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Abstract

The present study aimed at assessing the recovegryototrophic and heterotrophic biofilm
communities after a decrease in copper exposureorfginal experiment was designed to
evaluate the possible influence of non-exposed. (pestine) communities (e.g. via
immigration processes) in recovery dynamics. Latooyachannels were used to study the
structural and functional changes in microbial camities after a 4-week Cu exposure
period in the presence and absence of pristindrogmfWhen pristine biofilms were present,
phototrophic communities recovered within 6 weddath in terms of biomass, structure and
photosynthetic activity. Recovery processes wese detected using the PICT approach. In
contrast, in the absence of pristine communitiésfdhe Cu-induced changes recorded in the
phototrophic communities remained throughout tltevery period.

Regardless of the presence or absence of prisifiénis, the decrease in Cu exposure did
not abolish Cu-induced changes in bacterial comtyustructure, whereas functional
recovery (based on beta-glucosidase activity) waspbete in both recovery contexts.

These results revealed that microbial communitypoese to a decrease in Cu exposure
differs between phototrophic and heterotrophic caemities. The presence of pristine
communities greatly influences the structural amshctional recovery of phototrophic
communities, suggesting an important role of mi@bbnmigration processes, but have far

less influence on the recovery trajectory of hdéteghic communities.

Highlights

» We tested the influence of microbial immigrationbiofilm recovery after a Cu exposure.
» Recovery dynamics differed between phototrophtt lagterotrophic communities.

» Microbial immigration enhanced the recovery of {@ti@phic communities.

» Heterotrophic community recovery slightly dependeadmicrobial immigration processes.
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1. Introduction

The restoration of chemically contaminated aquatiosystems has become an important
concern, especially through environmental poligash as the European Water Framework
Directive (2000/60/EC), prompting growing interest studying recovery trajectories and
community resilience in aquatic environments ( [[2dge, 1999] , [lvorra et al., 1999] ,
[Tolcach and Gomez, 2002] , [Dorigo et al., 201@ad [Morin et al., 2010] ). In lotic
ecosystems, periphytic biofilms assume key eco@dimctions such as primary production
and nutrient cycling (Battin et al., 2003). Thesécrobial assemblages are formed by
phototrophic and heterotrophic communities, bothwdfich are characterized by short
generation times. This, together with the fact thal are the first to interact with dissolved
substances, makes biofilms a candidate “early wgrsystem” for detecting the effects of
chemicals on aquatic systems (Sabater et al., 20@8pite an increasing number of studies
on the impact of toxicants on biofilm microbial comnities, knowledge on their recovery
dynamics following a decrease in exposure leveizares scarce (e.g. [Boivin et al., 2006] ,
[Dorigo et al., 2010a] , [Dorigo et al., 2010bMdrin et al., 2010] and [Rotter et al., 2011] ).
Aquatic environments are highly affected by mew@llytion, with copper (Cu) being one of
the most commonly detected contaminants in suneaters ( [Bossuyt and Janssen, 2004]
and [Serra and Guasch, 2009] ). Chronic exposufeutis known to result in structural and
functional effects in autotrophic and heterotrophicfilm microbial communities ( [Soldo
and Behra, 2000] , [Boivin et al., 2006] and [Senal Guasch, 2009] ). The resulting changes
in microbial communities generally lead to an ims® in community tolerance to Cu, in line
with the pollution-induced community tolerance (P)Qoncept introduced by Blanck et al.
(1988). The principle of PICT is that chronic cataith a toxicant can result in changes at
the community level due to various toxicant-induceffiects. These include individual
acclimation (physiological or genetic adaptationyl doss of sensitive species. This increase
in Cu tolerance following a chronic exposure wasvusly described in experimental
studies considering phototrophic ( [Soldo and Bel@00] and [Tlili et al., 2010] ) and
heterotrophic ( [Boivin et al., 2006] and [Tlili at., 2010] ) activities as microbial endpoints.
Several weeks after transferring biofilms from apgaliuted downstream site to a reference
upstream site exhibiting lower Cu concentrationgyigp et al. (2010a) observed a low
decrease in algal and bacterial community tolerdaad@u, suggesting a slow recovery curve

for these communities. In situ translocation expents applying the PICT concept to assess



biofilm recovery were also recently performed foganic pesticides, confirming that PICT
approaches can be a suitable tool for the studmiofobial recovery processes following
toxicant exposure ( [Dorigo et al., 2010b] and fRoet al., 2011] ).

In situ studies provide the most realistic assessmé field conditions, but translocation
approaches have limitations hampering effectiveessaent of the recovery potential of
microbial communities following a decrease in expesto a contaminant or class of
contaminants. These limitations mainly stem from tict that the studied sites (before and
after biofilm translocation) generally differ noblg in terms of toxicant concentrations but
also in terms of nutrient content or other enviremtal (e.g. light, water flow, etc.) properties
that can strongly influence microbial dynamics. Bwrer, recovery is an ecological process
driven, at least partially, by immigration of newganisms (Morin et al., 2010). Immigration
processes are probably facilitated in translocastudies, since the exposed biofilms are
transplanted into river sections colonized by iedigus communities. Indeed, [Stevenson and
Peterson, 1989] and [Stevenson and Peterson, 1@®&] shown that immigration processes
are a major driver of the colonization and recovdgnamics of diatom communities.
Therefore, the observed recovery trajectories whiebult from changes in exposure
conditions after the translocation are also agisyesuch immigration processes. However, it
remains virtually impossible to discriminate inrtséocation studies between the effects of
regrowth of remaining viable cells when pollutioregpsure decreases vs. re-colonization by
new immigrants.

Given this background, the main purpose of thegmeestudy was to test the ability of natural
microbial biofilm communities to recover after c@ppexposure in laboratory channels. An
original experimental approach was designed tosas$iee influence of the presence of
pristine communities on recovery dynamics. Givea skructural and functional complexity
inherent to microbial biofilms, we hypothesizedtthecovery trajectories could vary between
phototrophic and heterotrophic communities. Acaagtl, a combination of methods was
applied to assess microbial response followingaedse in Cu exposure in terms of biomass
(dry weight, chlorophyll a content), structure @lglasses), diversity (diatom taxonomic
analysis, bacterial genetic diversity) and photaitio and heterotrophic functions. In addition,
we used a PICT approach to detect variations inpeopolerance in phototrophic and
heterotrophic communities. We expected recoverypgomade faster by the presence of

pristine communities via microbial immigration pesses.



2. Materials and methods
2.1. Experimental setup

The experiment was carried out in 4 indoor glasanokls composed of three independent
compartments (I x w x d = 63 cm x 11 cm x 4 cm)duae pseudo-triplicates (independent
compartments supplied with the same water). Channglre used in recirculating mode
throughout the study: 50 L of water was recircdafeom a glass aquarium through
centrifugal pumps at a rate of about 1.2 L/min @&&fow 600). High-pressure sodium lamps
were used to obtain a constant light intensity®@@lux under a 13 h/11 h light/dark regime.
The study was conducted for 11 weeks, from Jan@&th to April 13th 2011 under
laboratory ambient temperature conditions (about@1Table 1). During the first week, all
the channels were filled with river water, and apmnsion of natural biofilms (collected on
stones) sampled in January 2011 at the upstreamostithe Morcille River (Beaujolais,
Eastern France, see Montuelle et al. (2010) faildgtto allow biofilm settlement on artificial
substrates (microscopic glass slides) previoushcedl at the bottom of each channel.
Concentration of dissolved Cu in the river wateswess than 0.8g L-1. Then, the channels
were filled with drilled groundwater containing ydow concentrations of Cu (<0i8y L-1)
and adjusted to the sampling site conductivity,(660uS cm-1) and nutrient concentrations
(i.e. about 4 mg Si L-1, 5 mg NO3 L-1, and 0.05 R@4 L-1). Two channels (called
“Control”) were used as control channels (without @ddition) and two channels (called
“Cu”) were supplemented with CuSO4-5H20 to obtailCa concentration close to the
highest concentrations recorded in the downstrezstiasn of the Morcille river (i.e. about 20
ug Cu L-1, Montuelle et al., 2010). During this el water was renewed weekly to
maintain a relatively constant exposure level amavoid nutrient depletion. The 4-week
exposure period was followed by a 6-week recovenyop: two channels were respectively
kept as “control” and “Cu” channels identical tmsle described above, while the two other
channels (called “ExCul” and “ExCu2”, respectivelyere not supplemented with Cu
anymore. The “ExCul” channel was designed to mari@nslocation experiment in order to
test the influence of the presence of pristine comiies on recovery dynamics. Accordingly,
this channel was composed of half non-exposedlimsf{taken from “control” channels) and
half previously exposed biofilms (taken from “Cuiannels). In channel ExCul, biological
assessments were only conducted on biofilms prelyjoexposed in Cu channels. The last
channel (“ExCu2”) was only composed of previouskp@sed biofilms (taken from “Cu”



channels) to assess their recovery potential fallgva decrease in copper exposure without
the possibility of microbial immigration from unexged communities. During this period,

water was renewed every two weeks.

Table 1. Physico-chemical characteristics (mean valueswéékly samples + standard
deviation (s.d.)) of water in the 4 channels betord 2 h after each water renewal during
the recovery period (weeks 0, 2, 4, and 6). DGsah®d oxygen; TOC, total organic
carbon; DOC, dissolved organic carbon.

Initial conditions Conditions after 2 weeks

(after water renewal) (before water renewal)

All the channels Control ExCul ExCu2 Cu

(n=36) (n=9) (n=9) (n=9) (n=9)

pH 79 + 01 80 + 02 81 +02 80 + 02 80 + 02
Conductivity (uS.cm™)  129.4 + 16.3 1216 + 228 114.7 + 19.3 116.4 + 186 1175 + 201
DO (mg.L™) 86 + 05 71 %20 73 21 77 25 70 +27
Temperature (C) 208 + 05 213 + 11 220 + 10 216 + 11 214 £ 1.0
TOC (mg.L™) 1.94 + 045 783 + 292 9.57 + 3.68 8.17 £ 265 8.15 + 255
DOC (mg.L™) 1.06 + 0.36 6.42 + 1.05 7.52 + 4.29 5.48 + 3.88 3.87 + 1.98
NO; (mg.L™) 406 =+ 048 <1 <1 <1 <1
NO, (mg.L'l) 0.04 + 0.01 0.02 + 0.01 0.02 £ 0.02 0.04 + 0.02 0.05 + 0.03
NH, (mg.L™) <0.01 0.01 =+ 001 0.01 =+ 0.01 0.02 =+ 0.02 0.02 =+ 0.01
PO, (mg.L'l) 0.04 =+ 0.02 0.08 =+ 0.05 0.10 + 0.02 0.10 + 0.03 0.07 =+ 0.01
Si0, (mg.L™) 422 + 119 1.27 + 1.25 5.03 + 0.85 950 + 056  10.30 =+ 1.21

2.2. Water analysis

Throughout the entire study, the main physico-clecainparameters and total dissolved Cu
concentrations were measured before and 2 h afteln ater renewal (“exposure” and
“recovery” periods).

Temperature, pH, conductivity, dissolved oxygend &ime concentrations of total organic
carbon (TOC), dissolved organic carbon (DOC) arel ghmary dissolved nutrients (NO3,
NO2, NH4, PO4 and SiO2) were measured followinghEnestandard operating procedures.
In order to measure total dissolved Cu concentnati@0 mL of channel water was filtered
(0.45um polyvinylidene difluoride (PVDF), Whatman) anddified with 0.5% of nitric acid
(Suprapur, Merck) before being stored at 4 °C wridlysis. Filtered samples were analyzed
using inductively coupled plasma-mass spectrom@@-MS X Series Il, Thermo Electron).
Quality controls were routinely checked using atiied reference material (Environment

Canada, TM 27-3, Lake Ontario natural water).



2.3. Analysis of copper in biofilms

Cu concentrations in biofilms were analyzed betmeh water renewal during the “recovery”
period (weeks 0, 2, 4 and 6) as previously desdriyeTlili et al. (2010). Briefly, biofilm was
scraped from two glass substrates per replicatesasdended in 50 mL of Ultra-pure water
(Milli-Q). This suspension was divided into two dteons of 20 mL, which were treated or not
with 320 uL of EDTA (0.25 M) to quantify internalized Cu andtal in-biofilm Cu,
respectively. The biofilm suspensions were filte(@d5um, PVDF, Millipore) and dried for
48 h at 50 °C. Dried samples were digested withL3ofnconcentrated nitric acid (Suprapur,
Merck), and Ultra-pure water (Milli-Q, Millipore) as added to dilute the acid concentrate.
Finally, Cu analysis was performed as describedr@b@Quality controls were routinely done

using a certified reference material (IRMM, BCR 4faankton).

2.4. Biofilm characterization

Phototrophic and heterotrophic communities wereaadtarized every two weeks during the
“recovery” period (weeks 0, 2, 4, and 6). Biofilmere carefully removed from slides using a
razor blade, then suspended in mineral water (\¢plvrance) before all analysis described
below. Biofilm dry weight (DW) and ash-free dry msagéAFDM) were determined as
described in Morin et al. (2010).

Phototrophic _communities: Total chlorophyll a (chl a) and proportion of diats,

chlorophyceae and cyanobacteria were determined tulti-wavelength pulse amplitude-
modulated (PAM) fluorometer on a Phyto-PAM system {Valz) as described in Schmitt-
Jansen and Altenburger (2008). Photosyntheticieffay was also estimated with the Phyto-
PAM fluorometer using the saturation pulse methoddetermine PSII quantum vyield
(Schmitt-Jansen and Altenburger, 2008). Diatom dampreparation and taxonomic
identification were performed following Europearmarsiard NF EN 13946. About 400
frustules were counted per slide at 1000x magnifinaand diatoms were identified to the
lowest taxonomic level possible using standardresiees (Krammer and Lange-Bertalot,

1986-1991) and recent nomenclature updates.



Heterotrophic communities. Bacterial community structure was analyzed usingpaated

ribosomal intergenic spacer analysis (ARISA) foliogv Tlili et al. (2011) with slight
modifications. Briefly, biofilm DNA was extractedsing the FAST DNA kit (QBIOgene)
according to the manufacturer's instructions. TeG8-R3S bacterial intergenic spacer region
was amplified using the primers S-D-Bact-1522-beS@ubacterial rRNA small subunit, 50-
TGCGGCTGGATCCCCTCCTT-30) and L-DBact-132-a-A-18 Hadaterial rRNA large
subunit, 50-CCGGGTTTCCCCATTCGG-30) (Ranjard et 2001) as described by Tlili et
al. (2011). ARISA analyses were performed usingAgilent 2100 Bioanalyzer (Agilent
Technology) following the manufacturer's instrungp and ARISA profiles were analyzed
using GelCompar Il software (Applied Math NV) to tput a matrix based on the
guantification of relative band intensities. Theragellular enzymes leucine-aminopeptidase
(LAP) and B-glucosidase [{-Glu) were measured using the fluorescent-linketissates
aminomethylcoumarin (AMC) and methylumbelliferyl (W), respectively (Sigma—Aldrich),
according to Romani et al. (2004). Each biofilmparssion (0.7 mL) was incubated with 2
mL of the specific artificial substrate for eaclzgme, at the previously determined saturating
concentration. After 1 h 15 min incubation in therldin a shaker, glycine buffer (pH 10.4,
0.3 mL to each sample) was added to stop the engyaction and reach maximum AMC and
MUF fluorescence, which was measured on a Biotelergyy HT fluorometer at 360/460 nm

excitation/emission.

2.5. Short-term bioassays and tolerance assessment

Phototrophic and heterotrophic biofilm communityetances to Cu were assessed using
chlorophyll fluorescence and extracellular enzymattivities (LAP ang-Glu) as endpoints
(Tlili et al., 2010). A semi-logarithmic series Gu concentrations was freshly prepared in
sterile filtered Milli-Q water to obtain Cu conceations ranging from 0.127 to 1270 mg L-1.
For bioassays based on chlorophyll fluorescenceot{ptophic communities), biofilm
suspensions (2.7 mL) were exposed to increasingecarations of Cu (0.3 mL) for 2 h 30
min in a climatic chamber (MLR-350 Versatile Envirnental Test Chamber, Sanyo) at a
constant 21 °C under artificial light (1400 lux)arSples were kept for 30 min in a dark
chamber, and then chlorophyll fluorescence (FO) vdmtermined on a Phyto-PAM
fluorometer. For bioassays based on LAP d@n@lu extracellular enzymatic activities

(heterotrophic communities), biofilm suspensions7 (nL) were exposed to increasing



concentrations of Cu (0.3 mL) for 4 h (in the daak,20 °C, under gentle shaking) before
being incubated with the two specific artificiabstrates and analyzed as described above.
For all of the bioassays and for each sample ¢apd, we ran four blanks and three analytical
replicates with each of the nine increasing comeginhs of Cu. PSII yield values observed
for “analytical blanks” in PICT assessment with fimphic communities (data not shown)
were similar to those directly measured after samgpin the channels revealing that
incubation in the climatic chamber had no effecttloe physiological status of phototrophic
communities. For each sample triplicate, EC50 vales calculated by performing a
nonlinear regression on Hill's model using REGTOftware (version EV7.0.5., E.
Vindimian, http://eric.vindimian.9online.fr/) integting the optimal EC50 value (as
determined by the model). EC50 values obtainedpfastotrophic (chl fluorescence) and
heterotrophic (LAP an@-Glu activities) parameters were normalized toackbntents (Soldo
and Behra, 2000) and to AFDM, respectively.

2.6. Data processing

All between-treatment comparisons (biofilm charasties and EC50 values) were performed
using two-way ANOVA with repeated measures followsda Tukey's post hoc test (p <
0.05) using the Microsoft Excel add-in program aisida (version 2009.4.02,
http://www.xIstat.com/). All data were log-trangfioed prior to ANOVA analyses to ensure
normality of data and homogeneity of variances.

Structural data, including diatom taxonomic anayand bacterial ARISA profiles, were
compared by non-metric multidimensional scaling (DN®) using the matrix obtained from
relative abundance analysis. Comparison of diatomnsunities was done by considering
only the species representing more than 1% relativedance in at least one sample. NMDS
was performed using the labdsv package (http:/dggoinsu.montana.edu/labdsv/R/labdsv)

for the R statistical environment (Ihaka and Genda, 1996).

3. Results
3.1. Physico-chemical data

Table 1 reports the mean values of the main phlyaimé chemical variables measured in the

four channels during the 6-week recovery periodmperature, pH, conductivity, and



concentrations of dissolved oxygen, NH4, NO2 and! Pénained relatively stable between
each water renewal, whereas the concentrationsgaha carbon (TOC and DOC) and NO3,
statistically increased and decreased, respectivelyall channels (p < 0.05). Statistical

analysis revealed no significant differences betwtdee four channels for these physico-
chemical parameters. The only statistical diffeemnéound between the channels at two
weeks after each water renewal concerned silic®ZBiconcentrations, which were

significantly lower in the control and ExCul chalsnghan in the Cu and ExCu2 channels (p
< 0.05). Except for ExCul, SiO2 concentrations mest before each water renewal
statistically differed from initial conditions (p ©.05), revealing a notable uptake (Controls)

or release (ExCu2 and Cu channels) of this compound

3.2. Copper concentrations

In control channels, dissolved Cu concentratiomsaiaed under 3ig L—1 throughout the
study (Fig. 1), while total Cu in biofilms decredsgom about 44 to 2%g Cu g-1 DW
during the recovery period (Fig. 2A), with a highargentage of internalized Cu (75-88%). In
Cu channels, dissolved Cu concentrations rangech ftd to 25ug L-1, and decreased
notably between most water renewals (Fig. 2). Qtie recovery period, total Cu was 30- to
55-fold higher in exposed biofilms (1200-14&§ Cu g-1; Fig. 2D) than in control channels,
while the proportion of intracellular content inased progressively from week 0 (27%) to
week 6 (57%).

Fig 1.. Mean dissolved Cu concentratiopg (L—1) measured in each channel during the
exposure and recovery periods. Dotted lines indittad time-course of concentrations
between each water renewal.
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In the ExCul and ExCu2 channels, dissolved Cu curet®ons increased from about 1.1
(x0.2) to 5.7 (¥1.2)ug L-1 and from about 1.6 (x0.1) to 8.3 (x048) L-1, respectively,

between each water renewal during the recoveryoge(Fig. 1). In parallel, total Cu

concentrations in biofilms decreased sharply froeekvO to week 6. This decrease, which
was more pronounced in ExCul (about 288Cu g-1 at week 6; Fig. 2) than in ExCu2
(about 47519 Cu g-1 at week 6; Fig. 2), was mainly attribueéatiol a decrease in extracellular
Cu content, which fell about 20- and 5-fold in EXCand ExCu2, respectively, over the

course of the recovery period.

Fig 2.. Mean concentrations of extracellular and intriatad Cu (1g g—1 dry weight of
biofilm) during the 6-week recovery period in ther@ol (A), ExCul (B), ExCu2 (C)
and Cu (D) channels.
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3.3. Structural characteristics of biofilms
3.3.1. Total and algal biomass

During the entire recovery period, AFDM (Fig. 3presented more than 80% of total biofilm
biomass (DW, data not shown) in all the channelsDM (Fig. 3) and chl a concentrations
(Fig. 3) were always significantly lower in Cu cim@hs than in controls. From week 2 to
week 6, there were no statistical differences ilDAFconcentrations between ExCu channels
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(ExCu 1 and ExCu2) and Cu channels (Fig. 3). Gtdracentrations (Fig. 3B) in ExCu2 were
also similar to those measured in Cu until the ehthe recovery period. In contrast, chl a
concentrations increased in ExCul from week 4,hiagca similar level to that recorded in

controls at the last sampling time (week 6).

Fig 3.. Mean concentrations (zs.d.) of biofilm ash-freg ohass (AFDM, mg cm-2, A) and
chlorophyll a (chl apg cm-2, B) during the 6-week recovery period. Déf# letters
(a, b, ¢) indicate significant difference betwebamnels at each sampling time
(ANOVA, p < 0.05, n = 3).

1 Control
[0 ExCul
B ExCu2
B Cu

48 -

40 1

32 4

24 1

chl a (ug/cm?)
<]
(]

16 -

week 0 week 2 week 4 week 6 week 2 week 4 week 6

3.3.2. Algal class composition and diatom community structure

Algal class composition in Control and Cu chanmetsained relatively stable throughout the
recovery period, with a marked difference betweentrol communities, which were only
composed of diatoms (88 + 2%) and cyanobacteriat(2%), and Cu communities, which
exhibited similar percentages of cyanobacteria#1®6) but lower percentages of diatoms
(36 + 5%) together with a high proportion of gredgae (52 + 4%).

In ExCul channels, there was a clear shift in atd@és composition during the recovery
period, and phototrophic communities showed sinplafiles to those observed in controls at
weeks 4 and 6. Algal community structure also esdlin ExCu2, with a slight decrease and
increase in the proportion of green algae and diafaespectively. Nevertheless, changes
were less pronounced than in ExCul, and the pexgendf green algae remained high in

ExCu2 at the end of the recovery period (39 £ 3%).



NMDS 2

The comparison of diatom assemblages using NMDS). (BiA) allowed to clearly

discriminate control and Cu communities throughthe 6-week recovery period. ExCul
diatom communities were very similar to those obsérin controls throughout the recovery
period, whereas ExCu2 diatom communities also ob@ngy structure but remained clearly

different to Control communities until the end bétstudy.

Fig 4.. Two-dimensional plot of the non-metric multidinsgmal analysis using diatom
(microscopic taxonomic identification, A) and bace(PCR-ARISA analysis, B) community
composition in the different channels during thedek recovery period (week 0 to week 6).
Large symbols represent the centre of gravity ait@ (o), ExCul (1), ExCu2 ¢) and Cu
(m) replicates, and lines show measures of dispefsien3), at each sampling time (week (w)

0-6).
B (w2

NMDS 2

NMDS 1

3.3.3. Bacterial community structure

Analysis of bacterial community structure (assesbgdPCR-ARISA) revealed a marked
distinction between Control and Cu communitiesstaewn by NMDS (Fig. 4B). These two
communities were mainly separated along the fixs. dn the Control channels, the bacterial
community evolved progressively over the 6-weelovecy period (along the second axis),

whereas the Cu community remained relatively stabté the end of the study.
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Bacterial community structure in ExCul and ExCu2ruiels exhibited more pronounced
temporal trends than in Cu channels, but wasagtite distinct from controls at the end of the

recovery period.

3.4. Functional characteristics of biofilms
3.4.1. Photosynthetic efficiency

Photosynthetic efficiency (Fig. 5A) measured in tBentrol channels remained relatively
stable during the entire recovery period, withaghgicant difference with Cu channels at the
end of the 4-week exposure period (week 0) andhdutie first two weeks of the recovery
period. However, photosynthetic efficiency decréaseCu channels at weeks 4 and 6 and
became significantly lower than the photosynthetfciency obtained in controls. A similar
decrease was recorded in ExCu2 during the lastweeks, whereas Control and ExCul

channels did not differ significantly at any paimtthe study.

Fig 5. Mean (zs.d.) photosynthetic efficiency (PSII yiei) andp-glucosidase activityf¢
Glu, ng mg-1 AFDM h-1, B) during the 6-week recgvperiod. See Fig. 3 for symbol
legends.
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3.4.2. Extracellular enzymatic activities

No statistical trend was found between the differgmannels for LAP activity during the
entire recovery period, suggesting a lack of cloaffect of copper on this heterotrophic

parameter (data not shown). In contr@isGlu activity levels recorded in control channels



during the recovery period were always significarttigher than those measured in Cu
channels (Fig. 5B). There was a significant inceeasf-Glu activity in ExCu channels,
which exhibited no statistical difference with ca$ after 4 weeks (ExCul) or 6 weeks

(ExCu?2) of recovery.

3.5. Biofilm tolerance to copper

3.5.1. Phototrophic communities

EC50 determined from short-term toxicity tests blase chlorophyll fluorescence were
higher in Cu channels than in controls throughbatrecovery period (Fig. 6). This difference
was statistically significant (p < 0.05), exceptvatek 2 where we found high variability
between Cu replicates. After 6 weeks of recovédrg, ExCul community exhibited the same
tolerance level to Cu (EC50 = 0.09 £ 0.03 mg Cu)La4 the Control community, whereas
the ExCu2 community was about 4-fold more tolerd@®50 = 0.34 + 0.04 mg Cu L-1),

without significant difference with Cu channels.

Fig 6. Mean (zs.d.) EC50 values (mg Cu L-1) determingeraformalization per mg of
chlorophyll a for phototrophic communities (basedcblorophyll fluorescence) during the 6-
week recovery period. See Fig. 3 for symbol legends
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3.5.2. Heterotrophic communities

Short-term toxicity tests performed usifigGlu activity to assess heterotrophic biofilm
community tolerance to Cu revealed no effect oftthécant (in our experimental conditions)

on this parameter (data not shown). AccordinglyE@50 values were determined.



Concentration—response curves were obtained for la&kvities, and the EC50 values
obtained (normalized by mg of AFDM) were in the gan0.7-3.1 mg Cu L-1 (data not
shown). The only statistical difference between @drand Cu communities was observed at
the end of the 4-week exposure period (week 0)revid communities exhibited a 2-fold
higher tolerance level (EC50 = 2.1 + 0.5 mg Cu Ltiign Control communities (EC50 = 0.9
+ 0.2 mg Cu L-1). At the other sampling dates, lgaicstatistical trend was found between

the different channels up to the end of the recpperiod.

4. Discussion

4.1. Changesin Cu exposur e conditions during the recovery period

After a 4-week period of exposure to high conceding of Cu (14-2%g L-1), which are in
the range of those previously measured in the deers section of the Morcille River
during peak contamination periods (Montuelle et 8D10), we evaluated the ability of
microbial biofilm communities to recover within 6eeks. Two recovery dynamics scenarios
were tested, i.e. biofiims only exposed to a deswem Cu concentrations (ExCu2) vs.
biofilms in contact with pristine communities (ExOu In both cases, dissolved Cu
concentrations fluctuated between 1 andu@® L-1 during the entire recovery period,
confirming that communities were exposed to a $icgmt decrease in Cu exposure, even if
dissolved Cu concentrations in ExCu channels wemays higher than those recorded in
controls. Copper concentrations in biofilms alsordased significantly, leading to a release
of Cu in water as shown by the increase in dissbl®a concentrations between each water
renewal together with biomass accrual. Boivin ef{(2006) observed similar Cu partitioning
and exchange between water and biofilms in anateavery study. In our work, most of the
release was due to a decrease in the externaiofmaaft Cu, which is more easily desorbable
than the fraction that is sequestered intracellul&@onsequently, despite a marked decrease
in extracellular Cu concentrations, intracellulau €Concentrations in the ExCu2 biofilm
remained fairly constant (around 3@@ g-1) until the end of the recovery period. The
presence of pristine biofilms in the ExCul chanri@voured the decrease in Cu
concentrations, both in the water phase and imptheiously exposed biofilm. This may be
explained by the fact that part of the releasedw@s probably accumulated in the pristine
biofilms. Dissolved Cu concentrations were thusagisvlower in ExCul than in ExCu2, and



Cu exchanges between the water phase and thenbiofdre consequently stimulated in
ExCul. At the end of the recovery period, bothltatad intracellular Cu concentrations were
about 2-fold lower in the biofilms mixed with piis¢ communities than in the biofilms only
exposed to a decrease in dissolved Cu concentsafidns reveals that the presence of non-
previously exposed biofilms influenced Cu dissipatkinetics during the recovery period.
The difference between the two recovery contexxC(H vs. ExCu2) was probably favoured
by our experimental setup, especially by the flaat the channels were used in a recirculating
mode and that water was only renewed every two svétbkis limiting dissipation kinetics).
Boivin et al. (2006) also recorded high Cu concaiins after 28 days of recovery in
biofilms previously exposed to Cu, despite weektev change. Dissipation would probably
have been faster in an open experimental system arnon-polluted river section, but a
translocation experiment by Dorigo et al. (2010da)veed that a 9-week recovery period was

not sufficient for complete biofilm Cu removal.

4.2. Recovery of phototrophic communities

As previously shown, the 4-week Cu exposure styomgtiuced total and algal biomass (
[Barranguet et al., 2003] , [Guasch et al., 200%] ESerra and Guasch, 2009] ) and triggered
a marked shift in the algal community structurés¢lgo and Behra, 2000] , [Guasch et al.,
2002] , [Roussel et al., 2007] , [Serra and Guag609] and [Tlili et al., 2010] ). It led to a
significant increase in green algae fraction amig@@ease in diatom fraction, while no change
was observed in the proportion of cyanobacteriacé&Sconcentrations between each water
renewal strongly decreased in Control channel$gatfig the high consumption by diatoms
(whose biomass was higher) without toxic presswtesreas Cu provoked delayed growth of
this algal group.

Regardless of the presence or absence of pristofignts, total biomass (DW and AFDM)
showed no recovery within 6 weeks. Similarly, tleemase in Cu exposure was not sufficient
to allow the recovery of algal biomass, except whegviously exposed communities were
mixed with pristine communities. In the presencepaktine communities, recovery was
mainly due to a marked increase of diatoms, whifter a4 weeks of recovery reached
proportions close to those observed in controlsredee green algae had almost completely
disappeared. In the absence of pristine commundfenges in the algal community structure

following the decrease in Cu exposure remainedtdidhiand despite a slight increase in the



relative abundance of diatoms, green algae remamad represented at the end of the
recovery period. This study suggests that diatommigmation probably plays an important
role in the recovery of phototrophic communities, peviously suggested by Morin et al.
(2010). This hypothesis was strengthened by diaedmnomic analysis, which revealed that
the evolution of diatom assemblages after the @seren Cu exposure clearly differed
depending on whether or not pristine communitiesevpgesent. Based on diatom community
structure, recovery was more pronounced when spauoiigration processes were possible,
as previously observed in various in situ trandiocaexperiments from toxicant-polluted to
pristine sites ( [Ivorra et al., 1999] , [Morinat, 2010] and [Rotter et al., 2011] ).

In line with the PICT concept and as previouslyortéed by Soldo and Behra (2000) and Tlili
et al. (2010), the structural changes that occumephototrophic communities chronically
exposed to Cu led to an increase in Cu toleranogeder, the level of phototrophic biofilm
community tolerance to toxicants depends not omlypoevious chronic exposure to the
toxicant but also on other environmental paramesersh as phosphate content in the water (
[Guasch et al., 2004] , [Serra et al., 2010] 4mnbli et al., 2010] ) or light exposure history (
[Guasch and Sabater, 1998] and [Laviale et AllOP). In our study, the between-channel
difference in Cu tolerance cannot be explaineddrjation in physicochemical characteristics
(PO4 concentrations, conductivity, light, etc.yyc& we found no statistical differences in
these parameters between the different channelisr tie decrease in the exposure level, the
presence of pristine biofilms greatly influencea thvolution of the tolerance capacity of
phototrophic communities. At the end of the 6-wee&overy period, biofilms mixed with
pristine communities had lost the tolerance that lbeen induced during the exposure period.
This recovery process was faster than the recadesgribed by Dorigo et al. (2010a), who
observed that a 7-week recovery period after aaitin translocation was not sufficient to
allow the total loss of tolerance of phototroph@mmmmunities previously exposed to Cu,
despite the proximity of non-exposed biofilms. Cersely, in our study, tolerance levels
remained constant in the communities that were meneed with pristine communities, thus
revealing the lack of recovery. This differencetaterance capacities between the two kinds
of biofilms after a decrease in Cu exposure carsipbsbe explained by the immigration of
more sensitive species from pristine biofilms. Néweless, based on our results, it cannot be
excluded that the difference in both water andilomfCu concentrations between the two
recovery contexts may have led to a significanfiedéince in Cu exposure, thus conditioning

the changes in Cu tolerance levels.



Based on the measures of the photosynthetic efigiefunctional effects of chronic Cu
exposure on phototrophic communities were only etk during the last two weeks of the
study (i.e. after an 8-week exposure). Serra anas&u(2009) also reported no effect of a 6-
week Cu chronic exposure (3@ L-1) on this parameter, revealing that structet@nges
are more prominent than physiological damage, egiqusly shown by Guasch et al. (2002).
However, the effects of Cu on photosynthesis efficy can vary across studies. Guasch et al.
(2004) found that biofilm photosynthetic efficienasas significantly inhibited by a 6-day Cu
exposure (1mg L—-1) whatever the nutrient level, whereas Tlilaé (2010) showed that the
simultaneous addition of Cu and nutrients may comspte for the inhibitory effect on
physiological community response. Copper may exettoxicity by interfering with
photosynthesis in the chloroplasts and ATP prodac(Cid et al., 1995). Photosynthesis
inhibition by copper has been observed previously various diatom species, but
concentration that affects photosynthesis dependbespecies assayed but diatom growth is
generally more affected by copper than photosyigh@€id et al., 1995). This uncoupling
between division rate and photosynthesis can bet@lgepper inhibiting the process of cell
division independently of any effect on the produttof new cell material (Stauber and
Florence, 1987). Here, the continuous decreasé&atopynthetic efficiency observed during
the four last weeks (—-30%) suggests that evennfroanities developed tolerance processes
under chronic exposure, they were unable to marhair photosynthetic activity throughout
the study. A similar decrease in photosynthetiaiefficy was also recorded during the last
two weeks in biofilms exposed to a decrease in €posure, but only when pristine
communities were absent. In this case, biofimsaieed exposed to sufficiently high Cu
concentrations to inhibit photosynthetic proces3dss may be explained by the lack of a
significant decrease in intracellular Cu concerdrat over the entire recovery period, thus
prolonging community exposure. In ExCul, one maguarthat immigration processes
favoured a process whereby species physiologie#fiécted by the chronic Cu exposure were
replaced by more active species, thus explainiegféict that no effect on photosynthetic
efficiency in biofilms mixed with pristine commuig@s during the recovery period was

observed.

4.3. Recovery of heterotrophic communities



Genetic bacterial diversity (assessed by PCR-ARI§#&gtly differed between control and
exposed communities, confirming that Cu is a strafreyer of bacterial community
composition, as previously shown by using PCR-D&pRroaches ( [Massieux et al., 2004]
, [Boivin et al., 2006] and [Tlili et al., 2010] Cu had a strong influence on bacterial
community composition, which was very stable in t@ntaminated channels whereas
controls showed a marked temporal evolution. Chamgédacterial community composition
are generally strongly related to level of expodor€u ( [Massieux et al., 2004] and [Boivin
et al., 2006] ) or other metals such as Cd, Zn iofF€chner et al., 2011). Regardless of the
presence or absence of pristine biofilms, the ssioral changes within the communities
were more marked after the decrease in Cu expoNereertheless, and conversely to diatom
communities, bacterial community assemblages rezdaiquite different from controls
throughout the 6-week recovery period in both recgwontexts, i.e. even when pristine
communities were present (i.e. when species imidgrgprocesses were possible). This
result is consistent with the findings of Boivin @t (2006), who highlighted that copper-
induced changes in bacterial community composigersisted during the entire duration of
our study (i.e. 4 weeks), after a decrease in Qusxre level despite bacterial re-inoculation
via water replenishment with natural ditch wateraltranslocation experiment, Dorigo et al.
(2010a) also observed a weak structural recovebyadiim bacterial communities despite the
marked decrease in pesticide exposure (includimpeo, the proximity of autochthonous
communities and the longer duration of the recowexperiment (i.e. 9 weeks). All of these
reports point to only limited implementation of ingrated bacterial species in established
biofilm communities (Boivin et al., 2006), suggesti that the degree of maturity and
thickness of biofilms can greatly influence struaturecovery of benthic microbial
communities (Dorigo et al., 2010a). However, in tpheesent study, all the bacterial
communities tend to converge after 6 weeks, suggestat structural recovery could have

been completed if the observation period would Hzaen longer.

In our study, chronic Cu exposure significantly ibited p-Glu activity. Given the high

influence of algal production on bacterial glucesid activity in biofiims (Espeland et al.,
2001), one may argue that the inhibitionpeGlu activity should reflect an indirect effect of
Cu. By decreasing algal biomass, Cu probably ictliyelimited the release of dissolved
organic substances by phototrophic communitieschvis an important source of high quality
carbon for bacteria. This hypothesis is partiallypmorted by the concentrations of DOC,

which were notably reduced under Cu exposure, dveifferences between channels were



not statistically significant. This impact was daézl from the end of the exposure period,
suggesting that functional effects were more ramidheterotrophic communities than on
phototrophic communities. Nevertheless, we founcefiect on LAP activity, revealing that
the functional response to Cu can vary accordinghto type of enzymes involved. Cu
exposure can thus affect functional diversity, es/usly shown by Barranguet et al. (2003)
and Boivin et al. (2006) who characterized commyulatvel physiological profiles. Based on
B-Glu activity, heterotrophic functional recovery svaomplete in the two recovery contexts,
despite the lack of structural recovery in the e&aat communities. This confirms the
existence of a high degree of functional redunddacglucose use in microbial communities
(Hill et al., 2008). Other studies have previousported differences between structural and
functional recovery following various environmentdtesses ( [Griffiths et al., 2000] and
[Boivin et al., 2006] ). However, the recoveryfifGlu activity was accelerated when pristine
communities were present. This faster recoveryx@uetreatments could be explained by the
greater amount of fresh and labile organic mattggpBed by pristine communities and
rapidly metabolized by pre-exposed communities.

While long-term exposure to Cu clearly inhibitgdlu activity, no toxic effect was recorded
in short-term toxicity tests usingGlu activity as an endpoint, thus confirming tleatonic
effects of Cu org-Glu activity were probably mainly due to indireftects (as hypothesized
above). This is quite surprising given that severghors have successfully completed PICT
approaches by measurirfgGlu activity following short-term exposure to ieasing Cu
concentrations ( [Fechner et al., 2010] and [Hilial., 2010] ). We are unable to explain the
lack of effect in our toxicity tests, since the ganof the Cu concentrations (final
concentrations reaching 127 mg L-1) and the duratibexposure (4 h before incubation
with the substrate) were quite similar to thosevimesly described ( [Fechner et al., 2010]
and [TIlili et al., 2010] ). In contrast, concentoat-response curves were obtained for LAP
activities whereas no effect was recorded on tarampeter during the chronic exposure. After
the 4-week exposure period, the chronically expossthimunity was about 2-fold more
tolerant to Cu than the controls. Based on LAPvagtmeasurement, Tlili et al. (2010) also
observed an increase in Cu tolerance followingvee8k chronic Cu exposure (2 L-1).
However, in our study, the increase in tolerances waly transient, and there were no
differences between exposed and non-exposed cortiesunver the last 6 weeks of study.
Thus, our results did not allow us to assess plessédzovery of the tolerance capacities of

heterotrophic microbial communities.



5. Conclusions

This study revealed that the structural and fumeticecovery of biofilm communities was
greatly influenced by the presence or absence isting biofiims. However, microbial
community responses following the decrease in Chosure differed between phototrophic
and heterotrophic communities. When pre-exposedilio® were connected to pristine
biofilms, phototrophic communities recovered wittBnweeks, both in terms of biomass,
structure and photosynthetic activity. Recoverycpsses were also detected using the PICT
approach, since the tolerance induced during thenah exposure to Cu totally disappeared
during the recovery period. In contrast, all of tik-induced changes recorded in
phototrophic communities remained present througtiwirecovery period in the absence of
pristine communities. Our results seem to confinat immigration processes should play a
major role in phototrophic biofilm community recoye

The presence of pristine communities had less enfte on the trajectory of recovery in
heterotrophic communities suggesting a limited kflémmigration processes. Regardless of
the presence or absence of pristine biofilms, therehse in Cu exposure did not totally
abolish Cu-induced changes in bacterial communitycture within 6 weeks even if
community trajectories suggested partial recoverycontrast, functional recovery (based on
B-Glu activity) was completed in both recovery com$e This indicates that genetically
different bacterial communities can sustain simié&ological functions, especially when
considering generalist ones, such as glycosidaséti@s. It is thus possible that recovery
dynamics of more specific functions are more depathdn community structure and
diversity.

From an ecological perspective, this study suggdets the recovery of stream microbial
biofilm communities following an improvement in weat chemical quality would be
facilitated in settings where microorganisms canmigrate from previously non-
contaminated areas. It would thus be crucial tdgatoupstream sections from most of the
chemical pollution in order to allow the developmehpristine biofilms that could colonize

downstream sections after chemical restoration.
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