median values
(out of 33 analyses) rose, respectively, between
St Joseph and St Ennemond, six-fold for Cu and
five-fold for As. The French water quality standards
specify ‘probable no-effect concentrations’ (PNEC)
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in freshwater for these two metals of 1.6 and 4.4 pg/l,
indicating a good quality upstream and a poorer
quality (given the hardness) at St Ennemond, with a
potential toxic effect.

On average some 20 different organic pesticides
were found in water, both at Versauds and St
Ennemond (Collectif, 2008). However, only the
products most frequently used in the drainage basin
and found in the water were taken into consideration
here (Rabiet et al., 2008, 2010). They were grouped
into two activity families (herbicides: diuron and
its breakdown products DCPMU and DCA; fungicides:
azoxystrobin, carbendazim, tebuconazole, procymidone

.V
sites

and dimetomorph). St Joseph was relatively free of
contamination: no substance was found in winter,
while diuron was found only three times and
fungicides twice in 22 summer samples (Table 1).
Versauds and St Ennemond showed a marked occur-
rence of both herbicide and fungicide (86—100%).

Biomass

Periphytic biomasses were not different between sites
(n = 12; P > 0.05) and between seasons (Fig. 4) and

kept a mean value of 0.8 mg AFDW cm ™,
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Table 1 Occurrence of pesticides during 2007 survey: A/B:
A: presence (with analytical quantification); B: number of
analyses

St Joseph Versauds St Ennemond
Winter H: 0/11 F: 0/11 H: 13/14 F: H:11/11 F:
13/14 10/11
Summer H: 3/22 F:2/22 H: 2121 F: H: 22/22 F
18/21 19/22

H herbicides, F fungicides

Community level finger printing

The microbial community was structured along the
upstream—downstream gradient (Fig. 5). For the pro-
karyotic community, the first two axes of each
correspondence analysis accounted globally for 88%
of the variability in spring and for 87.7% in winter.
For the eukaryotic community, the first two axes of
each correspondence analysis accounted for 96 and
67% of the variability in spring and in winter,
respectively. For both communities, in spring (Fig. 5,
left panel) the first axis separates the pristine St
Joseph from Versauds and St Ennemond, and the
second axis separates these two last stations. In
winter for the eukaryotic community (Fig. 5b, right
panel) St Joseph and Versauds are very close to each
other and separated from St Ennemond by the first
axis. In winter, there was a very high dispersion in the
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Fig. 4 Periphytic biomass on the three study sites. Spring/
summer: during pesticide treatment on the watershed. Autumn/
winter: outside pesticide spreading time (mean values &+ SD;
n = 3). J: St Joseph; V: Versauds; E: St Ennemond

eukaryotic diversity between the three plates from the
St Ennemond sampling area.

The correspondence analysis based on the relative
percentage of the pigments detected in all sampling
sites in winter and spring (see Dorigo et al., 2007),
depicts the adaptation of the microalgal community
pigment structure (Fig. 6). The projection of the
plane defined by the first two axes indicates a clear
separation between spring and winter samples. The
second axis allowed the differentiation in spring of
the pristine St Joseph area from the other two, and in
winter the separation of the St Ennemond area from
Versauds and St Joseph.
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Community level physiological profiles
Extracellular enzyme activities

Extracellular enzyme activities of the river Morcille
biofilms were analysed using a two-way ANOVA to
test for spatial effect (upstream to downstream),
temporal effect, and their interaction (all data were
logarithmically transformed to stabilize the variance
and when significant differences were detected by
using Scheffé post hoc comparisons were used). No
clear spatial or temporal pattern was found (Fig. 7).
Between-site differences were generally not signifi-
cant, except for Lap, which significantly but slightly
increased from upstream to downstream in June.
Temporal effect was significant for Xyl and Lap
activities (ANOVA2 P = 0.0115 and P = 0.0006,

respectively), with June values higher than May
values (Scheffé P = 0.0135 and P = 0.0006, respec-
tively). The only observed pattern was the activity
level of the enzymes, with Lap > Glu > Xyl

Aerobic respiration

Aerobic respiration was described by MicroResp for
bacteria and fungi (heterotrophic microorganisms) as
well as the capacity to mineralise different carbon
sources. A spatial pattern appears with a marked
lowering (mean value: 40%) in the respiration at
St Ennemond (Fig. 8), whatever the carbon source
(e.g. carbohydrate, amino acids, acids). Finally,
substrate-induced respiration is only weakly greater
than biofilm respiration on natural DOC (0-15%),
whatever the sites.
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Fig. 6 Correspondence analysis of the percentage contribution
of each pigment of the three biofilm samples at the sampling
areas (J, St Joseph; V, Versauds; E, St Ennemond) in spring
(sp) and in winter (wi). ADE-4 Software Package (from Dorigo
et al., 2007)

Diuron mineralisation potential

Diuron mineralisation potential increased signifi-
cantly from the upstream to the downstream sampling
stations (Fig. 8). After a short lag phase of about
10 days, downstream samples exhibited a high bio-
degradation potential. Diuron mineralisation was then
fast (the mean mineralisation rate was about 1.56%
per day) and reached a plateau (sixth week) with a
mean value of 25% of the initially applied diuron.
Conversely, diuron mineralisation obtained with the
upstream epilithon was very limited (about 3.3%) and
remained close to that observed in autoclaved sam-
ples (<4%, data not shown).

Tolerance of periphyton (Table 2)

Photosynthesis ECs, values increased from upstream
to downstream in both spring and winter, with values
ranging from 19.71 to 42.23 and from 9.17 to
50.66 pg 17" of diuron, respectively. Except for St
Ennemond, ECs, values were higher in summer than
in winter. At each season, the lowest ECsq values
(thus lowest tolerance to diuron) were recorded at the
upstream area of St Joseph. Copper effects had the
same pattern and tolerance of biofilm also increased
from upstream to downstream.
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Fig. 7 Exoenzyme activity gradient in early spring at the three
sampling sites. J: St Joseph; V: Versauds; E: St Ennemond
(mean values £+ SD; n = 3)

Discussion
Relationships between land use and water quality

The characterisation of land use in the Morcille
drainage basin identified the possible main causes of
the observed nature and dynamics of water quality.
One cause is the preponderant use of land for wine
growing, but with a very small presence at the first
sub-basin (St Joseph). The identification of drainage
ditches (respectively, 0.2, 33.4 and 97.1 km for the
St Joseph, Versauds and St Ennemond sub-basins)
shows the importance of run-off collection (Laga-
cherie et al., 2006) and its contribution to the
pollutant flow entering the river Morcille. Indeed,
the land is characterised by a sandy, modified granite
shallow soil, easily eroded and poor in organic

287



Hydrobiologia (2010) 657:123-141

Author's personal copy 133

T Bv0OE
250 - *
200 A
150
100 A

pgCO2/mg AFDM.h

substrates

Fig. 8 Potential of carbon substrate mineralisation of biofilms
sampled at the three sites. Mean values £ SD; *significant
difference with St Joseph (reference site)—Kruskall-Wallis
test, n = 4, P = 0.05. Wat: water alone (blank); Wat + biof:
river water + biofilm; glu: glucose; fru: fructose; suc: sucinate;
rib: ribose; gal: galactose; mal: maltose; arg: arginin; gly:
glycine; glut: glutamic acid; ac citr: citric acid. J: St Joseph; V:
Versauds; E: St Ennemond

material. Rainfall intensities as well as sloping relief
favour rapid transfer by run-off. This sensitivity to
rainfall effects results in high MES levels when the
river is in flood (up to 1 g/l, Rabiet et al., 2008). In
general, the rainfall pattern is of the ‘continental’
type, with frequent sudden rainstorms in spring and
summer. There can be as many as 3—4 river floods
during the summer (Rabiet et al., 2008). The drainage
ditches and domestic wastewater flow directly into
the river Morcille, shunting the wooded or grassy
riverbank areas, whose important role in water self-
purification is then limited at this site. This pattern of
land use explains the upstream/downstream gradient
in levels of both organic chemicals, metals (Cu and
As) and nutrients. The surface area covered by farm
buildings or dwellings is a good indicator of domestic
pressure; its gradual increase along the three sub-
basins (respectively, 0.05, 2.2 and 6.9 ha) probably

results in the level increase of some organic and
inorganic nutrients (PO, in particular), whatever the
season.

These characteristics account for the flows of
pollutants into the Morcille, their gradient and their
seasonal pattern. The intensive use of pest-control
chemicals in vineyards [mostly herbicides (such as
diuron, isoproturon or diflufenicanil in early spring)
and fungicides (such as tebuconazol, linuron or
fenitrothion in spring and summer)] causes rising
downstream contamination of the waterway with both
organic residues and metals (essentially Cu and As
from vineyard treatment). This contamination persists
all year, but with a seasonal peak in the spring and part
of the summer (generally late March to early August).
Its variability is due to (i) differences in the use of
herbicides (mostly early in the growing season) and
fungicides (mostly in summer), with a predominance
of the herbicide diuron and (ii) the pattern of rainfall
and run-off, the intensity of which is an important
controlling factor in pollutant flow. At peaks of
flooding the concentrations of certain phytochemicals
can reach several pg/l, or even tens of pg/l (Rabiet
et al., 2008), thus profoundly modifying the condi-
tions of exposure of aquatic organisms. As an
example, the average concentration of diuron largely
exceeds the European environmental quality standard
(EQS) of 0.2 pg/l expressed as annual average.

Periphyton biomass, structure and diversity
as bioindicators

Global indicators, such as periphytic ash-free dry
mass or chlorophyll @, have been and are still
frequently used to characterise the status of a biofilm
or a plankton community in response to environmen-
tal changes (Rosemond et al., 2000). This global
approach does not always respond clearly to levels of

Table 2 Sensitivity of periphyton to copper and diuron (expressed as ECso measured as primary productivity for periphyton samples

from the three sampling sites on the river Morcille)

St Joseph Versauds St Ennemond Chemicals
Survey 1 (winter) 9.7 £ 38 20 + 6.6 47 + 84 Diuron (ug/l’l)
Survey 2 (summer) 20 £ 65 38 £ 102 42 + 15.8 Diuron (ug/l_l)
Survey 3 (summer) 453 £ 1.54 78 £22 - Diuron (ug/l’l)
Survey 4 (summer) 32+75 160 £ 40 - Copper (uM)

Mean value £+ SD (n = 3); —, non determined
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nitrogen- and phosphorus-containing nutrients (Bernhard
& Likens, 2004). This limitation is seen here for our
data on the river Morcille (Fig. 4). Given the intra-site
variability of periphytic biomass, and despite a
tendency towards a fall in periphyton biomass, no
clear-cut upstream/downstream spatial gradient is
discernable, in spite of the permanent increase in
PO, levels at Versauds and St Ennemond. Three
hypotheses can be advanced: (i) an effect of reduced
light (Villeneuve et al., 2010) due to canopy growth in
summer, (ii) physical constraints (biofilm abrasion)
due to the turbulences of water on small pebbles and
(iii) the presence of diuron (and its breakdown product
DCMU) and copper, both inhibitors of algal photo-
synthesis, which antagonise the growth stimulus
provided by PO, (Guasch et al., 2007). These authors
showed that PO, did not modify the inhibiting effect
of atrazine (at 100 pg/l) on the periphyton biomass,
and did not modify the tolerance of the biofilm to this
herbicide. The biomass (expressed in AFDM or
chlorophyll) does not therefore seem to be a very
reliable indicator of the chemical quality of the
ecosystem, especially as this depends also on hydrau-
lic and light conditions (Battin et al., 2003a, b;
Villeneuve, 2008). Accordingly, some authors have
proposed growth rate rather than biomass as an
indicator of eutrophication (Othoniel, 2007).

Most works on biofilms take into account algal
communities and their taxonomic diversity. Because
of their physiological characteristics, photoautotro-
phic biofilm communities (microalgae and cyanobac-
teria) and the taxa that compose them can be good
indicators of environmental changes. They also
represent a potential target for herbicide residues in
the aquatic ecosystems. Herbicides acting on the
photosynthetic system (such as Photosystem II) have
already been identified as a cause of impairment of
these communities (Guasch et al., 2003; Dorigo et al.,
2004, 2007).

Taxonomic approaches, especially those based on
diatoms or on microalgae, are regularly used. The
predominance of diatoms in periphyton is a very
common situation in lotic systems (Stevenson & Pan,
1999) and allows the design of a specific index. The
BDI was originally designed to assess alterations in
trophic status (Lenoir & Coste, 1996). For the river
Morcille, as shown by Morin et al. (2010), the BDI
values along the gradient for 1-month-old communi-
ties indicated a trophic pollution and changes in water
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quality classes, as defined by the European Water
Framework Directive and with a good/moderate
boundary: BDI = 14, for this national type and
stream order between St Joseph (BDI = 14.7 &+ 0.1,
good ecological quality), Versauds (BDI = 13.8 £
0.2, good to moderate) and St Ennemond (BDI =
13.1 £ 0.1, moderate). Morin et al. (2010) identified
larger proportions of pollution-sensitive species at St
Joseph (25.4%) than at Les Versauds (18.2%) or St
Ennemond (15.9%). In addition to these approaches
based on global indices, some of the species that
preferentially developed at Les Versauds (especially
in May) and St Ennemond have already been recorded
under herbicide concentrations >5 pg/l (Planothidi-
um lanceolatum, Planothidium frequentissimum and
Cocconeis placentula); Pérés et al., 1996; S. Morin,
pers. comm.). Only a few studies have addressed
diatom sensitivity or tolerance to pesticides, but this
work in favour of diatom use for the assessment of
pesticide contamination has yielded important find-
ings. Pérés et al. (1996) and Schmitt-Jansen &
Altenburger (2005) found a remarkable decrease in
diatom numbers under atrazine and isoproturon con-
tamination. The shift in diatom community diversity
observed in the river Morcille was concomitant with
increased diuron-induced tolerance (see below),
revealing that pesticide contamination was probably
one of the major driving factors, even if the trophic
level bioindicator BDI expressed the increasing OM
and nutrient gradient in the Morcille (Morin et al.,
2010).

Community level finger printings (CLFPSs) are now
widely used to assess the diversity of microbial
communities and their responses to environmental
changes. Fingerprinting techniques based on PCR-
DGGE or on pigment abundances have often been used
to describe the effect of pollutants (Dorigo et al., 2004;
Boivin et al., 2007; Pesce et al., 2009b) or spatio-
temporal changes (Lyautey et al., 2005), whatever the
biases of these methods (see Dorigo et al., 2007;
Marzorati et al., 2008). To obtain ecologically relevant
information, fingerprint data are often transformed by
statistical treatments such as principal component
analysis or other multivariate statistical treatment, but
some other straightforward processing methods can be
used to obtain a relevant ecological interpretation of
fingerprinting patterns (Marzorati et al., 2008). For the
river Morcille, correspondence analysis performed on
prokaryote and eukaryote fingerprints and on pigment
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analysis revealed a structured pattern depending on the
season (Dorigo et al., 2007, 2009).

More specifically, correspondence analysis, rela-
tive to pigment analysis, separated the spring from
the winter communities, and communities inhabiting
less contaminated areas from those in more contam-
inated ones (Fig. 6). However, these differences were
not linear because of in situ confounding factors (see
above). DGGE analyses also allowed a differentiation
of prokaryotic and eukaryotic communities, separat-
ing those inhabiting less contaminated sampling areas
from more contaminated ones (Fig. 5). Thus, the two
methods used to assess the structure of these com-
munities (DGGE or HPLC) prove to be useful
bioindicators of the ecological status of biofilms,
allowing seasonal and spatial differentiations. In
spring, the St Joseph reference area was differentiated
from the two other sampling areas (i) by the structure
of their prokaryotic, eukaryotic and photoautotrophic
communities and (ii) by its level of pollution, which
was significantly reduced in comparison with Versa-
uds and St Ennemond (Fig. 3). In the same way, and
only in winter, the St Joseph and Versauds sampling
areas were more similar to each other than to St
Ennemond, by both their level of pollution and the
structure of their microbial communities. In addition,
microcosm studies conducted elsewhere have also
shown that environmentally realistic diuron exposure
levels can affect aquatic bacterial diversity (Pesce
et al., 2006, 2008; Ricart et al., 2009) and it appears
that chronic long-term exposure (1 pg/l) can lead to
changes in bacterial community structure, more than
acute (14 pg/l) and short-term exposure, suggesting a
progressive adaptation in microbial communities
(Tlili et al., 2008).

Calculating an index such as Jaccard’s similarity
index yields additional, quantitative indications con-
cerning the differentiation of sites which are therefore
more easily exploitable as bioindicators. For exam-
ple, summer monitoring of the diversity of biofilms
grown on artificial supports has shown the low degree
of similarity among communities of bacteria (16S) or
algae (18S) in the three study sites and according to
the season (Table 3) (Montuelle, unpublished data).
This index can thus be considered as an indicator of
disturbance, by quantifying the intensity of a change
in composition of a microbenthic community.

However, these structural changes related to
environmental variables or to the toxic contamination

Table 3 Eukaryotes and prokaryotes similarity index (Jaccard
Index) between three sampling sites during a summer survey

St Versauds St
Joseph Ennemond
16 S tIRNA St Joseph 100 23 15
Versauds 100 26.7
St Ennemond 100
18S rRNA St Joseph 100 13.9 234
Versauds 100 64.7
St Ennemond 100

present in the river Morcille should be associated
with function changes to assess the disturbance of
ecological (biochemical) processes and identify the
relationship between structure and function.

Functional changes along the pollution gradient

Several functional variables were active on the river
Morcille for both autotrophic communities (photosyn-
thesis) and heterotrophic communities (biodegradation).

Photosynthesis and PICT approach

To verify that structural changes were related to
pesticide contamination of the river Morcille, we
applied the PICT concept proposed by Blanck et al.
(1988) and used since by several authors (see Bérard
etal. 2002, for areview). The PICT concept states that
the tolerance of a community to a toxicant is related to
the previous exposure of that community to the
toxicant or to another toxicant so long as both belong
to the same toxicant family (same chemical composi-
tion and/or similar mode of action). In our studies,
diuron and Cu were taken, respectively, as models of
organic and inorganic pesticides inhibiting photosyn-
thetic organisms in biofilms. The most diuron- and
Cu-sensitive communities were found in the upstream
area at St Joseph, in both winter and spring. On the
other hand, the most diuron-tolerant communities were
found both in spring and in winter at the St Ennemond
sampling area, which was also the most severely
contaminated one. These results fit well with the
predictions of the PICT concept and suggest that
pesticide concentrations constitute a selective pressure
on the photoautotrophic communities of the Morcille
biofilms, resulting in changes in species composition
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and in pesticide tolerance. However, nutrients
increased concomitantly with the in situ pesticide
concentrations (Collectif, 2008), and they could also
have driven structural and functional changes in
eukaryotic and photoautotrophic communities (deNi-
cola et al.,, 2006). In such a specific situation, the
application of the PICT concept enables us to attribute
observed changes to pesticides and not directly to
nutrients. In the case of multiple toxic contaminations
(diuron and copper), a co-tolerance effect may occur,
with a risk of error in the estimation of causality of the
effect observed in the biofilms. No co-tolerance
between copper and a PSII-inhibiting herbicide (Irgarol)
was observed on phytoplankton in Lake Leman (Bérard,
unpublished data).

It should also be emphasised that P content could
also modify the tolerance of biofilm to Cu (Guasch
et al., 2004): an increase in P could induce an
increase in the tolerance to copper and care must be
taken to sample sites where P and Cu increase
together (as in the Morcille River). However, a recent
field survey performed in the river Morcille con-
firmed that despite the possible influence of identified
co-varying variables (such as nitrates, conductivity
and temperature), the main factor explaining spatio-
temporal variation in diuron sensitivity within pho-
toautotrophic biofilm communities was the mean in
situ diuron exposure level during their colonisation
period (Pesce et al., 2010).

Biodegradation of pesticides

The increase in tolerance is also accompanied by a
greater capacity for the biodegradation of toxicants
by biofilms. This type of adaptative response by
heterotrophic communities to exposure to toxicants
has not been much studied in aquatic environments
(Tordng et al., 2003). In the river Morcille, an in situ
microbial adaptation to diuron mineralisation follow-
ing previous diuron exposure was clearly highlighted
in aquatic biofilm communities (Fig. 9). For down-
stream epilithon, a short lag phase was observed,
probably reflecting the time required by the diuron-
degrading populations to acclimatise to the experi-
mental conditions. Despite a non-negligible variation
between replicates, biofilm samples collected at the
downstream diuron-impacted station exhibited higher
mineralisation percentages than the samples collected
at the upstream station, thus evidencing an increasing
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Fig. 9 Biodegradation potential of "*C-diuron by periphyton
in the river Morcille (modified from Pesce et al., 2009a, b)

natural breakdown potential of diuron along the
contamination gradient (Pesce et al., 2009a). From a
functional point of view, this potential is quite
different from an estimation of the real in-field
biodegradation processes of pesticides in biofilms.
Given the short residence time of water in the river
Morcille and the diffuse input in the watershed, most
diuron residues are exported to the downstream rivers.
However, this bioassay offers interesting perspectives
for assessing the adaptation of heterotrophic microbial
communities following pollutant exposure.

Community level physiological profiles

Parallel to changes in diversity, the heterotrophic
degradation functions exerted by the biofilm also
adapted along the gradient. They also provide an
integrated response to overall modifications in chem-
ical composition, and can be considered as reflecting
the composition of the organic matter in the system
(Sinsabaugh et al., 2002; Romani et al., 2004). The
cellulases (e.g., glucosidase and xylosidase) that
break down plant fibres and peptidases are the key
enzymes involved, for example, in the leaf conver-
sion of polymeric compounds into smaller molecules
that can be assimilated by microorganisms (Sinsab-
augh et al., 2002). No general adaptation pattern was
detected in enzymes activity whether temporal or
spatial because of a large variability in activity (up to
75%), which prevented characterisation of the
increasing tendency of the mean activity values from
upstream to downstream as statistically significant.
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If increasing concentration in DOC and nutrients
could explain such a tendency, many reasons can be
offered to explain the high variability. Microbial
extracellular enzymes and their activity respond to
many environmental variables that can vary rapidly,
such as temperature, dissolved oxygen, nycthemeral
cycle, microbial biomass and organic matter content
(Montuelle & Volat, 1998; Boshker & Cappenberg,
1998). Seasonal or temporal variations in extracellu-
lar enzymes activity are well documented (Chappel &
Goulder, 1994; Harbott & Grace, 2005), as well as
spatial variability (Romani & Sabater, 2000). As
expounded by Chrost (1990), the regulation system in
extracellular enzymes results from a balance between
directly available substrates (low molecular weight
molecules inhibit enzyme synthesis and expression),
and substrates that are not directly bioavailable but
are biodegradable (high molecular weight molecules
stimulate enzyme synthesis and activity). Finally,
toxicants such as pesticides or heavy metals could
have impaired extracellular activity (Lopez et al.,
2009; Hussain et al., 2009). On the river Morcille, it
is then plausible that these antagonistic factors, linked
to the chemistry of water, co-exist and account for the
variability of these activities. However, the observed
increase in LAP from upstream to downstream in
April and May could be a consequence of the
increasing housing in the watershed and its greater
discharge of protein-rich wastewater.

The degradation of carbon-containing substrates
by heterotrophic microbial communities is part of the
self-purifying process, in particular pathways that
produce CO, (or CH, in anaerobiosis), which is then
exported from the aqueous ecosystem into the
atmosphere. The study of the respiratory capacity of
microbial communities based on patterns of use of
carbon-containing substrates (SIR), has prompted the
development of kits such as Biolog® (Garland, 1996)
or MicroResp® (Campbell et al., 2003), which have
been used to characterise the status of a community
or as a bioindicator of the effect of toxicants (Rutgers
et al., 1998; Boivin et al., 2007). The application of
this last technique on the river Morcille showed a fall
in the overall mineralisation capacity (CO, produc-
tion) of downstream biofilms (St Ennemond) (Fig. 8),
although DOC levels were higher. Two hypotheses
can be advanced: (i) the DOC is less biodegradable
downstream than upstream (unlikely, because some
hydrolysis activity tends to increase from upstream to

downstream) and (ii) the toxicants present modify the
expression of the enzymes involved in the minerali-
sation of the carbon compounds as shown for soil
microbial community (Hussain et al., 2009). Enhance-
ment of SIR is likely associated with the high
biodegradability level of the C source tested, more
important than the natural DOC in the Morcille River.
However, the observed lowering of biodegradation
capacity reduces the self-purification capacity of the
river.

Towards a microbial bioindication tool

The different research carried out on the LTER
Morcille River allowed the testing of several param-
eters describing the periphyton and its different
functional or structural responses to a specific land
use and to a contamination gradient. Putting into
practice periphytic microbial indicators to character-
ise the ecological state of aquatic environments has
progressed greatly during recent years. Their sensi-
tivity to pollution and their early response is now well
identified (Sabater et al., 2007). However, much
progress is needed to meet the indicator criteria
defined by Dale & Beyeler (2001).

Be easily measured; be sensitive to stresses on
the system; respond to stress in a predictable
manner; be anticipatory; predict changes that
can be averted by management actions; be
integrative; have a known response to distur-
bances, anthropogenic stresses and changes
over times; have a low variability in response.

It is not reasonable to assume that only one
biological indicator, whatever its integration level,
could be enough to capture the complexity of an
ecological system. Development of a multimetric
index is essential. It should be composed of metrics
for structure, diversity and functions (Eisman &
Montuelle, 1999) to reflect the multiple dimensions
of ecosystem services. In our work on the river
Morcille, the use of these three categories of ecosys-
tems response allowed us to take into account the
different functions assumed by microbial communi-
ties and to identify sensitive biological indicators for
ecosystem functions.

The complexity in the choice and in the identifi-
cation of relevant microbial indicators is a

@ Springer

292



138 Author's personal copy

Hydrobiologia (2010) 657:123-141

consequence of the action of environmental factors
that are likely to interfere with the toxicants actions
and then to limit the identification of univocal
causality relationships. For example, tolerance of
biofilm community to one stressor can be modified by
natural abiotic factors, such as light or flow speed
(Guasch & Sabater, 1998; Villeneuve, 2008), chem-
ical conditions favouring co-tolerance phenomena
(Schmitt-Jansen et al., 2008) or changing exposure to
toxicants (chronic or acute; Tlili et al., 2008). Biofilm
internal parameters, such initial community compo-
sition and species interactions, could also control the
biological response of biofilm microbial communities
to a contaminant (Guasch et al., 1998).

However, community level approaches are a
necessity, since single-species tests are not ecologi-
cally relevant. Specific methodology such as PICT
may then serve as a diagnostic tool in chemical hazard
assessment (McClellan et al., 2008). PICT methodol-
ogy provides information on the sensitivity of a
community to a toxicant, integrating in its response
changes in species diversity and cell physiology.
Applied to complex environmental contamination (in
the field or experimentally tested in ‘cosms’), the
PICT method allows reducing uncertainty on the
causes of an ecological impairment to be reduced.
However, care should be taken of the possibility of co-
tolerance to different substances (Schmitt et al., 2006).

The technique of dose—response bioassays used in
the PICT method allows a rather easy screening of
substances, even for emerging molecules such as
pharmaceuticals (Franz et al., 2008). The validity
domain of PICT methods could then be broadened to
the calculation of Environmental Quality Standards
(EQS) for the European Priority Substances to obtain
more relevant threshold characterisation for risk
assessment (McClellan et al., 2008).

New functional parameters suitable for PICT stud-
ies and for individualising the responses of autotrophic
and heterotrophic communities will strengthen the use
of PICT-based bioindicators (e.g. respiration, denitri-
fication and nitrification). However, not all metabolic
activities could be used to group CLPP and PICT (for
example, extracellular activities seemed to be worse in
situ bioindicators, in our case study), but research in
this field should continue.

Finally, the analysis of biofilm diversity by the
CLFP supplements the information given by the PICT
method allowing characterisation of the specific changes
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of biofilm eukaryote and prokaryote communities exposed
to contaminants. Techniques such as DGGE finger-
printing used to assess the structure of eukaryotes and
eukaryote communities on the river Morcille have
appeared globally in good agreement with pigment
analysis and have discriminated the pollution gradient
(Dorigo et al., 2007, 2009). In the same way, more
classical taxonomic approaches have given relevant
insights into the effect of chemicals (Hill et al., 2000;
Morin et al., 2010). Other fingerprinting methods (e.g.
ARISA and t-RFLP) are also well adapted to such
analysis; more powerful molecular methods (sequenc-
ing) seem still to be excluded for the construction of
bioindication tools because they do not fit with the
criteria underlined by Dale & Beyeler (2001). How-
ever, it is likely that, in the future, microarray
(taxonomic and functional) techniques will give a
new insight into bioindication.

The coupling of PICT-CLPPs—CLFPs constitutes
a multimetric assessment tool and allows a thorough
assessment of biofilm response (function, diversity
and tolerance level) to contaminants. The comple-
mentarity of such methods allowed in situ character-
isation of the individual effects of pollutants in a
cocktail of contaminants in a vineyard-dominated
watershed. Such multimetric assessment tools give a
comprehensive overview of ecosystem impairments
and could be applied to different anthropogenic
pressures (urban, peri-urban and agricultural). In the
perspective of goals defined by the European WFD,
our next step will be the use of PICT-CLPPs—CLFPs
for studying community resilience and characterising
the trajectory of aquatic ecosystem restoration.
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