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of solution in heavy isotopes with a Δ 65 Cu (sol-biofilm) of +0.7±0.2 ‰ could be explained by a combination of i) desorption via competition between H + and Cu 2+ for surface sites and ii) release of isotopically heavy Cu(II)-organic complexes. In addition, there was a retention of isotopically light Cu (I) within the cells which is consistent with the biofilm ability to reduce Cu. With further exposure of the wet biofilm to the solution, a progressive decrease of Δ 65 Cu (sol-biofilm) , down to 0 and -0.36 ‰ respectively in BR and DFR after 96 h, could be explained by an active efflux of Cu(I) and by a passive diffusion of Cu 2+ , both of these processes favoring light isotopes. The rehydrated and wet biofilms showed distinctly different behavior during excretion, in terms of magnitude of the flux and direction of the fractionation for long term exposure. Indeed, the efflux from the re-hydrated biofilm was ten times higher than the one from the wet biofilm and the rehydrated biofilm did not exhibit a decrease of Δ 65 Cu (sol-biofilm) after 24 h of reaction. This could be related to partial devitalization of the biofilm during drying, producing a release of isotopically

Introduction

Cu is an essential micro-nutrient in key metabolic processes, acting as the redox catalyst in different enzymes [START_REF] Weser | Chemistry of copper proteins and enzymes[END_REF]. Although essential to life, Cu becomes toxic at higher concentrations for phototrophic micro-organisms [START_REF] Flemming | Copper toxicity and chemistry in the environment: A review[END_REF], impacting their growth, photosynthesis and mitochondrial electron-transport chain-activity [START_REF] Stauber | Mechanism of toxicity of ionic copper and copper complexes to algae[END_REF]. Cu has two stable isotopes Cu 65 and Cu 63 with average respective abundances of 30.83 % and 69.17 % [START_REF] Shields | Absolute isotopic abundance ratio and the atomic weight of a reference sample of copper[END_REF], which allow the use of Cu isotopic analysis as a tool to investigate the trace metal fluxes in Cu cycling in marine (i.e. [START_REF] Little | The oceanic mass balance of copper and zinc isotopes, investigated by analysis of their inputs, and outputs to ferromanganese oxide sediments[END_REF][START_REF] Little | Copper isotope signatures in modern marine sediments[END_REF][START_REF] Takano | Isotopic constraints on biogeochemical cycling of copper in the ocean[END_REF][START_REF] Thompson | Dissolved copper isotope biogeochemistry in the Tasman Sea, SW Pacific Ocean[END_REF] and river systems (i.e. [START_REF] Vance | The copper isotope geochemistry of rivers and the oceans[END_REF][START_REF] Petit | Anthropogenic sources and biogeochemical reactivity of particulate and dissolved Cu isotopes in the turbidity gradient of the Garonne River (France)[END_REF][START_REF] Guinoiseau | Zinc and copper behaviour at the soil-river interface: New insights by Zn and Cu isotopes in the organic rich Rio Negro basin[END_REF]. The isotope approach is particularly efficient for tracing Cubiota and mineral interactions at the Earth surface [START_REF] Wiederhold | Metal stable isotope signatures as tracers in environmental geochemistry[END_REF] and especially within aquatic organisms [START_REF] Zhong | Influence of body size on Cu bioaccumulation in zebra mussels Dreissena polymorpha exposed to different sources of particle-associated Cu[END_REF], soil (e.g. [START_REF] Vance | The behaviour of Cu and Zn isotopes during soil development: Controls on the dissolved load of rivers[END_REF] and wetland systems (e.g. [START_REF] Babcsányi | Copper stable isotopes to trace copper behavior in wetland systems[END_REF]. In biological systems, Cu isotopic fractionation has mainly been studied in plants [START_REF] Jouvin | Stable isotopes of Cu and Zn in higher plants: Evidence for Cu reduction at the root surface and two conceptual models for isotopic fractionation processes[END_REF][START_REF] Zhu | Copper isotope fractionation by higher plants[END_REF]Navarrete et al., 2011a;[START_REF] Weinstein | Isotopic fractionation of Cu in plants[END_REF] and mammals (e.g. [START_REF] Jaouen | Is aging recorded in blood Cu and Zn isotope compositions?[END_REF]. Few studies have focused on living micro-organisms [START_REF] Pokrovsky | Copper isotope fractionation during its interaction with soil and aquatic microorganisms and metal oxy(hydr)oxides: Possible structural control[END_REF]Navarrete et al., 2011b;[START_REF] Cadiou | Copper transporters are responsible for copper isotopic fractionation in eukaryotic cells[END_REF] and on the impact of bacteria on Cu-mineral leaching (Mathur et al., 2005).

The majority of experimental studies assessing the behavior of Cu and its isotopes during their interaction with biological systems have focused on surface adsorption and intracellular assimilation. However, a significant part of cell-associated metal can be released to the external medium via homeostatic mechanisms. These mechanisms are part of the organism's adaptation strategy to changes in environmental conditions [START_REF] Burkhead | Copper homeostasis[END_REF][START_REF] Giner-Lamia | The CopRS two-component system is responsible for resistance to copper in the cyanobacterium Synechocystis sp[END_REF]. Together with intracellular ligand complexation and cell surface adsorption / assimilation of metals, metal efflux can be even more important than the uptake for regulating the intracellular Cu concentration [START_REF] Quigg | Copper uptake kinetics in diverse marine phytoplankton[END_REF]. The Cu efflux and its regulation in bacteria have been well documented with different Cu export systems (e.g. [START_REF] Rensing | Escherichia coli mechanisms of copper homeostasis in a changing environment[END_REF][START_REF] Burkhead | Copper homeostasis[END_REF]. For phototrophic micro-organisms, early works suggested an efflux in response to Cu toxicity allowing Cu tolerance in algae [START_REF] Lage | Potential tolerance mechanisms of Prorocentrum micans (dinophyceae) to sublethal levels of copper[END_REF][START_REF] Foster | Copper exclusion as a mechanism of heavy metal tolerance in a green alga[END_REF][START_REF] Hall | Mechanisms of copper tolerance in the marine fouling alga Ectocarpus siliculosus -Evidence for an exclusion mechanism[END_REF]. Some studies focused on the release of organic copper-complexing ligands (e.g. [START_REF] Mcknight | Release of weak and strong copper-complexing agents by algae[END_REF][START_REF] Gouvêa | Copper and cadmium complexation by high molecular weight materials of dominant microalgae and of water from a eutrophic reservoir[END_REF] for detoxification or for nitrogen assimilation [START_REF] Dupont | Novel copper-binding and nitrogen-rich thiols produced and exuded by Emiliania huxleyi[END_REF][START_REF] Muller | Interactions between algalbacterial populations and trace metals in fjord surface waters during a nutrient-stimulated summer bloom[END_REF]. Besides, several studies investigated Cu efflux from phototrophic microorganisms in Cu-free solution vs Cu-bearing solutions [START_REF] Verma | Evidence for energy-dependent copper efflux as a mechanism of Cu 2+ resistance in the cyanobacterium Nostoc calcicola[END_REF][START_REF] Croot | Uptake and efflux of 64 Cu by the marine cyanobacterium Synechococcus (WH7803)[END_REF][START_REF] Knauer | Adsorption and uptake by the green alga Scenedesmus subspicatus (Chlorophyta)[END_REF][START_REF] Pandey | Cu 2+ efflux and its regulation in Cu-resistant (Cu r ) cyanobacterium Nostoc calcicola BRÉB[END_REF][START_REF] Walsh | Copper export contributes to low copper quotas and copper tolerance in Emiliania huxleyi[END_REF]. [START_REF] Ancion | Three common metal contaminants of urban runoff (Zn, Cu & Pb) accumulate in freshwater biofilm and modify embedded bacterial communities[END_REF] reported on the recovery of a freshwater biofilm during 14 days after 7 days of Cu pre-exposure.

The genes responsible for Cu efflux in algae were determined (e.g. [START_REF] Armbrust | The genome of the diatom Thalassiosira Pseudonana: Ecology, evolution, and metabolism[END_REF][START_REF] Read | Pan genome of the phytoplankton Emiliania underpins its global distribution[END_REF]. [START_REF] Giner-Lamia | The CopRS two-component system is responsible for resistance to copper in the cyanobacterium Synechocystis sp[END_REF] characterized a heavy-metal efflux-resistance nodulation and cell division (HME-RND) efflux system for the Synechocystis cyanobacteria. While significant efforts have been devoted to characterizing Cu interactions with monospecies population of micro-organisms, very little is known about the metal efflux by phototrophic microbial consortia such as complex biofilms even though the biofilm is the main habitat of aquatic micro-organisms in the lotic waters. Phototrophic biofilms are defined as a microflora assemblage developed on an immersed substratum and are known for their capacity to sequester metals and xenobiotic pollutants [START_REF] Kaplan | Chelating properties of extracellular polysaccharides from Chlorella spp[END_REF][START_REF] Serra | Measuring in-stream retention of copper by means of constant-rate additions[END_REF], to recycle nutrients [START_REF] Burkholder | Direct comparison of phosphate uptake by adnate and loosely attached microalgae within an intact biofilm matrix[END_REF][START_REF] Teissier | Detailing biogeochemical N budgets in riverine epilithic biofilms[END_REF] and to transfer energy as well as metals to predatory macrofauna (fish, invertebrates) [START_REF] Rhea | Biomonitoring in the Boulder River watershed, Montana, USA: Metal concentrations in biofilm and macroinvertebrates, and relations with macroinvertebrate assemblage[END_REF][START_REF] Farag | Concentrations of metals in water, sediment, biofilm, benthic macroinvertebrates, and fish in the boulder river watershed, Montana, and the role of colloids in metal uptake[END_REF]. The structural and functional parameters of phototrophic biofilms and their dynamics on short-and long-term scale allow considering them highly suitable biological models to understand the sorption and excretion of metals from living micro-organisms in freshwater ecosystems. An isotopic signature of Cu efflux could help to better understand the interaction of Cu with various biofilm compartments and reveal specific mechanisms responsible for Cu release from the biofilm.

However, to our knowledge, nothing is known about the Cu efflux from phototrophic biofilms and associated isotope fractionation (Moynier et al., 2017).

The aim of this experimental study was to determine the isotopic signature of Cu excretion from a phototrophic biofilm and the evolution of this excretion over time. To this end, we quantified the relative proportion of short-and long-term Cu excretion (i.e. passive desorption vs active efflux) in addition to evaluating associated isotope fractionation patterns in closed and open flow reactor from wet biofilms and from biofilms having experienced a period of drought.

To ensure the environmental relevance of our experiments, we also simulated the intermittent drought regime of aquatic ecosystems such as temporary streams or estuaries. Indeed, the flow intermittency is a common phenomenon around the world, and it may increase its frequency with global warming [START_REF] Sabater | Stream biofilm responses to flow intermittency: From cells to ecosystems[END_REF]. Based on the available information on Cu adsorption and assimilation by (micro-)organisms and related structural and isotopic fractionation of Cu [START_REF] Polette | XAS and microscopy studies of the uptake and bio-transformation of copper in Larrea tridentata (creosote bush)[END_REF][START_REF] Kretschmer | Determination of copper binding in Anabaena flos-aquae purified cell walls and whole cells by X-ray absorption spectroscopy[END_REF][START_REF] Kretschmer | Determination of Cu environments in the cyanobacterium Anabaena flos-aquae by X-Ray absorption spectroscopy[END_REF][START_REF] Merdy | Spectroscopic study of copper(II) -Wheat straw cell wall residue surface complexes[END_REF][START_REF] Parsons | An XAS study of the binding of copper(II), zinc(II), chromium(III) and chromium(VI) to hops biomass[END_REF]Tiemann et al., 2002;[START_REF] Sahi | Accumulation, speciation and cellular localization of copper in Sesbania drummondii[END_REF][START_REF] Pokrovsky | Copper isotope fractionation during its interaction with soil and aquatic microorganisms and metal oxy(hydr)oxides: Possible structural control[END_REF][START_REF] Pokrovsky | Chemical and structural status of copper associated with oxygenic and anoxygenic phototrophs and heterotrophs: Possible evolutionary consequences[END_REF][START_REF] Moon | Adsorption of Cu(II) to Bacillus subtilis: A pH-dependent EXAFS and thermodynamic modelling study[END_REF]Navarette et al., 2011a,b;[START_REF] Ryan | Copper speciation and isotopic fractionation in plants: Uptake and translocation mechanisms[END_REF][START_REF] Cadiou | Copper transporters are responsible for copper isotopic fractionation in eukaryotic cells[END_REF][START_REF] Coutaud | Small changes in Cu redox state and speciation generate large isotope fractionation during adsorption and incorporation of Cu by a phototrophic biofilm[END_REF], we hypothesize that isotopically light Cu will be released by the biofilm into solution during Cu(I) excretion and isotopically heavy Cu will be released by the biofilm into solution during desorption of Cu(II) and release of organically-complexed Cu(II). Obtained results should provide constraints for using Cu isotopes as a tracer of the periphyton biogeochemical activity in aqueous environments.

Material and methods

The phototrophic biofilm

The phototrophic biofilm was produced in a laboratory aquatic microcosm operating in closed loop as described in [START_REF] Coutaud | Zn isotope fractionation during interaction with phototrophic biofilm[END_REF]. The physico-chemical properties of the microcosm are listed in Supplement A. The algal composition of the biofilm was determined before and after experiments, by direct counting of glutaraldehyde-fixed sample with a hematocymeter (Malassez cells) using an optical immersion microscope (Gx1000). The biomass was quantified as wet mass (gwet) after a 5-min centrifugation at 1000 g and as dry mass (gdry) after 24 h of pellet drying at 70 °C. During two months of growth in nutrient medium (Si-, N-, and P-enriched tap water) containing 0.47±0.05 µM of Cu at variable pH (8.0±0.4) and dissolved organic carbon (DOC) (2±2 mg.L -1 ), the biofilm accumulated from 21 to 70 µmol.gdry -1 Cu, allowing the study of Cu efflux in Cu-free solutions. Prior to excretion experiments, the relative fractions of Cu adsorbed on the biofilm and of Cu assimilated inside the biofilm were quantified following the conventional EDTA-desorption technique [START_REF] Mirimanoff | Regulation of Zn accumulation by a freshwater grampositive bacterium (Rhodococcus opacus)[END_REF]. To desorb the surface-bound metal, the biofilm was washed in a batch reactor with 0.01 M EDTA for 5 min. After the growth of the biofilm in the microcosm and before the beginning of the excretion experiments, the adsorbed Cu onto the biofilm surface represented 0.9 % (DFR) and 6 % (BR) of the total amount of Cu associated with the biofilm. This corresponded to Cu concentrations normalized to the biofilm surface of 10 and 20 nmol cm -2 and to a Cu molar amount of 0.16 and 0.05 µmol, for DFR and BR, respectively.

Cu efflux experiments

Experiments were run in an open drip flow biofilm reactor (DFR) (Biosurface Technologies Corp., USA) or closed (batch, BR) reactor, for a total of 96-h following a circadian cycle (light / dark periods of 16 h / 8 h at an irradiance of 10±3 µmol s -1 m -2 ). The temperature was maintained at 15±2 °C. Simplified EDTA-free BG11 medium [START_REF] Stanier | Purification and properties of unicellular blue-green algae (order Chroococcales)[END_REF]) was buffered at pH 6.3±0.2 with the non-metal-complexing MES buffer [START_REF] Mirimanoff | Regulation of Zn accumulation by a freshwater grampositive bacterium (Rhodococcus opacus)[END_REF] for BR experiments and maintained at pH 6.43±0.08 with NaOH and HNO3 additions for DFR experiments. Note that the pH of the initial biofilm growth medium was ~2 units higher than that used in the excretion experiment (8.0±0.4 and 6.3±0.2, respectively). DOC analyses were performed twice a day for DFR experiments. Because of the presence of MES buffer, the amount of DOC in BR experiments could not be determined. However, the DOC concentration had been analyzed in previous experiments without MES in the same experimental conditions than the ones performed with MES at t = 0, 72 h and 96 h. To avoid Cu contamination, all the vessels were pre-cleaned in a clean room using the following procedure: i) first a 12 h wash of 1N HNO3, ii) then rinse three times with MilliQ® water, iii) a last 12 h rinse with MilliQ®, and iv) drying under laminar flow hood. Besides, the filters were washed beforehand with 1N bidistilled HNO3 then rinsed three times with MilliQ® water. Also, before recovering the filtered solution, the first mL of solution was thrown. Blanks without biofilm were run under the same conditions for each experiment. The physico-chemical parameters of both type experiments are summarized in Table 1. Cu speciation in aqueous solution was assessed with Visual MINTEQ software, version 3.0 [START_REF] Gustafsson | Visual MINTEQ, ver. 3.0. compiled in Visual Basic[END_REF] using the Gaussian DOM model to simulate dissolved organic matter (DOM)-Cu complexation.

Batch reactor (BR)

The mature biofilm grown as described in section 2.1 (~ 0.32±0.05 gwet, surface area 3±1 cm² and thickness 1.5 ± 0.5 mm) was introduced into a 30-mL aseptic polystyrene vial containing 26 mL of the Cu-free nutrient medium, giving an initial biomass concentration of 12±2 gwet L -1 . A series of BR experiments with the same initial solution to biofilm ratio were incubated simultaneously under aerobic conditions and agitated at 100 rpm on a rotating table (Stuart orbital shaker SSL1). Each sampling time corresponds to one experiment in BR. The entire reactor was sacrificed at each sampling point to collect both the aqueous solution and the biofilm in order to process each sample separately for chemical and isotopic analysis. The initial Cu concentration in the biofilm was 43±10 µmol gdry -1 (section 2.1). Two types of experiments were conducted: i) Cu release from wet biofilm and ii) Cu release from re-hydrated biofilm that was dried for 48-h at 30°C and rehydrated in the growth media (Cu = 0.47 µM) for 2 h, simulating an intermittent stream. The initial bulk solution Cu contamination, determined by blank experiments, is measured at ~ 0.02 µmol L -1 and remained constant over time (t = 0 and 96 h).

The relative proportion of this contamination with respect to the measured Cu concentrations in the experimental samples represented between 3 and 18 % for experiments with the humid biofilm and was less than 1 % for the experiments with the rehydrated biofilm. Note that, for the two samples chosen for isotopic analyses in the humid biofilm experiments, the contribution of the Cu contamination represents 3.5 %. The concentration results presented below are corrected for the Cu blank concentrations.

Drip flow reactor (DFR)

The mature biofilm grown as described in section 2.1 was fixed on polypropylene slides.

The mass of the biofilm on each slide in DFR (see [START_REF] Coutaud | Zn isotope fractionation during interaction with phototrophic biofilm[END_REF] for details) was 3.7±0.4 gwet, fed with a water-drip rate of 0.17±0.01 mL min -1 . The Cu contamination of the Cu-free influent was either non-detectable by analytical measurements or inferior to the quantification limits of the furnace AAS and represented a fraction ≤ 4 % in concentration of the effluent Cu concentration over time (0.3 to 3 nmol L -1 depending of the experiment). No increase of the influent Cu contamination over 96 h was detected in the course of experiments. The effluent was collected cumulatively between each time-step. More specifically, for experiments C8 and C24 that represent 8 and 24 h of exposure respectively, we sampled every 40 min during the first 2 hours and then every 2 h until the end of the experiment. For experiments C96-A and C96-B, the effluent was collected 4 times a day over 4 days of experiments. A single analysis of the Cu biofilm concentration was performed at the end of each period of exposure (i.e. after 8, 24, 48 and 96 h). In DFR, excretion experiments were performed with two different initial Cu concentrations in the biofilm (23±2 µmol gdry -1 for C8 and C24, and 60±10 µmol gdry -1 for C-96A and C-96B). C8 and C24 represent experiments that lasted 8 h and 24 h, respectively. C-96A and C-96B represent duplicate experiments run for 96 h.

Analytical techniques

All liquid samples were filtered through a 0.45-µm acetate cellulose filter (Millipore), acidified at pH 2 with 15 N bi-distilled HNO3 and stored at 5°C before the analyses. The dissolved Cu concentration was measured by flame AAS (Perkin Elmer Analyst 400) or graphite furnace AAS (Perkin Elmer, Analyst 600), with detection limits of 0.05 mg L -1 and 0.3 µg L -1 and uncertainties of 1 % and 3 %, respectively. After 7 (flame AAS) or 10 (graphite furnace AAS) sample analyses, a blank and a QC (quality control) in the high-end concentration range of the calibration were analyzed. If the calibration curve coefficient was over 3 % different from the previous one, a new calibration was performed, and the last previous set of samples were reanalyzed. At the end of the analyses, a blank and 4 QCs were analyzed to validate the results. The Cu concentration of the biofilm was analyzed by a quadrupole ICP-MS (Agilent 7500 ce) after full acid digestion of the biomass in a clean room with Cu detection limit in the biofilm of 0.001 µg gdry -1 and an uncertainty of 5 % (see [START_REF] Coutaud | Zn isotope fractionation during interaction with phototrophic biofilm[END_REF] for digestion procedure description).

During ICP-MS analyses, indium and rhenium were added to the samples at a concentration of ~ 5 µg L -1 and used as internal standards to correct the signal drift and matrix effect. The analyses were validated by measuring the international SLRS-4 geostandard (Riverine Water Reference Material for Trace Metals certified by the NRCC) every 6 samples. At the end of each calibration and every 6 sample analyses, a standard of In-Re, 3 QCs and the SLRS-4 geostandard were analyzed bracketed by two blanks.

The pH was measured with a 537WTW pH-meter with a combined pH electrode calibrated in NIST buffers and an uncertainty of 0.01 pH unit. DOC in the filtrate was analyzed using a total carbon analyzer (Shimadzu TOC VCSN) with a quantification limit of 0.1 mg L -1 and an uncertainty of 3 %.

Cu isotope analysis

Biofilm samples were first dried at 70 °C and then acid digested in a clean room (class A 10,000) following the usual procedure for biological matrices [START_REF] Pokrovsky | Copper isotope fractionation during its interaction with soil and aquatic microorganisms and metal oxy(hydr)oxides: Possible structural control[END_REF][START_REF] Coutaud | Zn isotope fractionation during interaction with phototrophic biofilm[END_REF]. Solution samples were evaporated at 70 °C on a Teflon hotplate placed in a laminar (A100) hood. Cu was separated from the matrix sample by ion exchange chromatography using the protocol of [START_REF] Maréchal | Precise analysis of copper and zinc isotopic compositions by plasma-source mass spectrometry[END_REF] with the AGMP-1 anion exchange resin (Bio-Rad, USA).

After this first purification step, the eluate was evaporated at 70 °C and the purification procedure was carried out again. After this procedure was repeated twice per sample, the purified Cu residues are dissolved in 15N bi-distilled HNO3. The resin yield was verified by measuring the difference in Cu mass in the sample before and after purification using a quadrupole ICP-MS (Agilent 7500 ce). Only samples with a ratio ≥ 99 % yield were used for isotopic analyses because of the possible isotopic fractionation bias induced by the resin purification step [START_REF] Maréchal | Ion-exchange fractionation of copper and zinc isotopes[END_REF]. The international standard CRM-BCR® 482 (no. 239, IRMMlichen powder) was used to verify the accuracy of this yield.

The expression of the isotopic ratio is given in Eq. 1. The reference solution used is the NIST 976 Cu standard. -1

The isotopic ratio δ 65 Cu was measured using a Neptune MC-ICP-MS (ThermoFinnigan, GET, Toulouse, France) and a Nu 500 HR (Nu instruments Limited UK, ENS, Lyon, France). Samples were introduced in the nebulizer chamber (where they were vaporized into droplets in the argon flux) in a final solution of 0.05 N HNO3 at a concentration of 150 to 300 µg L -1 of Cu and Zn depending on the Cu amount available in the sample. Mass discrimination was corrected by bracketing (for more details see [START_REF] Coutaud | Zn isotope fractionation during interaction with phototrophic biofilm[END_REF].

The Johnson Matthew Company (JMC) batch 3-0749 L solution [START_REF] Maréchal | Precise analysis of copper and zinc isotopic compositions by plasma-source mass spectrometry[END_REF] was added to the purified Cu fractions, and a Cu (NIST 976) + Zn (JMC 3-0749L) standard mixture was run as a bracket standard, allowing different corrections to be performed. The 62 Ni signal was measured to evaluate the isobaric interferences of 64 Ni on the 64 Zn, and no significant interferences were found in the samples. During one analytical session, we checked that the Cu and Zn fractionation factors remained constant (Supplement B). The isotopic signature of the clean-room blanks and an in-house biofilm standard were regularly measured to ascertain the validity of the isotopic protocol. The reproducibility was estimated by repeated measurements of the in-house biofilm standard (a pool of dried microcosm biofilm powder) and was equal to 0.009 ‰ (= σ/(N) 0.5 with N = 6). The accuracy of the analysis was ascertained by NIST standard similar to other works (see Navarrete et al., 2011b). The blank contributions to the typical Cu concentrations in the samples were within 0.01 -0.05 % with a maximum of 1.3 % and of 0.05 % for the lowest Cu concentrated sample in solution (~ 5±2 ng) and in biofilm (~ 35±11 ng), respectively. In the presentation of the results, the error was defined as σ/(N) 0.5 (with N = 3 to 5 measurements) except when there were no replicates, in which case the error was represented by the reproducibility. The errors of the calculated isotopic separation factors were defined by the standard deviation of the mean of the error propagation laws. The error of the mean isotopic offset between the biofilm and the solution (Δ 65 Cu) was defined by the standard deviation.

Altogether, 38 samples were analyzed for the Cu isotopic composition of the biofilm and relevant solution.

Analysis and modeling of isotope fractionation processes

In this work, "excretion" refers to the total Cu released from the biofilm to the solution, including both desorption and efflux, and "desorption" refers to the passive physico-chemical process reversing adsorption. Finally, metabolic "efflux" here is considered as the active excretion of Cu by biological mechanisms.

To assess the fractionation processes associated with the interaction between the biofilm and the solution, we analyzed the evolution of their Cu isotope signature and Cu concentration as i, whereas in DFR experiment, it represents the instantaneous δ 65 Cu excreted value between i and i+1. The difference in isotopic ratio between the solution and the biofilm, Δ 65 Cu (sol-biofilm) , is determined for BR at i (Eq. 2) and for DFR between i and i +1 (Eq. 3).

δ 65 Cu excreted (i) -δ 65 Cu biofilm (i) = Δ 65 Cu (sol-biofilm) (i)

(2)

δ 65 Cu excreted (i→i+1) -δ 65 Cu biofilm (i) = Δ 65 Cu (sol-biofilm) (i→i+1) (3) 
In Eq. 2 and 3, δ 65 Cu excreted was measured directly (or derived from mass balance equations described in Supplement C).

Results

Algal diversity

The phototrophic biofilm after its growth in the aquatic microcosm was dominated by the cyanobacteria Lyngbya sp. and Leptolyngbya sp., which constituted 55 % and 40 % of total cell numbers, respectively. A small number of diatoms Achnanthes exigua (approximately 5 % of cells) was also present. There was no variation in algal diversity or in the relative proportion of various species over the duration of the experiments, with the exception of the re-hydrated biofilm. After drying phase of 48 h and re-wetting of 2 h, the proportion of diatoms (Achananthes exigua) increased from 5 % to 20 % of total cell counts and the proportion of cyanobacteria Lyngbya sp. and Leptolyngbya sp. decreased to 50 % and 30 %, respectively.

Cu complexation with organic ligands and colloids

In BR, for the experiments performed without the MES buffer, the amount of DOC equaled 1 ± 0.5 mg L -1 without any temporal trend between 1 and 96 h. In DFR experiments, the amount of DOC was in the same order, around 1.6 ± 0.5 mg L -1 , independently of the exposure time. To determine the impact of Cu complexation with organic ligands on isotopic fractionation, the stability constant between Cu 2+ and its complexes with DOC (log K′Cu-L) (Eq. 4) was assumed to be equal to 6 and 12 (see below).

Cu 2+ + L n-⇌CuL 2-n , K' Cu-L = a(CuL 2-n ) a(Cu 2+ ) × a(L n-) (4) 
The 3 to 1 mg L -1 DOC present in our samples could be due to excretion of soluble organic matter as a metabolic byproduct of photosynthesis and cellular life cycle as it is known for phototrophic micro-organisms [START_REF] Baines | The production of dissolved organic matter by phytoplankton and its importance to bacteria: Patterns across marine and freshwater systems[END_REF][START_REF] Tang | Response of nonprotein thiols to copper stress and extracellular release of glutathione in the diatom Thalassiosira weissflogii[END_REF]. It could be dominated by high-molecular-weight polysaccharides (part of the extracellular polymeric substances (EPS))

excreted by the biofilm [START_REF] Kaplan | Chelating properties of extracellular polysaccharides from Chlorella spp[END_REF][START_REF] Pistocchi | Increased production of extra-and intracellular metal-ligands in phytoplankton exposed to copper and cadmium[END_REF], and may contain sulfhydryl compounds [START_REF] Leal | Copper-induced release of complexing ligands similar to thiols by Emiliania huxleyi in seawater cultures[END_REF][START_REF] Vasconcelos | Influence of the nature of the exudates released by different marine algae on the growth, trace metal uptake and exudation of Emiliania huxleyi in natural seawater[END_REF][START_REF] Vasconcelos | Exudates of different marine algae promote growth and mediate trace metal binding in Phaeodactylum tricornutum[END_REF] and proteins [START_REF] Guibaud | Relation between extracellular polymers' composition and its ability to complex Cd, Cu and Pb[END_REF]. In the absence of Cu, [START_REF] Gouvêa | Copper and cadmium complexation by high molecular weight materials of dominant microalgae and of water from a eutrophic reservoir[END_REF] found that the high molecular weight DOM (> 12,000-14,000 Da) excreted by cyanobacteria and diatoms was composed of two classes of ligands with an intermediate to weak binding strength with a log K′Cu-L between 8.8 and 9.5 depending on the algae species. Green algae were also found to produce ligands with two different log K′Cu-L of 5.90 and 8.42 [START_REF] Lombardi | Copper and lead complexation by high molecular weight compounds produced by Synura sp. (Chrysophyceae)[END_REF]. These log K′Cu-L values were comparable with those reported for the Suwannee River organic matter (log K′Cu-L = 8). On the other hand, several authors reported a log K′Cu-L value for phytoplankton between 10 and 13 [START_REF] Leal | Copper-induced release of complexing ligands similar to thiols by Emiliania huxleyi in seawater cultures[END_REF][START_REF] Soldo | Tolerance of Oocystis nephrocytioides to copper: Intracellular distribution and extracellular complexation of copper[END_REF]Vasconselos et al., 2002;[START_REF] Muller | Interactions between algalbacterial populations and trace metals in fjord surface waters during a nutrient-stimulated summer bloom[END_REF]. The biofilm was grown with a Cu concentration corresponding to 1 % growth inhibition (Supplement D). Because our experiments were performed without added Cu in solution, the exudates produced by the biofilm correspond to a low-stress condition. The log K′Cu-L of Cu-DOM complexes used in the vMINTEQ simulation was fixed at 6.0 and 12 in order to test 2 extreme scenarios thus encompassing a wide range of possible aquatic environments (Supplement E).

Simulations using the software vMINTEQ were performed to determine the speciation of 

Cu concentration and excretion rate

In BR, the re-hydrated biofilm subjected to drying excreted 17±2 % of the initial Cu amount (~ 1.02±0.09 µmol gwet -1 ) after 24 h of reaction whereas the wet biofilm excreted only 1.23±0.05 % of initial Cu (corresponding to ~ 0.049±0.003 µmol gwet -1 ) for the same initial Cu concentration in the biofilm (Fig. 2a-b). The early Cu excretion was followed by partial resorption, visible as a 63 % and 75 % decrease in the excreted Cu concentration between 8 and 24 h and between 24 and 96 h for the wet and re-hydrated biofilms, respectively. There was no link between the re-sorption phase and the circadian cycle (p = 0.8 for the Mann-Whitney test on the excretion rates during day and night).

In the DFR experiments, the excreted amount of Cu increased with time (Fig. 3a). The Cu excretion rate reached a maximum during the first hours ((2.9±0.2) × 10 -4 µmol gwet -1 h -1 at 14 h for C-96A and C-96B) and then decreased continuously with time (Fig. 3b). The excretion-rate variation over time was not linked to circadian variations (p = 0.7 for the Mann-Whitney test on the excretion rates during day and night). The excreted Cu amount was linked to the initial Cu concentration in the biofilm (p = 0.03 for the Mann-Whitney test) as illustrated in Fig. 4.

Cu isotope behavior

For BR, the δ 65 Cu excreted (i) (= δ 65 Cu sol (i)) decreased over a period of 96 h from 0.36±0.07 ‰ to 0.2±0.2 ‰ (X(Cu) excreted = 0.012±0.002) for the wet biofilm and from 0.7±0.2 ‰ to 0.38±0.04 ‰ (0.034 ≤ X(Cu) excreted ≤ 0.17) for the re-hydrated biofilm (Fig. 5a, Table 2). The value of Δ 65 Cu (sol-biofilm) (i) for the wet biofilm experiment decreased from 0.57±0.08 ‰ to 0.2±0.3 ‰ (Fig. 5c). The Δ 65 Cu (sol-biofilm) (i) values of the re-hydrated biofilm were more positive during the first 4 h achieving a value of 0.9±0.1 ‰ and stabilizing after 24 h at 0.66±0.09 ‰.

For the wet biofilm in DFR, the δ 65 Cu excreted (i→i+1) (= δ 65 Cu out (i→i+1)) decreased with time and was mostly negative except for the first 24 h and 38 h (C-96A and C-96B, respectively) as shown in Fig. 5b and listed in Table 3. The Δ 65 Cu (sol-biofilm) (i→i+1) followed the same behavior and decreased from 0.6±0.3 ‰ after 24 h (X(Cu) excreted ≤ 0.001) to 0.0±0.5 ‰ between 72 and 96 h (X(Cu) excreted = 0.005) without clear stabilization at the end of the experiment (Fig. 5d). Within experimental and analytical uncertainties, no differences in Δ 65 Cu (sol-biofilm) (i→i+1) could be assessed between experiments with different initial Cu concentrations (i.e., 52 µmol gdry -1 and 68 µmol gdry -1 for C-96A and C-96B, respectively). The mean value of Δ 65 Cu (sol-biofilm) for BR and DFR experiments for the fraction of Cu excreted during first 4 to 24 h was equal to +0.7±0.2 ‰.

Discussion

Isotopic fractionation occurring during Cu excretion from phototrophic biofilm stems from a combination of different mechanisms such as speciation in solution, diffusion, adsorption/desorption, incorporation/efflux, which i) have their own temporal dynamic, ii) are driven by physicochemical and biotic reactions and iii) could be controlled by chemical and isotopic equilibrium and kinetic processes. In view of the complexity of Cu excretion from a biofilm, our experimental design allowed capturing the global biofilm response to Cu excretion rather than individual elemental reactions. In order to interpret our data in terms of underlying elementary mechanisms, some simplifying assumptions have to be made. In previous work [START_REF] Coutaud | Small changes in Cu redox state and speciation generate large isotope fractionation during adsorption and incorporation of Cu by a phototrophic biofilm[END_REF], we showed that a biofilm can be considered as made of two Cu reservoirs: a surface reservoir, containing isotopically heavy Cu adsorbed on the surface, and a deeper reservoir that is isotopically light. Given that the adsorbed Cu is in direct contact with the solution, it seems reasonable to assume that the adsorbed reservoir is in isotopic equilibrium with the solution. In this case, surface adsorption and desorption are controlled by same mechanism operating in opposite directions and should therefore show opposite fractionations (ε 65 Cu adsorption = -ε 65 Cu desorption ). We will consider this hypothesis as valid for interpretation of our data, although it certainly has some limits. Note that in [START_REF] Coutaud | Small changes in Cu redox state and speciation generate large isotope fractionation during adsorption and incorporation of Cu by a phototrophic biofilm[END_REF], we attempted to discriminate between a kinetic and an equilibrium modeling of surface adsorption (Appendix C.3

of [START_REF] Coutaud | Small changes in Cu redox state and speciation generate large isotope fractionation during adsorption and incorporation of Cu by a phototrophic biofilm[END_REF], but the results of the two models were indistinguishable within the limits of our study.

Excretion flux

Efflux is one of the strategies to maintain homeostasis inside cells and to mitigate Cu toxicity [START_REF] Giner-Lamia | The CopRS two-component system is responsible for resistance to copper in the cyanobacterium Synechocystis sp[END_REF]. In this study, the aqueous Cu concentration in the microcosm (~ 0.47 µM) was at the threshold of biofilm growth inhibition (see Supplement D). Cu was immediately excreted from the biofilm without a clear latent period. With time, the excretion rate decreased in DFR and exhibited oscillations in BR experiments. The short-term excretion (4-24 h) could be considered as due to passive desorption of Cu 2+ from the surface complexes of the biofilm via a competition with H + (in relation with the drop of 2 pH units between the growth medium and the experimental solution 8.0±0.4 vs 6.3±0.2). The long-term excretion (24 -96 h) should involve active excretion and with partial contribution of passive diffusion. Both the magnitude and pattern of the excretion flux measured in this work for phototrophic biofilm agreed with previous studies on mono-species population of micro-organisms. [START_REF] Croot | Uptake and efflux of 64 Cu by the marine cyanobacterium Synechococcus (WH7803)[END_REF] showed the occurrence of a direct excretion after 20 min in a Cu-free medium by cyanobacteria pre-exposed to Cu. Moreover, a Cu-resistant strain of cyanobacteria produced a rapid efflux after 10 min of exposure in a Cu-free solution followed by a decrease during the next hour [START_REF] Verma | Evidence for energy-dependent copper efflux as a mechanism of Cu 2+ resistance in the cyanobacterium Nostoc calcicola[END_REF][START_REF] Pandey | Cu 2+ efflux and its regulation in Cu-resistant (Cu r ) cyanobacterium Nostoc calcicola BRÉB[END_REF]. The same pattern was evidenced for Cu-loaded green algae and diatoms in Cu-free media for a 1 -4 h [START_REF] Knauer | Adsorption and uptake by the green alga Scenedesmus subspicatus (Chlorophyta)[END_REF][START_REF] Walsh | Copper export contributes to low copper quotas and copper tolerance in Emiliania huxleyi[END_REF]. The dependence of the efflux on the intracellular Cu concentration observed in this study for phototrophic biofilm (Fig. 4) is also consistent with previous results on marine cyanobacteria [START_REF] Croot | Uptake and efflux of 64 Cu by the marine cyanobacterium Synechococcus (WH7803)[END_REF] and coccolitophores [START_REF] Walsh | Copper export contributes to low copper quotas and copper tolerance in Emiliania huxleyi[END_REF].

Potential impact of Cu speciation in solution on the observed isotope fractionation

Before the analysis of the Cu isotope fractionation in experimental reactors, it is necessary to evaluate the impact of Cu speciation in aqueous solution on its isotopic offset between the biofilm and the fluid. The bioavailability of Cu is known to be strongly dependent on its speciation [START_REF] Mcgeer | Issue paper on the bioavailability and bioaccumulation of metals[END_REF][START_REF] Van Leewen | Dynamic speciation analysis and bioavailability of metals in aquatic systems[END_REF][START_REF] De Schamphelaere | Bioavailability models for predicting copper toxicity to freshwater green microalgae as a function of water chemistry[END_REF][START_REF] Rodríguez-Morales | Evaluation of the measurement of Cu(II) bioavailability in complex aqueous media using a hollow-fiber supported liquid membrane device (HFSLM) and two microalgae species (Pseudokirchneriella subcapitata and Scenedesmus acutus)[END_REF]. If we limit ourselves to the interaction between Cu species in solution and species adsorbed onto the biofilm, two processes could be impacted by Cu speciation in solution. The first is desorption from the external biofilm surface sites into the aqueous solution. Under the assumption that this process corresponds to an isotopic equilibration between the biofilm surface and the aqueous solution (see introduction of section 4), the Δ 65 Cu (sol-biofilm) will correspond to the fractionation between the Cu species in solution and the biofilm. On the other hand, if we assume that this desorption follows a pure isotopic kinetic process, Cu speciation in solution should have limited impact on its isotopic fractionation, since kinetic processes are unidirectional. The second process impacted by Cu speciation is the resorption of excreted Cu in solution by the biofilm, which was particularly pronounced in BR (Fig. 2).

Cu complexation with soluble DOM and inorganic ligands impacts the isotopic ratio of different Cu species (details in Table E.2., Supplement E). [START_REF] Fujii | Copper isotope fractionation between aqueous compounds relevant to low temperature geochemistry and biology[END_REF] predicted by ab initio calculation an equilibrium fractionation factor of up to +1.25 ‰ between Cu-ascorbate complexes and Cu 2+ . [START_REF] Ryan | Copper isotope fractionation during equilibration with natural and synthetic ligands[END_REF] showed that a Δ 65 Cu (complexed-free) value may reach +0.84±0.30 ‰ for a synthetic organic ligand. These authors also demonstrated that for natural and synthetic organic ligands, the higher the complex stability, the stronger the enrichment of the complexed fraction in heavy isotopes according to Δ 65 Cu (complexed-free) = 0.0364 × log K′Cu-L -0.1459. Assuming a log K′Cu-L of 6 to 12 in our experiment (section 3.2), this yields a Δ 65 Cu (complexed-free) from +0.07 to +0.29 ‰. Therefore, the estimated isotopic offset between Cu 2+

and Cu-L in our experiment, Δ 65 Cu (complexed-free) , is equal to +0.18±0.1 ‰. This is similar to Δ 65 Cu (complexed-free) = +0.14±0.1 ‰ for log K′Cu-L = 8 reported for the Suwannee River fulvic acid [START_REF] Ryan | Copper isotope fractionation during equilibration with natural and synthetic ligands[END_REF]. From a mass balance consideration with the Δ 65 Cu (complexed-free) values derived from the literature, the isotopic offset between the bulk solution and Cu 2+ , due to Cu organic and inorganic complexes, ranges between 0.04 and 0.18 ‰ depending on the chosen value of log K′Cu-L for all experiment (details in Tables E.2., E.3., Supplement E). Note that if there are various organic ligands with different functional groups, the isotopic offset should be intermediate between these two values. However, with 45 to 65 % Cu complexed to natural organic colloids (at a DOC concentration of 10 to 17 mg•L -1 ), [START_REF] Ilina | Stable (Cu, Mg) and radiogenic (Sr, Nd) isotope fractionation in colloids of boreal organic-rich waters[END_REF] reported an isotopic homogeneity (±0.1 ‰) of the stream water δ 65 Cu after filtration with different pore sizes (100 µm to 1.4 nm). They explained inter alia this homogeneity by the lack of specific strong ligands with a molecular weight inferior at 1 kDa. In our BR and DFR experiments, the chosen log K′Cu-L may therefore have been overestimated, further suggesting that the Cu complexation with organic ligand should not significantly affect the isotopic fractionation between truly dissolved and colloidal, organically-complexed Cu 2+ .

As discussed above, aqueous Cu(II) complexation in BR and DFR experiments retains heavier isotopes. Thus, all things being equal, a system with higher concentration of strong organic Cu-complexing ligands will tend to show more positive Δ 65 Cu (sol-biofilm) value in both adsorption and desorption reactions. Therefore, we estimate the overall isotopic offset induced by Cu speciation in aqueous solution to be less than 0.2 permil.

Cu fractionation by preferential desorption of Cu 2+ followed by diffusion and active efflux

Short-term (initial) excretion

The first excreted fraction of Cu was enriched in heavy isotopes relative to the remaining biofilm in both BR (Δ 65 Cu (sol-biofilm) = +0.57±0.08 ‰) and DFR (Δ 65 Cu (sol-biofilm) = +0.6±0.3 ‰)

experiments. This implies a common trend in Cu excretion by the phototrophic biofilm during the first 4-24 hours regardless of the experimental design and the nature of biofilm (Fig. 5, Tables 23). A previous study of Cu adsorption onto the same biofilm suggested two reservoirs of Cu in the biofilm: an adsorbed Cu, enriched in heavy isotopes relative to the solution, and an isotopically-light Cu incorporated inside the biofilm [START_REF] Coutaud | Small changes in Cu redox state and speciation generate large isotope fractionation during adsorption and incorporation of Cu by a phototrophic biofilm[END_REF]. Adsorbed Cu consists essentially of Cu(II) bound to EPS, whereas incorporated Cu is most likely represented by a mixture of various Cu(II) and Cu(I) species, Cu(I) being strongly complexed with cell proteins such as oxydoreductases.

As discussed in the introduction of section 4, we will further interpret our study in the light of our preceding work on adsorption [START_REF] Coutaud | Small changes in Cu redox state and speciation generate large isotope fractionation during adsorption and incorporation of Cu by a phototrophic biofilm[END_REF], and under the assumptions that i) the starting biofilm has been equilibrated with a solution of constant isotopic composition prior to the excretion experiment, ii) short-term excretion affects only desorption of surface Cu, and iii) desorption can be considered as the backward reaction to adsorption. The Cu adsorbed onto the biofilm surface represented 3.5±2.5 % of total Cu (6 % in BR, 1 % in DFR), and was found to be enriched in heavy isotopes with respect to the aqueous solution (Δ 65 Cu (adsorbed-solution) = +1.1±0.1 ‰, [START_REF] Coutaud | Small changes in Cu redox state and speciation generate large isotope fractionation during adsorption and incorporation of Cu by a phototrophic biofilm[END_REF]. Incorporated Cu, on the other hand, was found to be enriched in light isotopes (Δ 65 Cu (incorporated-solution) = -0.4±0.2 ‰, [START_REF] Coutaud | Small changes in Cu redox state and speciation generate large isotope fractionation during adsorption and incorporation of Cu by a phototrophic biofilm[END_REF]. Given that the biofilm has been equilibrated with a solution of constant isotopic composition prior to our experiments, these two reservoirs should be characterized by an internal fractionation Δ 65 Cu (adsorbed-incorporated) of +1.5±0.2 ‰. The isotopic fractionation between the adsorbed reservoir and the bulk of biofilm, Δ 65 Cu (adsorbed-biofilm) , can be deduced from the mass balance relation:

∆ 65 Cu (adsorbed-biofilm) = ∆ 65 Cu (adsorbed-incorporated) × (1-XCu adsorbed ) (5)
where XCuadsorbed is the fraction of total biofilm Cu which is adsorbed onto the surface. From Eq. 5, the Δ 65 Cu (adsorbed-biofilm) value is equal to +1.4±0.2 ‰ and the Δ 65 Cu (incorporated-biofilm) value defined as the difference between Δ 65 Cu (adsorbed-biofilm) and Δ 65 Cu (adsorbed-incorporated) is equal to -0.1 ‰. Further assuming that desorption and adsorption correspond to the same mechanism (surfacesolution equilibrium, see introduction of section 4), the fractionation found for adsorption ( ε 65 Cu adsorption = +1.1±0.1 ‰, with ε = (α-1) × 1000 and α the isotopic fractionation factor; [START_REF] Kendall | Fundamentals of isotope geochemistry[END_REF], is also suitable for describing the desorption: ε 65 Cu desorption = -1.1±0.1 ‰ [START_REF] Coutaud | Small changes in Cu redox state and speciation generate large isotope fractionation during adsorption and incorporation of Cu by a phototrophic biofilm[END_REF]. This should lead to an enrichment of +0.3±0.3 ‰ of the excreted fraction with respect to the biofilm (Δ 65 Cu (sol-biofilm) = Δ 65 Cu (desorbed-biofilm) = Δ 65 Cu (adsorbed- biofilm) + ε 65 Cu desorption ). On average, the measured Δ 65 Cu (desorbed-biofilm) was equal to +0.7±0.2 ‰.

This value is consistent with the predicted one (+0.3±0.3 ‰) within the experimental uncertainty, therefore confirming the validity of our starting hypotheses. The slightly larger value found in the experiment might be indicative of a possible dissymmetry in the excretion vs adsorption mechanisms. This dissymmetry should favor the excretion of heavy isotopes. The role of a kinetic effect is highly unlikely, as it should favor light isotopes.

An explanation for the stronger enrichment in heavy isotopes of the desorbed fraction could be the excretion of organic Cu complexes from the biofilm without any change in their molecular structure (notably the first neighbor). If that "ripping off" process was the only present, the isotopic signature of the solution would simply follow the isotopic signature of Cu adsorbed onto the first layer of the biofilm, therefore leading to Δ 65 Cu (desorbed-biofilm) = +1.4±0.2 ‰ during desorption. The value of the observed fractionation (Δ 65 Cu (sol-biofilm) = +0.7±0.2 ‰) could therefore be explained by a contribution of this mechanism in addition to the above considered adsorption -desorption equilibrium process.

Evolution of the isotope fractionation in the DFR

Long-term (24-96 h) evolution of the flux and isotopic signature of excreted Cu was different in two experimental reactors (Fig. 2 and3). In the DFR, almost a linear decrease of the excretion flux with time (Fig. 3) was accompanied by a similar decrease of the Δ 65 Cu (sol-biofilm) (Fig. 5c,d). This decrease of Δ 65 Cu (sol-biofilm) value with time could be explained by a combination of i) the active efflux, and ii) Cu diffusion process within the biofilm.

Firstly, the active efflux is likely to be accompanied by a negative isotopic fractionation, via active transport through the cell walls of Cu(I) complexes such as by Cu(I)-thiol transporters as reported for diatoms [START_REF] Dupont | Novel copper-binding and nitrogen-rich thiols produced and exuded by Emiliania huxleyi[END_REF]). [START_REF] Zhu | Mass fractionation processes of transition metal isotopes[END_REF] obtained a Δ 65 Cu(Cu(I)-Cu(II)) of -4

‰ for the reduction of Cu II to Cu I . Using this value and postulating that the isotopic ratio of Cu(II) in solution corresponds to that of the early excreted fraction, the Cu(I) proportion of total excreted Cu that could be released by the biofilm is equal to about 35 %. Secondly, it can be hypothesized that a decreasing Cu concentration gradient is established from the biofilm deep interior to its surface layers, that have undergone an initial rapid desorption of Cu thus resulting in the diffusion of Cu along the osmotic gradient operating over full thickness of the biofilm. As a result, the diffusion from the shallow layers of the biofilm to the solution could influence the isotopic fractionation of the long-term excretion. Indeed, diffusion can preferentially mobilize light Cu isotopes [START_REF] Kendall | Fundamentals of isotope geochemistry[END_REF] and has previously been invoked to explain Cu isotope fractionation in plant compartments [START_REF] Jouvin | Stable isotopes of Cu and Zn in higher plants: Evidence for Cu reduction at the root surface and two conceptual models for isotopic fractionation processes[END_REF]. Based on theoretical arguments, [START_REF] Hofmann | Ion desolvation as a mechanism for kinetic isotope fractionation in aqueous systems[END_REF] suggested that Cu 2+ diffusion may fractionate Cu isotopes up to -1.5 ‰.

Given that Cu concentration in our experiment remained much lower in solution than inside the biofilm, a pronounced chemical gradient is expected across the shallow layers of the biofilm over the full duration of the experiment, causing a maximal fractionation of -1.5 ‰. The much smaller fractionation observed in our experiments suggests that Cu 2+ represents only part of the Cu diffusing into the shallow layers of the biofilm. For example, the diffusion of Cu-DOM complexes into the biofilm would cause a much smaller fractionation due to their larger molecular weight [START_REF] Young | Kinetic and equilibrium mass-dependent isotope fractionation laws in nature and their geochemical and cosmochemical significance[END_REF]. Overall, a contribution of diffusion is likely but its exact magnitude is difficult to estimate.

Evolution of the isotopic enrichment in the BR

In BR experiments, the excretion behavior was more complex. An initial phase of relatively rapid excretion was presumably followed by re-sorption of approximatively 63 % of the excreted Cu after 8 h of reaction. A similar re-sorption phenomenon has been reported for a marine cyanobacterium [START_REF] Croot | Uptake and efflux of 64 Cu by the marine cyanobacterium Synechococcus (WH7803)[END_REF]. These authors observed a re-sorption of Cu to the cells surface after the first 90 min of excretion. The late excretion phase (24-96 h) of the wet biofilm was characterized by a decrease of the Δ 65 Cu (sol-biofilm) value (Fig. 5 C). Similar to the long-term excretion in DFR, active excretion of Cu(I) species and Cu diffusion produce an enrichment of the solution in light isotopes compared to the biofilm. The setting up of these two processes could explain a lighter isotopic signature of excreted Cu over time in solution relative to the biofilm.

The behavior of the re-hydrated biofilm differed from that of the wet biofilm because it exhibited i) a much higher excretion flux (17 % vs 1.2 %), ii) a later re-sorption phase (24-96 h vs 8-24 h) and the absence of a final excretion phase, and iii) a heavier signature of excreted Cu after 24 h (0.66±0.09 ‰ vs 0.2±0.3 ‰) (Figs. 2 and5). Such differences between the re-hydrated and wet biofilm could be due to changes in the functional and structural parameters of the biofilm. The absence of a final excretion phase may be due to the relatively minor active efflux in comparison to the wet biofilm and may be considered as isotopic tracer of an impact of the drought on the biofilm functions. Indeed, a higher active efflux should produce a more negative fractionation (section 4.3.2), which is consistent with the more negative signature of the wet biofilm compared to the re-hydrated biofilm (Fig. 5c). Furthermore, the enrichment in heavy isotopes of the excreted fraction compared to the re-hydrated biofilm is consistent with a minor role of Cu 2+ diffusion from the biofilm to the solution on the isotopic process of the excretion.

Indeed, the diffusion of Cu should be accompanied by a -1.5 ‰ fractionation as extrapolated from [START_REF] Hofmann | Ion desolvation as a mechanism for kinetic isotope fractionation in aqueous systems[END_REF].

Concerning the structural parameters of biofilm, the drought period induced an increase in the relative proportion of the diatoms community at the expense of cyanobacteria, in agreement with previous results for phototrophic biofilms dominated by cyanobacteria [START_REF] Coutaud | Zn isotope fractionation during interaction with phototrophic biofilm[END_REF][START_REF] Barthès | Resilience of aggregated microbial communities subjected to drought-small-scale studies[END_REF]. Eventually, the increase of Cu passive excretion could be due to lower resilience of cyanobacteria to intermittent drought episodes. However, the short drying period and relatively small resulting change in biofilm phototrophic species composition should not have significantly affected the vertical migration of algae [START_REF] Consalvey | The ups and downs of life in a benthic biofilm: Migration of benthic diatoms[END_REF] or the EPS production [START_REF] Flemming | The biofilm matrix[END_REF] and related isotope fractionation. We therefore hypothesize that both higher passive excretion of Cu-DOM complexes and lower active efflux of the re-hydrated biofilm are due to cell damage caused by the drying event [START_REF] Jacob | Physiology and ultrastructure of desiccation in the green alga Prasiola crispa from antarctica[END_REF][START_REF] Shaw | Commonality of elastic relaxation times in biofilms[END_REF].

Comparison of isotopic fractionation of Cu and Zn during their excretion from biofilm

Copper and zinc are ubiquitous trace elements which are fundamental in biological reactions, but they could also be toxic for cells at higher concentration. Metal excretion is one of the detoxification mechanisms. As such, isotopic fractionation of Cu and Zn during their interaction with aquatic microorganism could be a useful proxy of biological processes in freshwater [START_REF] Wiederhold | Metal stable isotope signatures as tracers in environmental geochemistry[END_REF]. A study of Zn excretion by the same mature biofilm [START_REF] Coutaud | Zn isotope fractionation during interaction with phototrophic biofilm[END_REF] allows for the comparison of Cu and Zn chemical and isotopic behavior during interaction of a biofilm with aqueous solution. In terms of percentage of total metal excreted to solution, the adsorbed fractions were close for both elements (0.9 and 0.8 % in DFR; 6 and 7 % in BR for Cu and Zn, respectively). However, the biofilm excreted Zn at much higher rate than Cu. In open flow experiment (DFR), the excretion flux ranged from 4•10 -5 to 3•10 -4 µmol gwet -1 h -1 and from 10 -3 to 10 -1 µmol gwet -1 h -1 for Cu and Zn, respectively. In closed system (BR) after 96 h, the wet biofilm excreted respectively 1.2 % and 14 % of its Cu and Zn contents. Initial fast desorption of Zn produced either enrichment of solution in lighter isotopes or yielded close to zero fractionation (0 ‰ < Δ 66 Zn (sol-biofilm) < -1.4 ‰), contrasted to Cu results (0.4 ‰ ≤ Δ 65 Cu (sol-biofilm) ≤ 0.8 ‰). Long-term excretion of Zn also showed more negative enrichment of solution compared to Cu (Δ 66 Zn (sol-biofilm) = -0.5±0.2 ‰ vs -0.4 ‰ ≤ Δ 65 Cu (sol-biofilm) ≤ 0.5 ‰). Diffusion, Cu redox processes, metal-ligands complexation and various degree of metal toxicity can be responsible for the observed isotopic differences. Firstly, during the phase of early excretion, the release of both ionic forms and strong organic complexes of Cu(II) favored heavy isotopes whereas the early excretion of Zn 2+ via desorption favored light isotopes. Secondly, during the long-term excretion, although the diffusion should fractionate Cu isotopes to a higher degree than Zn isotopes (-1.5 ‰ and -0.3 ‰, respectively, see [START_REF] Rodushkin | Isotopic fractionation during diffusion of transition metal ions in solution[END_REF][START_REF] Hofmann | Ion desolvation as a mechanism for kinetic isotope fractionation in aqueous systems[END_REF], the much higher excretion rate of Zn suggests a more important role of cation diffusion through EPS matrix for this element over time. Thirdly, whereas active efflux favored light isotopes of both metals, intracellular sequestration of isotopically light Cu(I) may have led to a higher enrichment of the solution in heavy Cu isotopes than Zn over the long term. Finally, since

Cu is more toxic than Zn for the biofilm growth (see Supplement D), detoxification mechanisms may be involved via release of isotopically heavy Cu-ligand complexes and the sequestration of isotopically light Cu isotopes inside the cell. Taken together, the isotopic differences of metal excretion highlight the differences of physico-chemical and biological mechanisms which control the interactions of the two metals with phototrophic biofilm compartments.

Conclusions

During excretion of Cu from the phototrophic biofilm, the initial desorption released preferentially heavy isotopes to the solution (with a Δ 65 Cu (desorbed-biofilm) = +0.7±0.2 ‰), followed by an excretion of light isotopes with Δ 65 Cu (excreted-biofilm) ranging between -0.4 ‰ and 0.4 ‰.

The mechanisms responsible for the initial release of isotopically heavy Cu could be: i) light isotopes retention in the form of strong protein complexes of Cu(I)-thiol groups within the biofilm and the cell interiors, ii) partial physico-chemical Cu(II) desorption, and iii) excretion of isotopically heavy Cu(II)-carboxylate complexes in aqueous solution. With time, the excreted Cu fraction became impoverished in heavy isotopes down to a negative isotopic value after 96 h of reaction. This Δ 65 Cu (excreted-biofilm) decrease could be explained by desorption, an efflux of Cu(I) complexes, or by Cu diffusion. The re-hydrated biofilm in BR yielded only a weak decrease of Δ 65 Cu (excreted-biofilm) (i.e. from 0.9±0.1 ‰ at the beginning to 0.7±0.1 ‰ after 24-96 h). This can be explained by a lack of active efflux from the dried and partially devitalized biofilm under the experimental conditions of this study. In riverine settings, the intermittent drying / wetting cycles of periphytic biofilms may strongly affect the magnitude of the isotopic difference between the biofilm and overlying water, which may vary within 1 ‰ on a daily scale. Cu and Zn exhibited contrasting patterns of isotope fractionation during the excretion process, linked to i) different affinity of these metals to ligands, ii) different diffusion rates through the biofilm EPS along a concentration gradient, and iii) cell retention of reduced Cu(I) by incorporation into proteins. 

  a function of time. Schematic representations of the Cu isotope fractionation experiments in the BR and DFR are given in Fig. 1a-b. The isotopic signature of Cu excreted into the solution was directly measured as δ 65 Cu excreted = δ 65 Cu sol in the excretion experiments, since at t0 there was no Cu present in the solution (in BR and DFR). The δ 65 Cu sol value for BR experiment represents the δ 65 Cu excreted value at

  Cu in our experiments(summarized in Table E.1., Supplement E). For BR experiments with the wet and re-hydrated biofilms in a DOC-free solution (pH = 6.3, [Cu] = 0.12 to 14 µM), dissolved Cu was dominated by Cu 2+ (92 %) with minor contributions of Cu(NO3) + (3 %), CuOH + (2 %), CuSO4 0 (2 %), and CuCO3 0 (0.3 %). Increasing the DOC concentration to 1.6 mg L -1 at a log K′Cu-L equal to 6 resulted in a complexation of 70 % of Cu by DOM and 29 % of Cu 2+ for the wet biofilm experiments. In the re-hydrated biofilm experiments, this higher DOC concentration at a log K′Cu-L equal to 6 resulted in 38-70 % Cu complexation with DOM and 29-57 % of Cu in the ionic form. For the DFR excretion experiments, the vMINTEQ simulation was performed for Cu concentrations between 0.05 and 0.2 µM, DOC concentration of 1.6 mg L -1 , and real pH variations during experiment. At a log K′Cu-L equal to 6, the simulation yielded significant complexation of Cu 2+ with DOM (70 %); the remaining copper species included Cu 2+ (27 %) with minor contributions of CuOH + (1 %), Cu(NO3) + (1 %), Cu(SO4) 0 (0.5 %), and CuCO3 0 (0.4 %). Assuming a stronger Cu-DOC complexation (log K′Cu-L = 12.0), the Cu speciation becomes dominated by Cu-DOM complexes (> 99 %) over the studied pH range for both DFR and BR experiments.
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 1 Fig. 1. Schematic representation of Cu isotopic fractionation in the batch reactor (BR) experiments (a)
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 23456 Fig. 2. Cu excretion from a phototrophic biofilm in batch reactor experiments ([biomass] = 123 ± 2 gwet L -1 , pH = 6.3 ± 0.2). Cumulative amount (a) or percentage (b) of Cu excreted from the biofilm for
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Table 1

 1 Physico-chemical properties of the experimental solution in BR and DFR.

	Parameters	Unit	Values
	pH in (DFR)	unit of pH	6.43
	pH out (DFR)	unit of pH	6.7
	pH(BR)	unit of pH	6.3
	MgSO4	mM	0.3
	CaCl2	mM	0.25
	NaNO3	mM	18
	Na2CO3	mM	0.2
	MES buffer(BR) mM	1
	DOC(DFR)	mg L -1	1.6

Table 2

 2 Summary of batch reactor excretion data. n = m / 63.55 na: not analyzed data. Experiments a and b were duplicates and performed at the same time and in the same conditions.

	Name	Time [Biomass] nCu biofilm	(i)* nCu sol (i)* X(Cu) excreted (i)	δ 65 Cu biofilm	(i)	δ 65 Cu sol	(i)
		(h)	(gwet L -1 )	(µmol)	(µmol)		(‰)	(‰)
	Wet a	1.1	11.5	na		0.004	na	na	na
		4.0	11.0	1.3		0.014	0.010	-0.32 ± 0.01	0.31 ± 0.05
		8.3	12.0	na		0.010	na	na	na
		24.1	11.6	na		0.003	na	na	na
		48.0	11.8	na		0.006	na	na	na
		72.2	11.2	na		0.017	na	na	na
		95.5	12.5	1.6		0.018	0.011	0.00 ± 0.04	0.34 ± 0.01
	Wet b	1.1	11.6	na		0.002	na	na	na
		4.0	11.6	1.2		0.018	0.014	-0.11 ± 0.03	0.40 ± 0.03
		8.3	11.4	na		0.010	na	na	na
		24.1	10.5	na		0.005	na	na	na
		48.0	11.3	na		0.004	na	na	na
		72.2	11.9	na		0.014	na	na	na
		95.5	11.6	1.5		0.019	0.013	0.08 ± 0.09	0.07 ± 0.01
	Re-hydrated a 1.0	12.4	2.7		0.096	0.034	-0.19 ± 0.06	0.57 ± 0.01
		4.1	11.1	2.3		0.214	0.085	-0.29 ± 0.02	0.64 ± 0.04
		8.1	11.1	na		0.162	na	na	na
		24.1	12.4	1.7		0.416	0.194	0.022 ± 0.001 0.68 ± 0.02
		48.2	11.3	na		0.256	na	na	na
		95.4	12.9	3.4		0.146	0.041	-0.32 ± 0.02 0.353 ± 0.002
	Re-hydrated b 1.0	11.9	2.4		0.088	0.04	-0.19 ± 0.06 0.811 ± 0.004
		4.1	12.4	2.8		0.250	0.08	-0.24 ± 0.02	0.55 ± 0.05
		8.1	11.7	na		0.314	na	na	na
		24.1	12.4	1.9		0.345	0.15	0.03 ± 0.01	0.58 ± 0.03
		48.2	11.4	na		0.319	na	na	na
		95.4	12.6	2.2		0.146	0.06	-0.38 ± 0.07	0.41 ± 0.02

*

Table 3

 3 Summary of DFR excretion data.Initial Cu concentration inside the biofilm was equal to 23 ± 2 µmol gdry -1 for C8 and C24 and to 60 ± 10 µmol gdry -1 for C-96A and C-96B. C-96A and C-96B represent duplicates after 96 h of exposure performed during the same time in the same conditions. *n = m / 63.55 ǂ Values of δ 65 Cu biofilm (i) were derived from mass balance of analyzed data. See Supplement C for more details.

	Name Time Biomass nCu excreted (0→i+1)*	nCu biofilm	(i)*	δ 65 Cu biofilm	(i)	δ 65 Cu out	(i→i+1)
		(h)	(gwet)	(nmol)	(µmol)		(‰)	(‰)
	C8	0.7	11.4	1.5	na		na	na
		1.3		2.0	na		na	na
		2.0		2.5	na		na	na
		4.0		4.0	na		na	na
		6.0		5.4	na		na	na
		8.0		6.8	17.3		-1.14 ± 0.03	na
	C24	0.7	7.4	1.2	na		na	na
		1.3		1.8	na		na	na
		2.0		2.3	na		na	na
		4.0		3.7	na		na	na
		6.0		5.1	na		na	na
		8.0		6.2	na		na	na
		10.0		7.1	na		na	na
		12.0		8.0	na		na	na
		14.0		8.9	na		na	na
		16.0		9.7	na		na	na
		18.0		10.5	na		na	na
		20.0		11.1	na		na	na
		22.0		11.7	na		na	na
		24.0		12.5	14.8		-1.094 ± 0.003	na
	C-96A	0.0	4.6	0.0	na		-0.64 ± 0.09 ǂ
		14.3		19.0	na		na	0.15 ± 0.01
		16.0		21.6	na		na
		22.0		27.2	na		na
		24.0		28.9	na		-0.6 ± 0.1 ǂ
		38.3		43.2	na		na	-0.34 ± 0.01
		40.0		45.3	na		-0.6 ± 0.1 ǂ
		46.0		52.4	na		na	-0.12 ± 0.01
		48.0		54.2	na		-0.64 ± 0.09 ǂ
		62.5		68.8	na		na	-0.46 ± 0.01
		64.0		70.5	na		na
		70.0		75.8	na		na
		72.0		77.2	na		-0.64 ± 0.1 ǂ
		86.5		88.6	na		na	-1.01 ± 0.01
		88.0		89.7	na		na
		94.0		94.1	na		na
		96.0		95.3	17.6		-0.64 ± 0.03
	C-96B	0.0	4.5	0.0	na		-0.52 ± 0.045 ǂ
		14.3		20.1	na		na	-0.09 ± 0.06

na: not analysed data.
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The results are reported as the mean of different replicates and the errors represent standard deviation (1SD). ǂ X(Cu) excreted represents the excreted Cu fraction by the biofilm to the solution. *The values of apparent Δ 65 Cu were calculated from Eq. 2 and 3 for BR and DFR experiments, respectively.