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Diversity and spatiotemporal dynamics of bacterial communities: physicochemical and other drivers along an acid mine drainage Introduction Acid mine drainage (AMD) is one of the most pernicious forms of pollution in the world and is widely recognized as having costly environmental and socioeconomic impacts [START_REF] Hallberg | New perspectives in acid mine drainage microbiology[END_REF]. AMD occurs when waste from the extraction and processing of sulfide ore comes into contact with oxygenated water. Drainages are typically acidic and usually contain high concentrations of sulfate, metals and metalloids including arsenic. Although perceived as extreme environments hostile to life, a variety of microorganisms are able to thrive in it. For some of them, their role in the oxidation of sulfide minerals, which leads to bioleaching, is well known, as is their role in natural attenuation of such polluted waters [START_REF] Edwards | Geochemical and biological aspects of sulfide mineral dissolution: lessons from Iron Mountain, California[END_REF][START_REF] Hallberg | New perspectives in acid mine drainage microbiology[END_REF][START_REF] Johnson | Geomicrobiology of extremely acidic subsurface environments[END_REF]. Despite the central role of microorganisms in such ecosystem functioning, our understanding of the mechanisms shaping microbial community structure and diversity in AMD remains limited. As pointed out by [START_REF] Miller | Barcoded pyrosequencing reveals shared bacterial community properties along the temperature gradients of two alkaline hot springs in Yellowstone National Park[END_REF], deciphering how microbial communities are patterned along environmental gradients is a pivotal question in microbial ecology. Although AMD is characterized by changing conditions over time and space, few studies were interested in comparing the microbial communities along such environmental gradients. The AMD of Carnoul es in southern France provides an excellent opportunity to investigate these fundamental questions of microbial ecology. This site is characterized by an acid pH (2-4) and high levels of metal and metalloids, in particular As (up to 10 g L À1 in the tailings stock pore water, and 100-350 mg L À1 at the source of Reigous Creek), and natural attenuation processes result in a strong spatial pollution gradient along the drainage. Indeed, nearly 95% of the arsenic in solution is removed between the source of Reigous Creek, which emerges from the mine tailings, and its confluence with the Amous River, 1.5 km downstream. To our knowledge, this AMD is one of the most As-rich AMDs reported to date [START_REF] Morin | Arsenic in soils, mine tailings, and former industrial sites[END_REF]. It is an outstanding example of adaptation to life in an extreme environment.

In this study, we used a combination of molecular approaches to investigate the spatial and temporal dynamics of bacterial communities in relation to the physicochemical parameters in Carnoul es acid mine drainage. Using 16S rRNA gene pyrosequencing and terminal restriction fragment length polymorphism (T-RFLP), our aim was (1) to characterize the spatial dynamics of the structure and composition of the bacterial communities along an environmental gradient, (2) to evaluate the temporal changes in the composition of the communities, and (3) to determine whether their dynamics could be linked to variations of environmental conditions.

Materials and methods

Description of the study site

The Pb-Zn Carnoul es mine, located in southern France, produced 1.2 Mt of solid wastes that are stored behind a dam and contain 0.7% Pb, 10% Fe, and 0.2% As. The aquifer is not fed by vertical percolation of rainwater through the tailings, but rather originates from natural springs that were buried under the tailings [START_REF] Koffi | Reverse oxidation zoning in mine tailings generating arsenic-rich acidic waters (Carnoul es, France)[END_REF]. The water table is 1-10 m below the surface of the tailings stock, depending on the season and location. With the exception of temperature, which is almost constant with average values around 15 °C, the physicochemical parameters of the groundwater vary as a function of the hydrological conditions (Casiot et al., 2003b). In 2001, the groundwater below the tailings contained extremely high levels of arsenic: up to 10 000 mg L À1 (Casiot et al., 2003b). The water emerges at the bottom of the dam, forming the source of the Reigous Creek. This AMD is acid (pH ≤ 3), with high concentrations of sulfate (2000-7700 mg L À1 ), iron (500-1000 mg L À1 ), and arsenic (50-350 mg L À1 ). Iron and arsenic are mainly present in their reduced forms Fe(II) and As(III) (Casiot et al., 2003a). The natural attenuation of As is the result of microbiologically mediated As-Fe coprecipitation [START_REF] Morin | Bacterial formation of tooeleite and mixed arsenic(III) or arsenic(V)-iron(III) gels in the Carnoul es acid mine drainage, France. A XANES, XRD, and SEM study[END_REF][START_REF] Bruneel | Diversity of microorganisms in Fe-As-rich acid mine drainage waters of Carnoul es, France[END_REF]. 10-47% of Fe, and 20-60% of As are removed from the aqueous phase within the first 30 m of the creek. Beyond this point (COWG sampling site, located 30 m downstream from the spring, Fig. 1), the Reigous receives water from quarries and mine galleries, especially after rainfall events, which strongly influence its acidity and metal content [START_REF] Egal | An updated insight into the natural attenuation of as concentrations in Reigous Creek (southern France)[END_REF].

Sampling procedure and measurement of physicochemical properties

Six sampling campaigns were carried out in November 2007, February 2008, October 2008, March 2009, November 2009, and January 2010 at five sampling sites, resulting in a set of 30 samples. Groundwater was collected from a borehole (S5, between 10 and 12 m deep) located within the tailings. Water samples were also taken at four sites along Reigous Creek (collecting downstream seepage water from the surroundings) at the spring (S1), 30 m downstream from the spring (COWG), 150 m downstream (GAL), and 1500 m downstream (CONF), just before the confluence between Reigous Creek and the Amous River (Fig. 1). Water samples (300 mL) were immediately filtered through sterile 0.22 lm Nuclepore filters, which were transferred to a collection tube (Nunc), frozen in liquid nitrogen, and stored at À80 °C until DNA extraction. This sampling was carried out in triplicate. Measurements of water conductivity, temperature, redox potential, pH, and dissolved oxygen concentration were carried out as previously described [START_REF] Bruneel | Characterization of the active bacterial community involved in natural attenuation processes in arsenic-rich Creek sediments[END_REF]. For chemical analyses, 500 mL water samples were immediately filtered through 0.22 lm Millipore membranes fitted on Sartorius polycarbonate filter holders. For total Fe and As determination, the filtered water was acidified to pH 1 with HNO 3 (14.5 M) and stored at 4 °C in polyethylene bottles until analysis. A 20 lL aliquot of the filtered water sample was added either to a mixture of acetic acid and EDTA [START_REF] Samanta | Preservation of inorganic arsenic species in groundwater[END_REF] for As speciation or to a mixture of 0.5 mL acetate buffer (pH 4.5) and 1 mL of 1,10-phenanthrolinium chloride solution [START_REF] Rodier | L'Analyse des Eaux[END_REF] for Fe(II) determination. The vials were filled to 10 mL with deionized water. Samples destined for Fe and As speciation and sulfate determination were stored in the dark and analyzed within 24 h. Chemical analyses were carried out as previously described [START_REF] Bruneel | Characterization of the active bacterial community involved in natural attenuation processes in arsenic-rich Creek sediments[END_REF].

DNA isolation

Genomic DNA was extracted in triplicate from filtered water using the UltraClean Soil DNA Isolation Kit GCGCCTTGCCAGCCCGCTCAG-3 0 ), and xxx represent the sample-specific barcode sequence. PCR was performed using 30-35 cycles under conditions identical to those described above for T-RFLP. The number of cycles was varied with the samples to obtain a strong band with a minimum number of cycles to respect the initial abundances of bacterial communities. The 90 PCR products with a proximal length of 569 bp were excised from 1% agarose gel and purified with the QIAquick Gel Extraction Kit (QIAGEN Inc., Valencia, CA). To minimize random PCR bias, triplicates were pooled in equimolar ratios prior to pyrosequencing. Pyrosequencing of the 30 amplicon libraries was performed on a GS-FLX-Titanium sequencer (Roche 454 Life Sciences) at the GenoToul genomic platform in Toulouse (France) using four separate 1/8 region of a plate.

Processing of pyrosequencing data and taxonomic classification

Preliminary quality checks, sorting, and trimming of the 454 reads were carried out using the NG6 pipeline (http://vm-bioinfo.toulouse.inra.fr/ng6/). Tags were extracted from the 454 reads using the sff file (Roche software), and three kinds of analysis were performed as described by [START_REF] Ueno | Bioinformatic analysis of ESTs collected by Sanger and pyrosequencing methods for a keystone forest tree species: oak[END_REF]: (1) BLAST search for E. coli, phage, and yeast contaminants, (2) read quality analysis, and (3) removal of sequences that were too long or too short (sequences with more or less than two standard deviations from the mean), sequences containing more than 4% of N, low-complexity sequences and duplicated reads, using Pyrocleaner. The sequences were then analyzed with the software Mothur version 1.30 [START_REF] Schloss | Introducing mothur: open-source, platform-independent, community-supported software for describing and comparing microbial communities[END_REF]. Preprocessing of unaligned sequences included removing sequences < 450 bp, all sequences containing ambiguous characters, and sequences with more than eight homopolymers. We also removed sequences that did not align over the same span of nucleotide positions. Identical sequences were grouped, and representative sequences were aligned against the SILVA bacterial and archaeal reference database using the Needleman-Wunsch algorithm [START_REF] Needleman | A general method applicable to the search for similarities in the amino acid sequence of two proteins[END_REF]. Chimeric sequences were detected and removed using the implementation of Chimera Uchime. A further screening step (precluster) was carried out to reduce sequencing noise by clustering reads differing by only one base every 100 bases [START_REF] Huse | Ironing out the wrinkles in the rare biosphere through improved OTU clustering[END_REF]. The remaining high-quality reads were used to generate a distance matrix and were clustered into operational taxonomic units (OTUs) defined at 97% cutoff using the average neighbor algorithm. Next, the OTUs were phylogenetically classified to genus level using the naive Bayesian classifier (80% confidence threshold) trained on the RDP taxonomic outline implemented in Mothur and a modified bacterial database. In silico T-RF prediction of the 16S rRNA gene sequences obtained in this study was performed using the program TRiFLE [START_REF] Junier | TRiFLe, a program for in silico terminal restriction fragment length polymorphism analysis with user-defined sequence sets[END_REF], and predicted T-RFs were linked to measured T-RFs from the microbial community profiles.

Estimation of diversity and statistical analysis

Diversity indices

Nonparametric Chao1 and Shannon alpha diversity estimates, as well as coverage and rarefaction curves, were calculated with MOTHUR v.1.30 for each sample. Analysis of variance (ANOVA) was performed with Tukey's tests to identify differences between sampling sites.

Cluster analysis

To compare community composition based on T-RFLP and 454-pyrosequencing data, normalized OTUs abundances were square-root-transformed and pairwise dissimilarities among samples were calculated using the relative abundance-based Bray-Curtis index (BC). Nonmetric multidimensional scaling (nMDS) analysis was performed on the dissimilarity matrices to visualize patterns of community composition. Using the 454-pyrosequencing data, we carried out a random sampling procedure to make equal the number of sequences per sample (486 sequences) and we removed singleton OTUs (sequences that only occurred once) to reduce the influence of rare OTUs. One-way analysis of similarity (ANOSIM) and multiple pairwise comparisons were used to test whether there were significant differences in community composition in space. R-values > 0.75 are commonly interpreted as well-separated bacterial compositions; R > 0.5 as overlapping, but clearly different; and R < 0.25 as practically not separable.

CCA

Canonical correspondence analyses (CCAs) were used to explore variations in the bacterial communities under the constraint of our set of environmental variables. Explanatory variables were log(x + 1)-transformed where necessary to approximate normal distribution. This model was tested with Monte Carlo permutation tests (499 randomized runs) to determine significance, and each environmental parameter was tested by stepwise analysis to detect significant predictors. All statistical analyses were performed with R 3.0.1 (R Development Core Team, 2012) including the VEGAN package.

Results

Spatial and temporal analyses of the environmental data set

The physicochemical characteristics of the water samples were determined for six sampling dates and at five different sites in a borehole and along Reigous Creek (Fig. 1; Supporting Information, Table S1). With the exception of pH, the environmental variables measured differed significantly between sites (ANOVA, P < 0.05). A significant decrease (Tukey's test, P < 0.01) in temperature was observed in Reigous Creek, where the influence of air temperature causes a larger range of values (Fig. 2a) in contrast to the temperature of the water in the borehole (S5) and at the source of the Reigous (S1), which did not differ significantly (13.3 AE 1.4 °C and 13.6 AE 1 °C, respectively, and Tukey's test, P = 0.99). All samples were characterized by low pH (≤ 3.7). No significant variations in pH (ANOVA, P = 0.49) were observed between the sampling sites located downstream from the source (COWG, GAL and CONF; Fig. 2b). Dissolved oxygen (DO) concentrations in the water at the upstream sites presented a mean of 1.0 AE 1.0 mg L À1 for S5 and 0.8 AE 0.6 mg L À1 for S1, denoting generally suboxic conditions at these sites. DO increased sharply between S1 and COWG (mean of 6.1 AE 1.8 mg L À1 ) (Fig. 2c) and continued to increase slightly all along the creek, to reach a mean of 10.5 AE 1.3 mg L À1 at CONF. The redox potential (Eh) showed average values of 558 AE 85 mV at S5. Eh increased along Reigous Creek from 512 AE 39 mV at S1 to 635 AE 99 mV at CONF (Fig. 2d). In contrast, average conductivity decreased from 7588 AE 5203 lS cm À1 at S5 to 5121 AE 631 lS cm À1 at S1 and reached minimum (1612 AE 97 lS cm À1 ) at CONF (Fig. 2e). Sulfate (SO 4 2À ) concentrations were maximum in the groundwater at S5 with a mean of 14 080 AE 10 630 mg L À1 . After a sharp decrease at S1 (average values of 2682 AE 1180 mg L À1 ), concentrations gradually decreased along Reigous Creek (Fig. 2f). Dissolved Fe concentrations in the groundwater at S5 exhibited average values of 4474 AE 2855 mg L À1 . Fe concentrations decreased from the source (S1, average values of 1317 AE 383 mg L À1 ) to CONF, where Fe remained below 82 mg L À1 (Fig. 2g). The proportion of Fe(III) (difference between Fe(total) and Fe(II)) was generally negligible except at some sampling dates at S5 and CONF (Table S1). At S5, concentrations of dissolved arsenic (As) exhibited an average value of 440 AE 184 mg L À1 (Fig. 2h). Along Reigous Creek, As concentrations decreased with increasing distance from the source (average value of 175 AE 71 mg L À1 ), to values below 6 mg L À1 at CONF (Fig. 2h), with predominance of the reduced form As(III). An average of 65% of sulfate, 96% of iron, and 99% of arsenic were removed from the aqueous phase between S1 and CONF sampling sites.

Diversity and species richness estimators of bacterial communities

Hex-labeled PCR products were digested separately with two restriction enzymes. HpaII that produced the largest numbers of T-RFs (data not shown) was used to assess the differences in the microbial communities. T-RFLP profiles generated showed a total of 43 different T-RFs for the five sites, and the number of T-RFs detected in each sample varied from 2 to 17 (Fig. 3). Average T-RF richness (number of T-RFs) and average Shannon diversity indices calculated from relative peak intensity data were highest at S1 and COWG (H = 2.03 AE 0.3 and H = 1.96 AE 0.3, respectively), while the lowest values were observed at GAL (H = 1.26 AE 0.4; Fig. 4a). Values at CONF were intermediate (H = 1.67 AE 0.7). Although bacterial community diversity varied among the sampling sites, the differences were not significant (ANOVA, F = 2.46, P = 0.071). For each site, the bacterial community showed variations over time, but no particular trend could be identified. Some T-RFs were found in the majority of the profiles (e.g. T-RF 150), where they usually accounted for a high proportion of the total T-RFs (Fig. 3). Between one and three site-specific T-RFs were identified in all the sites (in red in Fig. 3).

A total of 99 441 sequence reads were generated in a single run of 454-pyrosequencing from 30 independent 16S rRNA gene libraries. Note that pyrosequencing of two samples taken in February 2008 (S5 and S1) failed and were thus excluded from analysis. After trimming and processing with Mothur, 63 442 reads remained with an average length of 530 bp. Clustering of the remaining sequences led to the identification of 6613 OTUs (including 4510 singletons) defined at 97% identity. Although singletons represented 68% of the total number of OTUs, they only accounted for 7% of the total DNA sequences. The results of rarefaction analysis along with the Chao1 and the Shannon indexes and coverage values are listed in Table 1. In the resampled data set, Good's coverage ranged from 69% to 97% with an average value of 85%, indicating that the majority of bacterial phylotypes were recovered. Species richness (Chao1 index) of the bacterial communities presented significant variations along Reigous Creek (ANOVA, P = 0.001, F = 6.66) (Fig. 4b). The nonparametric estimators Chao1 ranged between 52 and 495 estimated OTUs for all the sites considered (Table 1). The highest average OTU richness was found at CONF and S1 (Chao1 = 364 AE 145 and 296 AE 32, respectively), suggesting that an important number of OTUs were not revealed by the analysis of these two sites. Situated Coverage: sum of probabilities of observed classes calculated as (1

À (n/N))
, where n is the number of singleton sequences and N is the total number of sequences.

Values in brackets are 95% confidence intervals.

between these two sites, COWG and GAL exhibited intermediate richness estimates (Chao1 = 236 AE 110 and 215 AE 39, respectively). The lowest richness was observed in the tailing groundwater at S5 (Chao1 = 100 AE 33). Bacterial OTU diversity, estimated by the Shannon index, also differed significantly between sites (ANOVA, F = 3.01, P = 0.039), with values ranging from 1.33 to 5.07 (Table 1). In agreement with T-RFLP data analysis (Fig. 4a), the highest average diversity value was found at S1 (H = 3.91 AE 0.36) and the lowest value at GAL (H = 2.20 AE 0.47) (Fig. 4b). As predictable, average T-RF diversity is lower than OTU diversity (c. 50%); indeed, taxon-specific resolution of pyrosequencing is much higher than fingerprinting [START_REF] Pilloni | Testing the limits of 454 pyrotag sequencing: reproducibility, quantitative assessment and comparison to T-Rflp fingerprinting of aquifer microbes[END_REF]. Again, no seasonal trend was observed. The same richness and diversity patterns were observed in both the full and resampled data sets, although the richness estimator and Shannon index were higher in the full data set, due to the larger number of sequences (data not shown).

Taxonomic assignment of bacterial pyrosequencing reads and T-RFs

At a confidence threshold of 80%, we were able to assign 56 426 of 63 442 qualified reads (that is, 89%) to a known phylum (Table S2) and 76% to a known order (Supporting Information, Fig. S1). Most of the unclassified reads (55% representing 9.6% to 37% of the qualified reads of each sample) were associated with samples collected at S1. Altogether, 23 bacterial phyla were recovered from our samples, with 4-8 different phyla found in samples collected at S5, 12-13 at S1, 9-14 at COWG, 10-13 at GAL, and 9-20 at CONF (Table S2). Most of the bacterial sequences (86%) belonged to phyla that are most often encountered in acid mine drainages worldwide (Proteobacteria, Actinobacteria, Firmicutes, Acidobacteria, Bacteroidetes, and Nitrospirae). In addition, microorganisms representing 0.5% of the total sequences were related to CARN1, 'Candidatus Fodinabacter communificans'.

Proteobacteria was the most abundant phylum in all the samples, accounting for 69.6% of all sequences retrieved. This phylum was represented by bacteria belonging to the Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, Deltaproteobacteria, and Epsilonproteobacteria. The most abundant classes in nearly all the samples were Betaproteobacteria and Gammaproteobacteria (average values of 63.4% and 30.4% of the pyrosequencing reads, respectively). There were dominated by Gallionellales and Acidithiobacillales, respectively (Fig. S1a). Three other phyla, Actinobacteria represented mainly by Acidimicrobiales and Actinomycetales, Firmicutes (principally Clostridiales and Bacilliales), and Acidobacteria, were also abundant but their proportion varied depending on the sample analyzed (Fig. S1b-d). Most of the sequences associated with Acidobacteria could not be classified to the order level except for Acidobacteriales and Holophagales. As can be seen in Fig. S2, a relatively small number of OTUs dominated at all sites (> 1% in total abundance per sample). The most abundant OTUs were phylogenetically related to Gallionella ferruginea (Gallionellales), Acidithiobacillus ferrooxidans (Acidithiobacillales), and Thiobacillus sp. (Hydrogenophilales), collectively accounting for 41% of all the sequences. When possible, T-RFs were assigned to a taxon or a group of taxon by in silico restriction of 16S rRNA gene sequences. Among the five dominant T-RFs (91, 100, 125, 150, and 162 bp in size), T-RFs 91 and 100 could not be assigned to any specific phylogenetic group. Armatimonadetes gp4 and Chlorobi were represented by T-RF 125, and T-RF 150 was mainly related to Deinococcus-Thermus, Spirochaetes, and Actinobacteria. While T-RF 162 was mainly related to A. ferrooxidans, it could be assigned to other proteobacterial phylotype detected in this AMD.

Spatial and temporal variations in bacterial community structure

Spatiotemporal dynamics of bacterial populations were identified by T-RFLP analysis and 454-pyrosequencing of 16S rRNA genes (Fig. S3).

Although samples formed overlapping clusters on the nMDS plot of the T-RFLP profiles, weak but significantly different bacterial communities at the five sites were revealed (ANOSIM Global R = 0.2819, P < 0.001). S5 differed significantly from the other sites, with some overlapping communities (pairwise tests: r-values ranging from 0.45 to 0.61, P < 0.05). These results highlighted changes in the structure of the bacterial communities between the tailing groundwater (S5) and the water in Reigous Creek. The high dissimilarity observed within each site revealed variations in community structure over time, especially at S5, GAL, and CONF (Fig. S3a). These variations may have masked a spatial pattern.

nMDS analyses of 454-pyrosequencing data also showed that the composition of the bacterial communities differed significantly along the spatial gradient from the sterile (S5) to the confluence (CONF) (Fig. S3b). Furthermore, an ANOSIM test corroborated the nMDS plot data, revealing significantly different bacterial compositions in water as a function of the spatial location (Global R = 0.6192, P < 0.001), except at GAL and COWG which did not differ significantly (ANOSIM pairwise comparison r = 0.206, P = 0.37). Higher temporal variation at CONF was highlighted by the large cluster on the nMDS plot. The marked temporal variations in the bacterial community at S5 and CONF highlighted by the two data sets may be linked to the stronger seasonal fluctuation of some physicochemical parameters at these sites, particularly temperature at CONF (Fig. 2a) and pH, Eh, sulfate, Fe, and As at S5 (Fig. 2b, d, f, g andh).

We investigated the four most abundant phyla to get a global view of the variations of bacterial communities along the creek (Fig. S1). Proteobacteria distribution varied between samples, with a relative predominance of Acidithiobacillales in samples from S5 and S1, followed by the dominance of Gallionellales in the majority of other samples (Fig. S1a). A general increase in Betaproteobacteria was observed in the downstream direction of Reigous Creek. Among Actinobacteria, the Acidimicrobiales were present in all samples except those collected at CONF where almost equal proportions of Acidimicrobiales and Actinomycetales were retrieved (Fig. S1b). The Firmicutes phylum revealed the dominance of Clostridiales in samples from S5, whereas Bacillales were dominant at the other sites, again except CONF. Different orders were dominant at CONF over time, including Lactobacillales and Selenomonadales (Fig. S1c). No Acidobacteria were retrieved at S5 in October 2008 (Fig. S1d).

We also assessed the dynamics of the dominant genera (> 5% in total abundance per sample) (Fig. 5). The relative abundance of genera at each site varied over the sampling period. While the relative abundance of Gallionella was almost constant in COWG and GAL, there was an important temporal variation in the other sites. This was evident in S5 where this genus was extinct and re-thrived over time (Fig. 5a). Although Gallionella was present in almost all sites for a sampling date, there was no clear relationship between sites. Indeed, GAL and COWG exhibited a relatively high proportion of Gallionella at almost all the sampling dates (as much as 85% of all pyrosequencing reads at GAL) without any link with the upstream sites S5 and S1 (Fig. 5b). In contrast, Acidithiobacillus represented a minor fraction of the bacterial community, except at S5 where this OTU was dominant (24-72% of the pyrosequencing reads). The relative abundance of Acidithiobacillus showed a decreasing trend along the continuum for each sampling date (Fig. 5b). This genus also exhibited an increase in October 2008 and March 2009 for S5 and S1 (Fig. 5a). Members of the Thiobacillus genus showed higher proportion in COWG at each sampling date independently of the other sites (Fig. 5b). The temporal variation of this genus was minor except an important increase at GAL in October 2008 (Fig. 5a).

T-RFLP profiles from the 30 samples were investigated to assess the dynamics of T-RFs (Fig. 3). Among the five dominant T-RFs, T-RFs 91 and 100 represented a large proportion of the T-RFLP profiles in almost all samples except those from S5. T-RF 125 related to Armatimonadetes gp4 and Chlorobi was more abundant in samples from S5 and S1 than in downstream samples. T-RF 150 (Deinococcus-Thermus, Spirochaetes, and Actinobacteriarelated) was the most abundant phylotype in the tailings groundwater (S5), accounting for up to 70% of the T-RFLP profiles. It was relatively abundant along the creek especially at GAL. T-RF 162 (related to A. ferrooxidans but also to other proteobacterial phylotype) was not dominant at S5 and represented a minor fraction of the bacterial community along the creek.

Linking bacterial community structure to environmental variables

Canonical correspondence analysis (CCA) was performed to elucidate the main relationships between physicochemical variables and bacterial community structure and composition (Fig. 6). Samples were plotted in different areas of the diagram depending on their environmental characteristics. The resolution of 454-pyrosequencing allowed to account for more variation than T-RFLP (36.4% and 20.5%, respectively) in the species-environment relationship across the first two canonical axes. CCA axis 1 based on T-RFLP data only separated the samples into two clusters, one containing the tailings site (S5) and the other grouping the sites along the creek (S1, COWG, GAL, and CONF), with sulfate, DO, and pH being the strongest determinants of bacterial community structure (Fig. 6a). In contrast, a higher resolution was observed with CCA axis 1 based on 454-pyrosequencing data, which was most closely correlated with iron, arsenic, and conductivity and separated the sampling sites into three clusters (CONF, GAL+COWG, and S1+S5) as a function of the pollution gradient (Fig. 6b). The upstream site S5 was highly polluted and little oxygenated, whereas the downstream site CONF was less polluted and characterized by a higher redox potential (Eh). CCA axis 2 separated samples according to water temperature. After the Monte Carlo permutation test, the environmental variables significantly correlated with the canonical axes based on 454-pyrosequencing data were arsenic (F-ratio = 1.9, P = 0.01), temperature (F-ratio = 1.4, P = 0.01), and sulfate (Fratio = 1.4, P = 0.01). The differences between the two data sets were probably due to the power of 454-pyrosequencing over T-RFLP for taxon resolution. Focusing on 454-pyrosequencing data, the influence of environmental variables on dominant OTUs (> 5% of total abundance per sample) was also investigated (Fig. S4). Nineteen of the 23 dominant OTUs showed a strong correlation with the physicochemical parameters. Five OTUs (15, 16, 28, 32, and 52) were strongly correlated with elevated DO and Eh and 14 with high temperatures and high concentrations of As, Fe, and sulfate. As indicated by the position of OTUs 1, 3, 4, and 11 on the graph, near the origin of the bacterial community at each site. Temporal variations of the bacterial communities could also be observed at each site although no particular trend could be identified. However, the important temporal variation of the bacterial community observed at S5 and CONF may be due to a higher seasonal fluctuation in physicochemical parameters at these two sites, especially temperature at CONF, and pH, Eh, sulfate, Fe, and As at S5. However, our fine-scale investigation at the genus level of the bacterial communities along the Reigous Creek over time provided some important data and allowed to establish some hypothesis about community composition. Indeed, Gallionella in contrast to Acidithiobacillus do not seem to benefit from the seed bank provided by the most upstream sites (S5 and S1). This suggests that Gallionella, under a process that still need to be elucidated, extinct/ re-thrived at each site over time. In contrast, Acidithiobacillus that is preferentially encountered upstream of the Reigous Creek or Thiobacillus that thrived at COWG could be found at these sites, under conditions that reflect their preferential habitats. The presence of these organisms downstream of the sites would instead reflect dispersal from sites.

Physicochemical parameters shape the composition of the bacterial community

This work highlighted a spatial gradient of physicochemical conditions linked to a significant shift in bacterial community composition along the continuum. Indeed, canonical correspondence analysis of the whole pyrosequencing data set indicated that arsenic, temperature, and sulfate were the factors that most influence the composition of the bacterial communities (Fig. 6b). The level of pollution affects also some dominant bacterial populations (> 5% of relative abundance). Gallionella, Ferrovum, and Acidiferrobacter were the dominant genera in water sampled at the least polluted site (CONF) and were correlated with high DO and Eh, whereas in water from the most polluted sites (S5 and S1), a larger number of dominant genera were detected (Acidithiobacillus, Ignavibacterium, Ralstonia, Leptospirillum, Gallionella, and Ferrovum) whose relative abundance was correlated with higher temperature and high concentrations of As, Fe, and sulfate (Fig. S4). Thus, different members of a given genus such as Gallionella (OTUs 19, 15 and 1) or Ferrovum (OTUs 25 and 28) were correlated with different environmental parameters, suggesting that these OTUs correspond to bacterial phylotypes with some specificity explaining these different behaviors. Furthermore, the high abundance of Gallionella-related sequences in these acidic ecosystems characterized by contrasted levels of pollution is consistent with results of a previous study suggesting that Gallionella-like organisms may be more tolerant to acid and metal than currently thought [START_REF] Fabisch | Surprising abundance of Gallionella-related iron oxidizers in creek sediments at pH 4.4 or at high heavy metal concentrations[END_REF]. In accordance with our results, temperature has been previously suggested as a primary factor controlling the structure and dynamics of microbial communities in AMD [START_REF] Edwards | Seasonal variations in microbial populations and environmental conditions in an extreme acid mine drainage environment[END_REF] and in various natural environments like hot springs [START_REF] Ward | A natural view of microbial biodiversity within hot spring cyanobacterial mat communities[END_REF][START_REF] Miller | Barcoded pyrosequencing reveals shared bacterial community properties along the temperature gradients of two alkaline hot springs in Yellowstone National Park[END_REF] or marine environments [START_REF] Fuhrman | A latitudinal diversity gradient in planktonic marine bacteria[END_REF]. Nevertheless, sulfate and arsenic concentrations have not previously been shown to be significantly correlated with bacterial diversity in AMDs. Earlier studies identified different environmental predictors of microbial populations in AMD including conductivity and rainfall [START_REF] Edwards | Seasonal variations in microbial populations and environmental conditions in an extreme acid mine drainage environment[END_REF], pH [START_REF] Lear | Biofilm bacterial community structure in streams affected by acid mine drainage[END_REF], oxygen gradient (Gonz alez-Toril et al., 2011), and season (Streten-Joyce et al., 2013), which may result in site-specific physicochemical and geochemical characteristics [START_REF] Kuang | Contemporary environmental variation determines microbial diversity patterns in acid mine drainage[END_REF]. Furthermore, while many studies highlighted pH as the most important factor structuring AMD communities [START_REF] Kuang | Contemporary environmental variation determines microbial diversity patterns in acid mine drainage[END_REF][START_REF] Chen | Shifts in microbial community composition and function in the acidification of a lead/zinc mine tailings[END_REF], our study produced no evidence of the influence of this parameter, probably due to the limited variation in pH among our samples (average values of 2.5 AE 0.8-3.2 AE 0.3).

Composition of the bacterial communities

In this study, we were able to identify a wider phylogenetic range of taxa than in any previous clone librarybased diversity survey of the Carnoul es AMD, including sequences of several previously undetected taxa. These new taxa include members of the Bacteroidetes, Chlorobi, Chloroflexi, Elusimicrobia, Chlamydiae, Cyanobacteria, Deinococcus-Thermus, Spirochaetes, Fibrobacteres, Fusobacteria, Gemmatimonadetes, Plantctomycetes, Verrumicrobia, and of the uncultured OD1-PO11-TM7 clade. The majority of phyla that were not previously detected on clone libraries accounted only for < 1% of the pyrosequencing data, explaining why they were missed with the clone library approach. The high rate of low-abundance populations (68% of singletons) increased the phylogenetic bacterial diversity. However, despite the preponderance of this rare biosphere in most studies, its ecological and functional roles remain largely unexplored [START_REF] Galand | Ecology of the rare microbial biosphere of the Arctic Ocean[END_REF]. Recent studies indicated that such organisms may be at a dormant or a spore stage, but in favorable conditions they may become active and even dominant [START_REF] Delavat | Novel and unexpected bacterial diversity in an arsenic-rich ecosystem revealed by culture-dependent approaches[END_REF]. Thus, these taxa may play an important role in extreme habitats like AMD, buffering the effects of important environmental shifts [START_REF] Sogin | Microbial diversity in the deep sea and the underexplored "rare biosphere[END_REF][START_REF] Monchy | Exploring and quantifying fungal diversity in freshwater lake ecosystems using rDNA cloning/sequencing and SSU tag pyrosequencing[END_REF]. However, further investigations will be needed to determine whether they play a role in this ecosystem and/or whether they reflect allochthonous input from surrounding environments. Moreover, the high-throughput sequencing also questions the accuracy of OTU richness estimates, as sequencing errors and inadequate clustering algorithms can lead to overestimates of community richness [START_REF] Huse | Ironing out the wrinkles in the rare biosphere through improved OTU clustering[END_REF]. The majority of the most abundant taxa detected in this study were related to orders commonly encountered in AMD, most of which are known to be involved in Fe, As, and S cycles: namely Gallionellales (Betaproteobacteria), Acidithiobacilliales (Gammaproteobacteria), Acidimicrobiales (Actinobacteria), Hydrogenophilales (Betaproteobacteria), Burkholderiales (Betaproteobacteria), Nitrospiralles (Nitrospirae), Desulforomonadales (Deltaproteobacteria), and Desulfobacterales (Deltaproteobacteria). The ecological role of previously detected taxa has been widely characterized [START_REF] Bruneel | Microbial diversity in a pyrite-rich tailings impoundment (Carnoul es, France)[END_REF][START_REF] Bruneel | Diversity of microorganisms in Fe-As-rich acid mine drainage waters of Carnoul es, France[END_REF][START_REF] Bruneel | Characterization of the active bacterial community involved in natural attenuation processes in arsenic-rich Creek sediments[END_REF][START_REF] Bertin | Metabolic diversity among main microorganisms inside an arsenic-rich ecosystem revealed by meta-and proteo-genomics[END_REF] in this ecosystem. A relatively small number of OTUs dominated at each sampling site (Fig. S2) and the majority of them were phylogenetically related to taxa previously found in AMD (Gallionella ferruginea, Acidithiobacillus ferrooxidans, and Thiobacillus sp.), as well in Carnoul es revealing their persistence in such ecosystems [START_REF] Baker | Microbial communities in acid mine drainage[END_REF][START_REF] Bruneel | Diversity of microorganisms in Fe-As-rich acid mine drainage waters of Carnoul es, France[END_REF][START_REF] Bruneel | Characterization of the active bacterial community involved in natural attenuation processes in arsenic-rich Creek sediments[END_REF][START_REF] Hallberg | Macroscopic streamer growths in acidic, metal-rich mine waters in North Wales consist of novel and remarkably simple bacterial communities[END_REF][START_REF] Heinzel | Bacterial diversity in a mine water treatment plant[END_REF][START_REF] Hallberg | New perspectives in acid mine drainage microbiology[END_REF]. These three genera varied in their relative abundance over the sampling period. Gallionella was present in high proportions in almost all samples, mainly at GAL and COWG. In contrast, except at S5 where this genus was dominant, Acidithiobacillus accounted for a minor fraction of the bacterial community (Fig. 5). Furthermore, our study confirmed the presence of relatives of a novel bacterial phylum, 'Candidatus Fodinabacter communificans' detected by a recent metagenomic investigation of Carnoul es AMD and prominent in the active COWG community [START_REF] Bertin | Metabolic diversity among main microorganisms inside an arsenic-rich ecosystem revealed by meta-and proteo-genomics[END_REF]Fahy et al., unpublished data). The relatively high number of unclassified bacteria per sample (0.3-37%) supports the fact that many bacteria remain to be cultured. These results thus corroborate the main observations made in previous studies, except for the predominance of organisms related to sulfate reducing bacteria (SRB) identified in water from the tailings by [START_REF] Bruneel | Microbial diversity in a pyrite-rich tailings impoundment (Carnoul es, France)[END_REF] using a cloning-sequencing approach. Instead, our results revealed the dominance of Acidithiobacillales over SRB in these samples. The very low proportion of SRB populations in our study (on average 0.1% of total abundance per sample) could be partly due to differences in the physicochemical variables of the water, to the choice of a stringent similarity cutoff but also to the different primers used for PCR amplification. Furthermore, relatives of Thiomonas belonging to the Burkholderiales order were retrieved and accounted for < 1% of the total sequences (Fig. S1a). Despite their low abundance, several strains of Thiomonas sp. have been previously isolated and shown to be active in the oxidation of As [START_REF] Bruneel | Mediation of arsenic oxidation by Thiomonas sp. in acid-mine drainage (Carnoul es, France)[END_REF]. A metaproteomic approach also showed that Gallionella, Thiomonas, and A. ferrooxidans actively express proteins in situ, thus probably playing a functional role in this AMD [START_REF] Bruneel | Characterization of the active bacterial community involved in natural attenuation processes in arsenic-rich Creek sediments[END_REF]. These populations could play an important role in the efficient remediation process observed along this creek by favoring the oxidation of Fe(II) and the co-precipitation of As (Casiot et al., 2003a;[START_REF] Bruneel | Characterization of the active bacterial community involved in natural attenuation processes in arsenic-rich Creek sediments[END_REF].

This work has increased our knowledge of bacterial diversity and dynamics in acid mine drainage. Bacterial diversity in Carnoul es AMD was revealed to be much higher than previously evidenced using clone library techniques [START_REF] Bruneel | Characterization of the active bacterial community involved in natural attenuation processes in arsenic-rich Creek sediments[END_REF], as suggested by culture-dependent methods [START_REF] Delavat | Novel and unexpected bacterial diversity in an arsenic-rich ecosystem revealed by culture-dependent approaches[END_REF]. Our study revealed complex patterns of spatial and temporal variations in bacterial community composition, suggesting that community composition reflects changes in physicochemical conditions. This investigation provided a first step to the study of spatial and temporal structure of bacterial communities and the factors that control it. To improve our understanding of the functioning of this ecosystem, future efforts should be oriented toward active communities and how they fluctuate in response to environmental changes. Such knowledge will help to determine their roles in the functioning of the AMD ecosystems and explain important assembly processes in microbial ecology.
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 2 Fig. 2. Variations in the main physicochemical parameters over the course of the study and boxplot of each variable per sampling site. Arrows indicate sampling dates for T-RFLP and pyrosequencing analysis. Note that some data are missing, as shown by the gaps in the curves. DO, dissolved oxygen; Eh, redox potential.
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 1 Estimated OTU richness, diversity indices, and estimated sample coverage for each 16S rRNA gene library. Results are presented for full data set reads (full data set) and for reduced data sets without singletons and randomly resampled to make the sample size equal (reduced data set)
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Takes into account the number and evenness of species. ‡
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