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Catalysis of the electrochemical reduction of oxygen by bacteria isolated from electro-active biofilms formed in seawater

Biofilms formed in aerobic seawater on stainless steel are known to be efficient catalysts of the electrochemical reduction of oxygen. Based on their genomic analysis, seven bacterial isolates were selected and a cyclic voltammetry (CV) procedure was implemented to check their electrocatalytic activity towards oxygen reduction. All isolates exhibited close catalytic characteristics. Comparison between CVs recorded with glassy carbon and pyrolytic graphite electrodes showed that the catalytic effect was not correlated with the surface area covered by the cells. The low catalytic effect obtained with filtered isolates indicated the involvement of released redox compounds, which was confirmed by CVs performed with adsorbed iron-porphyrin. None of the isolates were able to form electro-active biofilms under constant polarization. The capacity to catalyze oxygen reduction is shown to be a widespread property among bacteria, but the property detected by CV does not necessarily confer the ability to achieve stable oxygen reduction under constant polarization.

Introduction

The high overpotential required for oxygen reduction to water is a major impediment to the development of economically efficient fuel cells. This problem is solved in low temperature chemical hydrogen/oxygen fuel cells by using platinum catalysts, but it reappears dramatically for microbial fuel cells (MFCs) because they function at pH values close to neutrality, at which platinum loses a large part of its catalytic properties for oxygen reduction. Many recent studies have been aimed at designing oxygen-reduction cathodes for MFCs in a variety of ways. Abiotic oxygen-reduction cathodes have been designed specifically for MFCs by decreasing Pt loading, using other catalysts like cobalt [START_REF] Lefebvre | Optimization of a Pt-free cathode suitable for practical applications of microbial fuel cells[END_REF] and iron-based compounds [START_REF] Aelterman | Microbial fuel cells operated with iron-chelated air cathodes[END_REF][START_REF] Harnisch | Comparative study on the performance of pyrolyzed and plasma-treated iron(II) phthalocyanine-based catalysts for oxygen reduction in pH neutral electrolyte solutions[END_REF] or chemically modifying the surface of carbon electrodes [START_REF] Duteanu | Effect of chemically modified Vulcan XC-72R on the performance of air-breathing cathode in a single-chamber microbial fuel cell[END_REF].

Microbial biocathodes are another solution which is elegant because these cathodes do not require metallic catalysts and consequently increase the sustainability of MFCs. Different types of microbial biocathodes have been designed for oxygen reduction (for a general review on biocathodes see [START_REF] He | Application of bacterial biocathodes in microbial fuel cells[END_REF]. Graphite fiber brush cathodes inoculated with aerobic acti-vated sludge revealed some efficiency [START_REF] You | Power generation and electrochemical analysis of biocathode microbial fuel cell using graphite brush as cathode material[END_REF]. Using domestic wastewater as inoculum [START_REF] Chen | Application of biocathode in microbial fuel cells: cell performance and microbial community[END_REF] designed a biocathode for nitrate reduction, which was also able to use oxygen intermittently as electron acceptor. Some microbial anodes have also proved capable of catalyzing the reduction of oxygen when they have an alternating supply of acetate and dissolved oxygen [START_REF] Cheng | Anodophilic biofilm catalyzes cathodic oxygen reduction[END_REF]. The mechanism has not been deciphered yet, but it has been suggested that the same group of bacteria might catalyze both anodic and cathodic reactions.

In freshwaters containing significant concentrations of manganese ions, manganese oxidizing bacteria use oxygen to reduce manganese ions to manganese oxide, which, on the electrode surface, reduces to manganese hydroxides and finally back to manganese ions. This manganese-mediated mechanism of oxygen reduction has led to promising microbial cathodes both in pure and in mixed cultures [START_REF] Rhoads | Microbial fuel cell using anaerobic respiration as an anodic reaction and biomineralized manganese as a cathodic reactant[END_REF][START_REF] Clauwaert | Open air biocathode enables effective electricity generation with microbial fuel cells[END_REF][START_REF] Roche | A microbial fuel cell using manganese oxide oxygen reduction catalysts[END_REF].

In seawater, aerobic biofilms formed on stainless steel have shown excellent ability to catalyze oxygen reduction. A stainless steel cathode coated by biofilm formed in seawater under polarization has been able to sustain current densities up to 460 mA/m 2 at potentials ranging from À0.10 to À0.40 V/SCE [START_REF] Bergel | Catalysis of oxygen reduction in PEM fuel cell by seawater biofilm[END_REF]. The presence of the biofilm increased the current density by around two orders of magnitude with respect to the clean stainless steel electrode. In this case, the seawater cathode was associated with an abiotic platinum anode that ensured hydrogen oxidation. A similar seawater biofilm cathode has also been successfully used in a marine MFC in association with microbial anodes [START_REF] Dumas | Marine microbial fuel cell: use of stainless steel electrodes as anode and cathode materials[END_REF][START_REF] Dumas | Checking graphite and stainless steel anodes with an experimental model of marine microbial fuel cell[END_REF]. The catalysis by marine biofilms of oxygen reduction on metallic materials has long been known in the field of microbial corrosion [START_REF] Scotto | The influence of marine aerobic microbial film on stainless steel corrosion behavior[END_REF][START_REF] Mollica | On Oxygen Reduction Depolarisation Induced by Biofilm Growth on Stainless Steel in Sea Water[END_REF] but the mechanism has not been clearly elucidated. Different hypotheses have been evoked (see [START_REF] Landoulsi | Ennoblement of stainless steel in the presence of glucose oxidase: nature and role of interfacial processes[END_REF] for a review). They include production of hydrogen peroxide in the biofilm [START_REF] Dupont | Effect of glucose oxidase activity on corrosion potential of stainless steels in seawater[END_REF][START_REF] L'hostis | Electrochemical behavior of metallic materials used in seawater -interactions between glucose oxidase and passive layers[END_REF] or involvement of extracellular compounds and enzymes [START_REF] Scotto | The ennoblement of stainless steels in seawater: a likely explanation coming from the field[END_REF][START_REF] Lai | Electrochemical reduction of oxygen on glassy carbon: catalysis by catalase[END_REF]. These models convincingly explain the open circuit potential increase, which is one of the main parameters in corrosion, but they

have not yet been able to reproduce in the laboratory the high current densities obtained under constant polarization with the natural biofilms formed in seawater. A recent study performed by polarizing seawater biofilms at different potential values demonstrated that the current recorded was proportional to the number of settled bacteria at each fixed potential [START_REF] Faimali | Evolution of oxygen reduction current and biofilm on stainless steels cathodically polarised in natural aerated seawater[END_REF]. At some potential values, the passive layer of the metal can also affect the electrochemical behavior of the interface.

Few studies have been devoted to identifying the bacterial communities that make up the biofilms of oxygen-reducing cathodes. A few papers have dealt with biofilms formed on the graphite cathodes of MFC placed in seawater [START_REF] Holmes | Microbial communities associated with electrodes harvesting electricity from a variety of aquatic sediments[END_REF][START_REF] Reimers | Microbial fuel cell energy from an ocean cold seep[END_REF] but they do not focus on the electrochemical activity of the biofilms. A recent study has been carried out on an oxygen-reducing cathode that was formed from an inoculum composed of domestic activated sludge mixed with environmental samples collected on rusted metals [START_REF] Rabaey | Cathodic oxygen reduction catalyzed by bacteria in microbial fuel cells[END_REF]. Strains of Sphingobacterium sp. and Acinetobacter sp. were isolated, cultivated in pure cultures and tested in MFC. They showed significant electrochemical activity for oxygen reduction but were approximately 20 times less efficient than the initial multi-species biofilm. A similar approach carried out on seawater electro-active biofilms formed on stainless steel cathodes allowed many different strains to be isolated [START_REF] Erable | Marine aerobic biofilm as biocathode catalyst[END_REF]. Isolates were used to inoculate a stainless steel electrode maintained under constant potential. Only two isolates, identified as Winogradskyella poriferorum and Acinetobacter johsonii, gave significant currents, around 7% and 3% of the current obtained with the wild initial biofilm. Recently similar seawater biofilms were formed in mesocosms of different volumes (from 2 L to 2 m 3 ) under different experimental conditions [START_REF] Faimali | Electrochemical activity and bacterial diversity of natural marine biofilm in laboratory closed conditions[END_REF]. The analysis of the microbial population that made up the biofilms showed a very high genetic variability but did not allow a correlation to be established between electrochemical activity and biofilm compositions. In addition, pure culture of Acinetobacter calcoaceticus and Shewanella putrefaciens from culture collections showed the ability to catalyze oxygen reduction on carbon paper cathodes [START_REF] Freguia | Electron transfer pathways in microbial oxygen biocathodes[END_REF].

The purpose of the present work was to look for possible electrochemical activity of bacterial strains isolated from aerobic marine biofilm. The electrochemical activity of the isolates was investigated through cyclic voltammetry (CV). Such a CV technique has revealed the unexpected capability of Enterobacter sp. and Pseudomonas sp. isolated from anaerobic bioanodes developed in garden compost to catalyze the electrochemical reduction of oxygen [START_REF] Parot | Electrochemically checking of aerobic isolates from electrochemically active biofilms formed in compost[END_REF]. Recently a similar CV procedure implemented on 20 different collection strains, including GramÀ and Gram+ bacteria and 15 different genera, has shown that the capability to reduce oxygen seems to be shared by a wide variety of aerobic microorganisms (14 electrochemically efficient strains including 12 different genera on 20 tested strains) [START_REF] Cournet | Electrochemical reduction of oxygen catalyzed by a wide range of bacteria including Grampositive[END_REF]. The purpose of the work was to implement a similar CV technique on the isolates coming from seawater biofilms that exhibited efficient catalysis of oxygen reduction.

Experimental

Marine biofilm growth

Seawater biofilms were formed at the marine station of the Instituto di Scienze Marine in Genoa harbor (Italy). Stainless steel electrodes (UNS S0254, 20 Â 30 cm) were plunged into a 100-L basin of seawater that was continuously renewed (6 L/h) and thermostatically maintained at 25 °C. Electrodes were connected via a screwed titanium wire and continuously polarized at À0.20 V vs. an Ag/AgCl reference electrode. A large surface area carbon electrode was used as the auxiliary electrode.

Bacteria isolation

The microbial diversity of the aerobic electroactive seawater biofilm was investigated by a polyphasic approach including both culture-dependent and culture-independent techniques as described elsewhere [START_REF] Vandamme | Polyphasic taxonomy, a consensus approach to bacterial systematics[END_REF]. The stainless steel cathodes were sonicated for 90 s (Branson 3200TM) in 30 mL of NaCl solution at 0.85% (w/v). Cell solutions were prepared by serial dilutions, inoculated on Marine Agar (MA) (DifcoTM 2216) and incubated aerobically for at least 5 days at 20 °C. Colonies were picked up and subsequently inoculated on MA. Pure cultures were stored at À20 °C or À80 °C using the MicroBankTM system. The isolates were screened and tentatively identified by Whole Cell Fatty Acid Methyl Ester (FAME) analysis [START_REF] Vandamme | Polyphasic taxonomic study of the emended genus arcobacter with Arcobacter butzleri comb-nov and Arcobacter skirrowii sp-nov, and aerotolerant bacterium isolated from veterinary specimens[END_REF].

Cyclic voltammetry

Escherichia coli strain K-12 was cultivated in 30 mL liquid Tryptic Soy Broth (TSB) medium and marine isolates in 30 mL Marine Broth (MB) medium. Both cultures were carried out at 30 °C under magnetic stirring (250 rpm) for 24 h. Cells were then washed and suspended in phosphate buffer as described elsewhere [START_REF] Parot | Electrochemically checking of aerobic isolates from electrochemically active biofilms formed in compost[END_REF]. The cell concentration in the final cell suspension was measured from the optical density (OD) at 620 nm. Cyclic voltammograms were performed at 100 mV/s at ambient temperature with a multipotentiostat (VMP2 Bio-Logic SA, France). A three-electrode system was used in a 100 mL glass cell (Metrohm) with a saturated calomel electrode (SCE) as reference and a platinum wire (0.5 mm diameter) as counter electrode. Glassy carbon (GC) rods (V25, 3 Â 150 mm, Carbone Lorraine, France) and pyrolytic graphite (PG) rods (6.15 Â 305 mm, Carbone Lorraine, France) were used as working electrodes. They were inserted in insulating resin to obtain disk electrodes of 3 and 6.15 mm diameter, respectively. The electrodes were polished with successively finer grade (P120, P400, P800, P1200, P2400, P4000) abrasive discs (LAM-PLAN, France) before each electrochemical experiment. The potential scan (100 mV/s) started from the open circuit potential and progressed towards the upper limit, in the range À1.00 to 0.70 V/SCE with GC electrode and between À0.75 and 0.40 V/SCE with PG electrode. These limits in potential values ensured a minimal residual current on the whole range. The standard CV procedure was composed of three steps set in the electrochemical cell without moving the electrodes:

-CV1 was performed in 5 mL sodium phosphate buffer (NaH 2 PO 4 ) 0.1 M at pH 7.5, 10 min after the electrochemical cell had been filled in order to allow the potential of the working electrode to stabilize. -CV2 was performed just after addition of 1 mL bacterial cell suspension to the buffer solution. -The electrode was kept in the bacterial cell suspension and stirred with a Teflon-coated magnetic stirrer for 90 min before CV3 was recorded.

In order to compare the effectiveness of the catalysis of oxygen reduction among the different experiments, the potential shift was measured at a constant value of the current, arbitrarily chosen at À6 lA, for all voltammograms.

Iron-porphyrin was purchased from Sigma-Aldrich (reference 257532). It was adsorbed on GC electrode surface as described elsewhere [START_REF] Lai | Electrochemical reduction of oxygen on glassy carbon: catalysis by catalase[END_REF]: 2 mg/mL porphyrin was dissolved in DMSO and the electrode was immersed in this solution for 15 min and then rinsed with the phosphate buffer before being used for CV.

Constant potential polarizations

Experiments were carried out in reactors containing 500 mL seawater gently bubbled with air. Reactors were equipped with a 254SMO stainless steel working electrode of 25 cm 2 projected surface area, a platinum grid of large surface area used as auxiliary electrode and an Ag/AgCl reference electrode. The stainless steel working electrode was cleaned before each experiment by immersion in 2% HF 0.5 M HNO 3 solution for 20 min and rinsed for 1 h with distilled water. The potential of the working electrodes was fixed at À200 mV vs. Ag/AgCl (VMP2, software EC-Lab v.8.3, Bio-Logic SA). The reactors were inoculated with 10 mL suspension of isolate.

Surface analysis and imaging

Water contact angles were determined with deionised water (reverse osmosis, Elga system, Veolia Water STI, resistivity 18.2 MX cm) by the sessile drop technique, using a DGD Fast 60 goniometer (GBX Scientific Instruments, Romans sur Isère, France) coupled with Windrop ++ software to record and analyze images. The data given resulted from averaging 10 measurements at different positions on the surface.

Scanning electron microscopy (SEM) was carried out on an LEO 435 VP-Carl Zeiss SMT at 10,000Â magnification working at 10 kV acceleration voltage. Bacteria adsorbed on the electrode surface were fixed with 2% (w/v) glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) applied for 20 min. Then the fixative buffer was poured out and the sample was washed twice for 15 min with fresh cacodylate buffer (0.1 M, pH 7.4) containing 0.2 M sucrose. Post-fixation was achieved with 1% osmium tetroxide in 0.1 M sodium cacodylate buffer (pH 7.4) and 0.15 M sucrose for 20 min. The fixative buffer was then poured out and samples were dehydrated through graded acetone series: 50% acetone for 5 min, 70% acetone for 5 min, 100% acetone for 30 min. Final dehydration was performed with acetone and hexamethyldisilazane (50:50) until total evaporation under a laminar air flow hood. The samples were sputtered with a thin layer of gold to guarantee their electrical conductivity. A gold film of approximately 10 nm was grown by means of a Scancoat Six SEM (Edwards) sputter coater. Digital image analyzing software (Image-Pro Plus, Media Cybernetics) was used to measure the percentage area of bacterial coverage on the electrode surface.

Results and discussion

Origin and description of isolates

Electrochemically active biofilms were formed on the surface of stainless steel cathodes immersed in seawater and polarized at À0.20 V vs. Ag/AgCl. After a few days, the current started to increase from very low initial values (current densities less than 1 mA/m 2 ) giving a sigmoid-shaped evolution with time up to a stable plateau. The most effective biofilms prepared in this study re-sulted in current densities around 200 mA/m 2 in almost quiescent seawater. The formation of electro-active biofilms on stainless steel in seawater under constant polarization has already been described [START_REF] Bergel | Catalysis of oxygen reduction in PEM fuel cell by seawater biofilm[END_REF][START_REF] Dumas | Marine microbial fuel cell: use of stainless steel electrodes as anode and cathode materials[END_REF][START_REF] Faimali | Evolution of oxygen reduction current and biofilm on stainless steels cathodically polarised in natural aerated seawater[END_REF]. It has been demonstrated that the current evolution is due to the progressive catalysis of oxygen reduction induced by the biofilm growth on the electrode surface [START_REF] Scotto | The influence of marine aerobic microbial film on stainless steel corrosion behavior[END_REF][START_REF] Mollica | On Oxygen Reduction Depolarisation Induced by Biofilm Growth on Stainless Steel in Sea Water[END_REF][START_REF] Faimali | Evolution of oxygen reduction current and biofilm on stainless steels cathodically polarised in natural aerated seawater[END_REF]. The electrodes were removed from the seawater basin when the current density stabilized. In some rare cases, biofilms proved to be less effective and gave smaller current values, without any obvious explanation. Both biofilms were used for further analysis in order to compare the microbial population of the efficient and the less active biofilms. The isolates were screened and tentatively identified by Whole Cell Fatty Acid Methyl Ester (FAME) analysis. The FAME profiles obtained were clustered and the genomic diversity was investigated by rep-PCR fingerprinting. Representatives of each FAME cluster were selected for 16S rRNA gene sequence analysis to identify the isolates more accurately. These microbial analyses, which have been reported elsewhere [START_REF] Vandecandelaere | Bacterial diversity of the cultivable fraction of marine electroactive biofilms[END_REF]) revealed a high phylogenetic diversity. Representatives of aand c-subclasses of the Proteobacteria, Flavobacteriaceae, Actinobacteria and Firmicutes were detected. For the cyclic voltammetry tests we selected one isolate (R-28817) identified as Halomonas aquamarina of the c-subclass of the Proteobacteria and six genotypically different isolates, belonging to the Roseobacter-lineage of the a3-subclass of the Proteobacteria (i.e. R-26140, R-28704, R-28809, R-26162, R-26156 and R-26165). Emphasis was put on the Roseobacter-lineage because it represents bacteria with high metabolic versatility. The seven selected isolates represented predominant groups in an electrochemically active biofilm, while these groups were almost absent in a less electrochemically active biofilm, as detected by a variety of culture-dependent techniques such as FAME analysis and BOX-PCR fingerprinting. By choosing such bacteria, we hoped to select those that had a higher likelihood of being electroactive.

Definition of a standard CV procedure

Cyclic voltammograms were achieved on glassy carbon disk electrodes at 100 mV/s in 5 mL phosphate buffer pH 7.5 (CV1) and just after the addition of 1 mL cell suspension of the isolate H. aquamarina R-28817 (CV2). This 1 mL bacterial cell suspension had an optical density (OD) of 0.341. CV were then recorded after the electrode had been kept for 30 min and 90 min in the bacterial cell suspension with magnetic stirring or 12 h without magnetic stirring (Fig. 1). No catalysis was observed in CV2 just after addition of the bacterial cells. In contrast, the potentials were shifted towards positive values in CV3. Such a positive shift of potential indicated that the reduction of oxygen started at lower overpoten- tials, i.e. that the reduction was catalyzed. The shapes of CV curves result from the balance between the diffusion rate of the reactant and the rate of the electrochemical reactions. Here, the presence of bacteria caused the appearance of a transient peak, which indicated an increase in the electrochemical reaction rate [START_REF] Lai | Electrochemical reduction of oxygen on glassy carbon: catalysis by catalase[END_REF]. Logically, the catalytic effect observed in CV3 did not affect the diffusion-limited current value, the current always tended to a similar value at the lower potentials (below about À0.80 V/SCE). The effectiveness of the catalysis was assessed by measuring the positive shift of potential at a constant value of current, arbitrarily chosen at À6 lA for all voltammograms. Here, the shifts of potential were 0.15 and 0.39 V with contact times of 30 and 90 min, respectively under magnetic stirring. When the electrode was kept in the bacterial cell suspension for 12 h without stirring, the shift of potential in the final CV was 0.33 V. The amplitudes of the reduction peaks were À10.0, À20.1 and À13.2 lA for contact times of 30 min, 90 min and 12 h, respectively. According to these results, the capacity of bacteria to catalyze oxygen reduction was improved after the electrode had been immersed in the bacterial cell suspension for 90 min under stirring. Therefore this procedure (waiting 90 min with stirring) was fixed as the standard procedure for further experiments.

Experimental analysis of the catalytic effect

Control experiments performed following this standard procedure but introducing 1 mL buffer instead of cell suspension did not show any catalytic effect (Supplementary information, Fig. S1), confirming that the catalysis was due to the presence of the bacteria. The standard procedure was implemented with the Roseobacter sp. R-26140 after deoxygenating the solution by 20 min of nitrogen bubbling and maintaining the reactor under a nitrogen flow during the experiment. No peak current appeared on CV1, CV2 or CV3 (Fig. 2a). After CV3 had been recorded, air was gently bubbled into the solution for 10 min. The CV recorded just after air bubbling showed a remarkable catalytic current. This control experiment confirmed that the catalytic effect was fully related to the reduction of oxygen. Moreover, it also indicated that the presence of dissolved oxygen was not required during the 90 min stirring step. Several standard CV procedures performed with Roseobacter sp. R-26140 at different concentrations gave similar curves with peak amplitudes increasing linearly with the optical density (OD) of the cell suspension (Supplementary information, Fig. S2), while the shift of potential reached a threshold around 0.30 V for OD values higher than 0.182.

The standard CV procedure applied to a bacterial cell suspension of Roseobacter sp. R-28704 (initial OD = 0.300) showed a shift of potential of 0.31 V at À6 lA on CV3 with a peak current of À18.7 lA (Fig. 2b). The solution containing the cell suspension was replaced by fresh medium and a new CV was performed with the same electrode. A similar cyclic voltammogram was observed with a shift of potential of 0.28 V at À6 lA and peak amplitude of 16.6 lA. When the electrode was cleaned with smooth paper, a small wave was found, which disappeared in successive cycles. These data showed that the cells responsible for the catalysis of oxygen reduction were adsorbed on the electrode surface. The slight desorption of bacteria when the electrode was dipped into fresh buffer solution was expressed by a small decrease of the potential shift and peak amplitude compared to those obtained in the bacterial cell suspension. That was also consistent with the enhancement of catalysis with the contact time between the electrode and the bacterial cell suspension (Fig. 1) and the fact that stirring favored the phenomenon by increasing the adsorption rate.

A culture of Roseobacter sp. R26140 (OD = 0.206) was filtered through a 0.2 lm filter and the standard procedure was repeated, adding 1 mL of filtrate instead of the isolate suspension. There were thus no cells in the solution but only the metabolites excreted by the bacteria during the culture. There was no high current peak but a catalytic effect was observed with a potential shift of 0.20 V at À6 lA (Fig. 2c). The slight catalytic effect observed here was due to the presence of some compounds produced by the bacteria and dissolved in the bulk solution.

Influence of the electrode material

The standard procedure was implemented with the Roseobacter sp. R26140 isolate but with pyrolytic graphite (PG) instead of the glassy carbon (GC) electrode. In contrast to what was observed with GC electrodes, no efficient catalysis was obtained on pyrolytic graphite (Supplementary data, Fig. S2). A small wave corresponding to oxygen reduction appeared on PG with a shift of potential of only 0.15 V (at À120 lA). Two other isolates checked with PG electrodes led to similar behavior. SEM images were taken on bare surfaces of GC and PG and on the same surfaces after 90 min adsorption of the microbial cells. The percentages of surface area covered by adherent bacteria determined from SEM pictures (Fig. 3) by digital image analysis (see experimental section) were 26% on PG and 50% on GC. The small catalytic effect observed on PG (in terms of current enhancement) was well below half the catalytic effect obtained with GC. The difference in catalytic efficiency between the two materials was not straightforwardly correlated with the microbial coverage of the surface. Measurement of the contact angle with water by the sessile drop method gave the same value of 79°for both materials, which corresponds to a slightly hydrophilic surface. The difference with regard to coverage ratio cannot be explained by differences in hydrophilicity. SEM pictures also showed similar surface roughness of the clean materials, but they indicated a clear difference in the bacterial coating. Cells adsorbed on the GC surface seemed to be coated by a film, which made the bacteria appear brighter than on the PG surface. In addition, SEM pictures showed small craters scattered all over the bare surface of a clean GC electrode (Fig. 3 graph A). After bacterial adhesion, craters were no longer observed anywhere, indicating that a fairly uniform film coated the electrode surface (Fig. 3, graph C). In contrast, on PG, the roughness of the surface was still apparent between adhered bacteria. The bacterial cells were simply deposited on the surface, without the presence of any film around them or in the extracellular space (Fig. 3, graphs B and D). The difference observed here between GC and PG electrodes was not linked to the percentage of surface that was covered by adsorbed microbial cells, but the type of adhesion appeared significantly different.

The low catalytic effect observed with the filtrate (Fig. 2c) shows that a released compound is involved in the catalytic mechanism. Moreover, all the observations made here are consistent with the hypothesis that the whole catalytic effect is observed only when the extracellular redox compound is retained on the electrode surface. This assumption explains that the catalytic effect was not observed just after the introduction of the cell suspension into the reactor because some time is required to release the redox compound and to form the film that will retain it (Fig. 1). With the filtrate (Fig. 2c) the effect was lower because the redox compound was dissolved in the bulk and not retained on the electrode surface. SEM images of GC electrodes indicated a modification of the appearance of the surface that may be attributed to the formation of a thin film, which did not appear on PG electrodes. The low catalytic effect observed with PG electrodes thus confirmed the hypothesis. In the absence of extracellular film, PG electrodes did not allow the redox compounds to be retained on the electrode surface, the catalysis was ensured by the soluble compound only.

The role of redox proteins entrapped in the biofilm matrix has long been suggested to explain the catalysis of oxygen reduction by wild marine biofilms in the field of microbial corrosion [START_REF] Scotto | The influence of marine aerobic microbial film on stainless steel corrosion behavior[END_REF][START_REF] Scotto | The ennoblement of stainless steels in seawater: a likely explanation coming from the field[END_REF][START_REF] Landoulsi | Ennoblement of stainless steel in the presence of glucose oxidase: nature and role of interfacial processes[END_REF]. Extracellular enzymes such as catalases, peroxidases or superoxide dismutases, which are present in aerobic biofilms, could logically be such redox proteins. A previous analytical work has been performed in pretty similar conditions [START_REF] Lai | Electrochemical reduction of oxygen on glassy carbon: catalysis by catalase[END_REF]: GC electrode of 3 mm diameter, phosphate buffer 0.1 M pH 8.0 (instead of pH 7.5 here), CV scan rate of 20 mV/s (instead of 100 mV/s here) with catalase adsorbed on GC electrodes. The CV curves exhibited a similar catalytic effect on oxygen reduction with a peak current around 12 lA around À0.35 V/SCE. In parallel, it has been reported recently that heme proteins, such as iron-porphyrins, adsorbed on stainless steel cathodes are able to induce effective catalysis of oxygen reduction [START_REF] Hicham | Local analysis of oxygen reduction catalysis by scanning vibrating electrode technique: a new approach to the study of biocorrosion[END_REF]. In the field of microbial fuel cells, basic investigations have shown the involvement of heme proteins, bound to the outer membrane cells, in the electron transfer between anodes and cells [START_REF] Schröder | Anodic electron transfer mechanisms in microbial fuel cells and their energy efficiency[END_REF]. Electrochemical analysis performed on pure culture of A. calcoaceticus has shown that this species catalyzes oxygen reduction on a carbon paper cathode by excreting a redox compound with redox characteristics matching those of pyrroloquinoline quinone (PQQ) [START_REF] Freguia | Electron transfer pathways in microbial oxygen biocathodes[END_REF]. Moreover, it is known that metal complexes, such as iron-porphyrins, are present in natural biofilms and reveal a very high stability [START_REF] Sadowski | A view on the organic matter and metalloporphyrins biodegradation as characteristic components of black shale ores[END_REF]. To check the possible involvement of such compounds, the CV procedure was implemented in the same conditions with iron-porphyrin adsorbed on GC electrodes (Fig. 4). The catalytic effect was similar to those observed with the bacterial isolates, with a similar increase of the peak due to oxygen reduction: the peak potential was slightly higher around À0.25 V/SCE and the current was 24 lA at the peak.

CV procedure applied to seven different isolates

The standard CV procedure applied to 7 bacterial isolates showed high reproducibility in the catalysis of oxygen reduction (Fig. 5). The cell suspensions led to catalysis of oxygen reduction with potential shifts in the range 0.20-0.39 V at À6 lA (Table 1).

The cathodic peaks had the same shape with a peak potential between À0.41 and À0.45 V/SCE and amplitudes within the range À16.5 to À20.6 lA. Adsorbed catalase [START_REF] Lai | Electrochemical reduction of oxygen on glassy carbon: catalysis by catalase[END_REF] and adsorbed iron-porphyrin (Fig. 4) induced identical catalytic effects of oxygen reduction, with peak potentials slightly higher and peak currents of the same order of magnitude.

As a kind of control experiment, the standard CV procedure was applied to a bacterial cell suspension of E. coli K-12 (OD 0.615). Several experiments showed the catalysis of oxygen reduction with a shift of potential around 0.23 V at À6 lA on CV3. A peak current of À10.6 lA was observed at À0.48 V/SCE (Fig. 6). Comparing with the peak currents obtained with marine isolates, the catalytic effect was significantly smaller, considering the high E. coli concentration (OD 0.615) that was required to obtain this effect.

The CV recorded here with the isolates that represent predominant groups of a seawater microbial cathode were very close to those reported previously with Enterobacter sp. and Pseudomonas sp. isolated from an anaerobic microbial anode developed in garden compost [START_REF] Parot | Electrochemically checking of aerobic isolates from electrochemically active biofilms formed in compost[END_REF]. They are also very close to CVs that have been reported with collection strains of various genera [START_REF] Cournet | Electrochemical reduction of oxygen catalyzed by a wide range of bacteria including Grampositive[END_REF]. All these results demonstrate the capability of microorganisms to catalyze the electrochemical reduction of oxygen as a widespread property of bacteria. This is consistent with the demonstration that even some bioanodes can catalyze oxygen reduction [START_REF] Cheng | Anodophilic biofilm catalyzes cathodic oxygen reduction[END_REF]. The catalytic effect observed here with E. coli K12 confirms that the ability to catalyze oxygen reduction is shared by a large number of aerobic bacteria. However, in comparison with results obtained with marine isolates, E. coli K-12 gave significantly smaller catalytic effects (with higher cell concentration). Isolates coming from the electro-active biofilms therefore revealed a more effective catalytic capability.

Constant potential polarizations applied to seven different isolates

Stainless steel electrodes were polarized at À200 mV vs. Ag/ AgCl in 0.5 L fresh seawater under gentle air bubbling. After one day of polarization the reactor was inoculated with 10 mL suspension of isolates. The experiment was repeated twice with each of seven isolates and no current increase was observed after 7 days of polarization. None of the seven isolates were able to form electro-active biofilms under constant potential polarization. The procedure that was used in this work has been validated in a previous study by inoculating the reactor with complete samples collected from wild electroactive seawater biofilms. In this case the biofilms formed in the reactor always gave a significant current increase due to the catalysis of oxygen reduction [START_REF] Erable | Marine aerobic biofilm as biocathode catalyst[END_REF]. The procedure is consequently fully relevant to the detection of the formation of electro-active biofilms in aerated seawater when suitable inoculum is used. It must be concluded that the isolates extracted here from the seawater electroactive biofilm were not able to form a pure culture biofilm with stable electroactivity for oxygen reduction.

The electrochemical properties detected by CV are not sufficient to develop stable electroactive properties. The isolates are clearly capable of catalyzing oxygen reduction as indicated by the CV tests. All the experimental data support the hypothesis that a released redox compound is involved in the mechanisms and the efficiency of the catalysis depends on the possibility of retaining this compound on the electrode surface. Involvement of a redox released compound is consistent with numerous discussions reported in the literature in the fields of both microbial corrosion and MFC microbial cathodes. The hypothesis is also supported by the data reported with adsorbed catalase and the data recorded here with adsorbed iron-porphyrin. Nevertheless, it is demonstrated here that this redox equipment does not necessarily confer the ability to sustain stable electron transfer for oxygen reduction. [START_REF] Freguia | Electron transfer pathways in microbial oxygen biocathodes[END_REF] have reported the implication of a self-excreted redox compound (with redox characteristics matching those of pyrroloquinoline quinine) on the catalysis of oxygen reduction by a pure culture of A. calcoaceticus. These authors also suspected that, despite the possibility that oxygen reduction may occur based on pathways using excreted compounds, i.e. which by-pass the respiratory chain, other mechanisms that do require live bacteria may also occur. The final conclusion of the present work supports such thinking. Here it is demonstrated that CV detects a transient mechanism of oxygen reduction catalysis, linked to a released redox compound likely close to porphyrins or porphyrin-containing enzymes. A large variety of bacteria, including collection strains [START_REF] Cournet | Electrochemical reduction of oxygen catalyzed by a wide range of bacteria including Grampositive[END_REF] or strains isolated from anaerobic biofilms [START_REF] Parot | Electrochemically checking of aerobic isolates from electrochemically active biofilms formed in compost[END_REF] have been shown to induce similar catalytic effects in some extent. Nevertheless, this extracellular mechanism is not sufficient to explain the stable catalysis observed under constant polarization. Practically, for further investigations that would aim at improving the performance of microbial cathodes, using fast scan CV may open wrong tracks or, at least, must be implemented with great care.

Conclusions

The biofilms formed under polarization on stainless steel in seawater are known to afford promising capacities for oxygen reduction. Based on the analysis of their microbial composition, seven isolates were chosen that were representative of the predominant microbial groups of the biofilms that generated the highest currents. Each isolate revealed high efficiency in oxygen reduction catalysis through CV tests. A large number of bacteria that made up the seawater electro-active biofilms possess the redox equipment required to catalyze oxygen reduction. Nevertheless, this redox equipment does not necessarily confer the ability to sustain a stable catalysis under constant polarization. Further investigations may take benefit from turning towards other possible electron transfer pathways. 

Fig. 1 .

 1 Fig. 1. CV (scan rate 100 mV/s) with a GC electrode and cell suspension of Halomonas aquamarina R-28817 with different periods of time between cell injection and CV recording.

Fig. 2 .

 2 Fig. 2. Roles of dissolved oxygen, adhered bacteria and released compounds (GC electrode and cell suspension of Roseobacter sp.). (a) CV1 and CV3 were recorded in deoxygenated solution and CV4 after 10 minutes of air bubbling (Roseobacter sp. R-26140). (b) CV1 and CV3 were recorded following the standard procedure, then the cell suspension (Roseobacter sp. R-28704) was replaced by fresh buffer that did not contain cells and, finally, the electrode was cleaned. (c) CV1 and CV3 (standard procedure) obtained with the filtrate of bacterial cell suspension (Roseobacter sp. R26140).

Fig. 3 .

 3 Fig. 3. SEM images (magnification 10,000Â) of a clean electrode surface of glassy carbon (graph A) and pyrolytic graphite (Graph B), and after the electrodes had been kept in a cell suspension of Roseobacter sp. R-26140 for 90 min with magnetic stirring, glassy carbon (graph C) and pyrolytic graphite (Graph D).

Fig. 4 .

 4 Fig. 4. CV (scan rate 100 mV/s) recorded on clean GC electrode and after ironporphyrin adsorption.

Fig. 5 .

 5 Fig. 5. CV1 and CV3 (standard procedure) applied to bacterial cell suspensions of Roseobacter sp. R-26140 (graph A), Roseobacter sp. R-26156 (graph B), Roseobacter sp. R-26165 (graph C), Silicibacter sp. R-26162 (graph D), Sulfitobacter pontiacus R-28809 (graph E). For Roseobacter sp. R-28704, see Fig. 2d and for Halomonas aquamarina R-28817, see Fig. 1.

Fig. 6 .

 6 Fig. 6. CV1 and CV3 (standard procedure) obtained with a cell suspension of Escherichia coli K-12 (OD = 0.615).

Table 1

 1 Characteristics of the catalysis of oxygen reduction by seven bacterial isolates coming from a seawater electrochemically active biofilm.

	Bacterial isolates	Optical density (A)	Shift of potential (V)	Peak amplitude (lA)	Peak potential (V/SCE)
	H. aquamarina R-28817	0.341	0.39	À20.1	À0.41
	Roseobacter sp. R-28704	0.300	0.31	À18.7	À0.41
	Roseobacter sp. R-26140	0.424	0.30	À20.6	À0.41
	Roseobacter sp. R-26156	0.304	0.27	À17.0	À0.45
	Roseobacter sp. R-26165	0.218	0.30	À17.0	À0.45
	Silicibacter sp. R-26162	0.345	0.36	À16.5	À0.40
	S. pontiacus R-28809	0.352	0.20	À19.5	À0.44
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