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Archaeal diversity: temporal variation in the arsenic-rich creek sediments of Carnoule `s Mine, France
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Introduction

Acid mine drainage (AMD) water is a worldwide environmental problem caused by active and abandoned mines [START_REF] Johnson | The microbiology of acidic mine waters[END_REF]. Mining and processing of sulfide-rich ores produce large amounts of pyrite-rich waste. In contact with meteoric water, oxidation of this material generates AMD. These effluents are generally characterized by a low pH and contain significant quantities of sulfates, metals and metalloids including arsenic. AMD generation is mainly mediated by acidophilic iron-oxidizing microorganisms [START_REF] Edwards | Geomicrobiology of pyrite (FeS 2 ) dissolution: Case study at Iron Mountain, California[END_REF]. Natural remediation of AMD can be observed at the Carnoule `s site (France) or at Rio Tinto (Spain) [START_REF] Casiot | Bacterial immobilization and oxidation of arsenic in acid mine drainage (Carnoule `s creek, France)[END_REF][START_REF] Sa ´nchez Espan ˜a | The natural attenuation of two acidic effluents in Tharsis and La Zarza-Perrunal mines (Iberian Pyrite Belt, Huelva, Spain)[END_REF]. This natural remediation of metal pollutants is generally due to the occurrence of abiotic reactions and/or microbial activities that make these toxic compounds insoluble and lead to their accumulation in sediments [START_REF] Hallberg | New perspectives in acid mine drainage microbiology[END_REF]. These precipitations mainly involve the oxidation and precipitation of iron and the adsorption of other metals and metalloids by the resulting ferric minerals. Sulfate-reducing bacteria also have the ability to reduce sulfate to sulfide, which then reacts with certain dissolved metals to form insoluble precipitates [START_REF] Hallberg | New perspectives in acid mine drainage microbiology[END_REF]). In addition, several bacteria contribute to the immobilization of arsenic, thanks to their ability to oxidize this metalloid, arsenate As(V) being less soluble than arsenite As(III) [START_REF] Bowell | Sorption of arsenic by iron oxides and oxyhydroxides in soils[END_REF].

The microbiology of AMD streams has been the subject of numerous studies. While a large amount of information is available on acidophilic bacteria indigenous to AMD, little is known about Archaea [START_REF] Hallberg | New perspectives in acid mine drainage microbiology[END_REF]. Several studies evidenced the presence of archaeal communities in acidic waters [START_REF] Edwards | An archaeal iron-oxidizing extreme acidophile important in acid mine drainage[END_REF][START_REF] Dopson | Characterization of Ferroplasma isolates and Ferroplasma acidarmanus sp. nov., extreme acidophiles from acid mine drainage and industrial bioleaching environments[END_REF]). The Archaea reported in AMD systems include groups of sulfur and/or iron-oxidizers, such as Sulfolobus, Acidianus, Metallosphaera, Sulfurisphaera, and Ferroplasma [START_REF] Edwards | An archaeal iron-oxidizing extreme acidophile important in acid mine drainage[END_REF][START_REF] Golyshina | Ferroplasma acidiphilum gen. nov., sp. nov., an acidophilic, autotrophic, ferrous-iron-oxidizing, cellwall-lacking, mesophilic member of the Ferroplasmaceae fam. nov., comprising a distinct lineage of the Archaea[END_REF][START_REF] Baker | Microbial communities in acid mine drainage[END_REF]. It has consequently been suggested that Archaea could also play a major role in the generation and remediation of AMD via oxidation of iron [START_REF] Baker | Microbial communities in acid mine drainage[END_REF]. Archaea may also play a role in the biogeochemical cycling of arsenic, for example, through the presence of Archaea that respire As(V) like Pyrobaculum aerophilum and Pyrobaculum arsenaticum [START_REF] Huber | Respiration of arsenate and selenate by hyperthermophilic archaea[END_REF][START_REF] Oremland | The ecology of arsenic[END_REF].

In a previous study, [START_REF] Bruneel | Archaeal diversity in a Fe-As rich acid mine drainage at Carnoule `s (France)[END_REF] investigated the archaeal community in water samples from Carnoule `s, an AMD very rich in metallic elements and especially arsenic compared to many others AMD. This study reported the presence of Ferroplasma acidiphilum and sequences affiliated to uncultured Thermoplasmatales archaeon. However, the archaeal population that inhabits the arsenic-rich Reigous sediments has never been characterized. Thus, to improve our understanding of AMD functioning, we characterized the archaeal communities present in sediment samples from the arsenic-rich AMD of the Carnoule `s mine (France) and their temporal variations using a 16S rRNA encoding gene library.

Materials and methods

Description of the study site

The Pb-Zn Carnoule `s mine, located in southern France, was closed in 1962. The mining extraction left about 1.2 Mt of solid sulfidic wastes containing 0.7 wt% lead, 10 wt% iron and 0.2 wt% arsenic, which are stored behind a 6 m high dam on the uppermost course of Reigous Creek. The seepage water, which percolates through the wastes, emerges at the base of the tailings dam, and is the initial source of Reigous Creek. The water is acidic (2 \ pH \ 3) and rich in dissolved sulfate, iron and arsenic (2000-7700, 500-1000 and 50-350 mg L -1 , respectively) the later being predominantly in reduced forms: Fe(II) and As(III) [START_REF] Casiot | Bacterial immobilization and oxidation of arsenic in acid mine drainage (Carnoule `s creek, France)[END_REF]. The arsenic concentration decreases within the first 30 m of the creek mainly due to bacterial iron oxidation which leads to the coprecipitation of 20-60 % of dissolved arsenic [START_REF] Casiot | Bacterial immobilization and oxidation of arsenic in acid mine drainage (Carnoule `s creek, France)[END_REF]. Although the arsenic level remains high, its concentration subsequently decreases by around 95 % between the source of Reigous Creek and its confluence with the Amous River, 1.5 km downstream. The precipitates, which form around stromatolitic-like bacterial structures, are mainly composed of Fe(III)-As(III) in winter in the first 10 m and of amorphous Fe(III)-As(V) during the rest of the year [START_REF] Casiot | Bacterial immobilization and oxidation of arsenic in acid mine drainage (Carnoule `s creek, France)[END_REF][START_REF] Morin | Bacterial formation of tooeleite and mixed arsenic(III) or arsenic(V)iron(III) gels in the Carnoules acid mine drainage, France. A XANES, XRD, and SEM study[END_REF]. Many studies (including culture-dependent and independent) have been conducted on the bacterial communities inhabiting the Carnoule `s mine. Two of them focused specifically on sediment. The active bacterial species were identified in the sediments in the April 2006 library using high sensitivity nanoLC-chip-MS/MS methods combined with a 16S rRNA based phylogenetic approach [START_REF] Bruneel | Characterization of the active bacterial community involved in natural attenuation processes in arsenicrich creek sediments[END_REF]). This study showed that Gallionella, Thiomonas, Acidithiobacillus ferrooxidans, and Acidiphilium actively expressed proteins in situ. Meta-and proteo-genomics approaches were also used on sediments in the May 2007 library and allowed reconstruction of seven bacterial strains [START_REF] Bertin | Metabolic diversity among main microorganisms inside an arsenic-rich ecosystem revealed by meta-and proteo-genomics[END_REF]. These studies and previous results [START_REF] Casiot | Bacterial immobilization and oxidation of arsenic in acid mine drainage (Carnoule `s creek, France)[END_REF][START_REF] Morin | Bacterial formation of tooeleite and mixed arsenic(III) or arsenic(V)iron(III) gels in the Carnoules acid mine drainage, France. A XANES, XRD, and SEM study[END_REF] suggest that the large amounts of As(V)-Fe(III) hydroxysulfate sediments forming at Carnoule `s may result from the combined activities of iron-oxidizing microorganisms (such as At. ferrooxidans, Alicyclobacillus ferrooxidans, Ferrimicrobium, or Gallionella) and arsenicoxidizing microorganisms (such as Thiomonas sp.).

Sampling procedure and measurement of physicochemical properties

Four sampling campaigns were carried out in April 2006, October 2008, January 2009and November 2009. Samples were collected at the station called COWG (Carnoule `s Oxidizing Wetland, point G) located 30 m downstream of the spring [START_REF] Bruneel | Mediation of arsenic oxidation by Thiomonas sp. in acid-mine drainage (Carnoules, France)[END_REF]. 5 cm deep pale yellow loosely packed sediments were collected at the bottom of the creek using a sterile spatula and pooled [global positioning system (GPS) coordinates: 44107001.8000N/ 4100006.9000E]. This sampling was done in three replicates. Solid phases were harvested by centrifugation and dried under vacuum before mineralogical and spectroscopic analyses. The main physicochemical parameters (pH, T °C, and dissolved oxygen concentration) of the running water at the sampling point were measured in the field. pH and water temperature were measured with an Ultrameter Model 6P (Myron L 125 Company,Camlab,Cambridge). Water samples (500 ml) were immediately filtered through 0.22 lm Millipore membranes fitted on Sartorius polycarbonate filter holders. For total iron and arsenic 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. For arsenic and iron speciation, a 20 ll aliquot of filtered water sample was added to either a mixture of acetic acid and EDTA [START_REF] Samanta | Preservation of inorganic arsenic species in groundwater[END_REF] for arsenic 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 completed to 10 ml with deionized water. The samples for iron and arsenic speciation and sulfate determination were stored in the dark and analyzed within 24 h. Chemical analysis were carried out as previously described [START_REF] Bruneel | Characterization of the active bacterial community involved in natural attenuation processes in arsenicrich creek sediments[END_REF].

Solid sample characterization

The mineralogical composition of the solid samples collected at COWG was qualitatively determined using powder X-ray diffraction analysis (XRD). Data were collected with Co K-alpha radiation on an X'Pert PRO P analytical diffractometer equipped with an X'Celerator detector, in continuous mode and a counting time of 4 h per sample. X-ray absorption spectroscopy data were collected on the solid phases sampled at COWG in October 2008, January 2009, and November 2009. X-ray absorption near edge structure (XANES) and extended X-ray absorption fine structure (EXAFS) spectra were recorded at a temperature 10-15 K in fluorescence mode on the FAME BM30B bending magnet beamline at ESRF (Grenoble, France). Data for the April 2006 COWG sample were previously collected at the 11-2 wiggler beamline at SSRL (Stanford, CA) and analyzed in [START_REF] Bruneel | Characterization of the active bacterial community involved in natural attenuation processes in arsenicrich creek sediments[END_REF]. Experimental details and data reduction procedures are reported in previous studies [START_REF] Morin | Bacterial formation of tooeleite and mixed arsenic(III) or arsenic(V)iron(III) gels in the Carnoules acid mine drainage, France. A XANES, XRD, and SEM study[END_REF][START_REF] Ona-Nguema | EXAFS analysis of arsenite adsorption onto two-line ferrihydrite, hematite, goethite, and lepidocrocite[END_REF][START_REF] Hohmann | Molecular-level modes of As binding to Fe(III) (oxyhydr)oxides precipitated by the anaerobic nitratereducing Fe(II)-oxidizing Acidovorax sp. strain BoFeN1[END_REF]). XANES and EXAFS data were interpreted by linear combination fitting using a set of model compound spectra. This set includes As(V)-and As(III)-Fe(III) oxyhydroxides and oxyhydroxysulfates synthesized via biotic and abiotic pathways [START_REF] Morin | Bacterial formation of tooeleite and mixed arsenic(III) or arsenic(V)iron(III) gels in the Carnoules acid mine drainage, France. A XANES, XRD, and SEM study[END_REF][START_REF] Maillot | Structure locale des nano-oxyhydroxydes de fer(III) de type ferrihydrite et schwertmannite[END_REF].

DNA isolation

Triplicate genomic DNA was extracted from sediments using the UltraClean Soil DNA Isolation Kit according to the manufacturer's recommendations (MoBio Laboratories Inc., Carlsbad, CA, USA). These triplicates were pooled before PCR amplification. All extracted genomic DNA samples were stored at -20 °C until further analysis.

PCR amplification

Amplification of archaeal 16S rRNA genes was obtained by PCR using primers Arch21F (5 0 -TTCCGGTTGATCC YGCCGGA-3 0 ) and Arch958R (5 0 -YCCGGCGTTGAMTC CAATT-3 0 ) [START_REF] Delong | Archaea in coastal marine environments[END_REF]. Two PCR protocols were used due to major amplification difficulties. The first PCR amplification mixture contained 2 ll of DNA template, 2 ll of both primers (20 lM), 25 ll of PCR Master Mix Ampli Taq Gold 360 (Applied Biosystems, Foster City, CA, USA). Sterile distilled water was added to reach a final volume of 50 ll. The PCR conditions were as follows, an initial denaturation step of 95 °C for 7 min followed by 35 denaturation cycles at 95 °C for 1 min, an annealing cycle at 55 °C for 45 s and an extension cycle at 72 °C for 1 min. Final extension was at 72 °C for 10 min. As amplification of the January 2009 sample failed with this protocol, another enzyme was used, the PCR Extender Polymerase Mix (5Prime, Hamburg, Deutschland) as well as for a part of the November 2009 sample, which was also very difficult to amplify. The second PCR amplification mixture contained 2 ll of DNA template, 2 ll of both primers (20 lM), 2.5 ll of dNTPs 10 mM, 5 ll reaction Tunning buffer 910 and 0.5 ll of PCR Extender Polymerase Mix (5Prime, Hamburg, Deutschland). Sterile distilled water was added to reach a final volume of 50 ll. The PCR conditions were as follows: initial denaturation step at 94 °C for 3 min followed by 35 denaturation cycles at 94 °C for 1 min, an annealing cycle at 55 °C for 1 min, and an extension cycle at 72 °C for 1.5 min. Final extension was at 72 °C for 10 min. PCR products were purified with the GFX PCR DNA purification kit (Amersham-Pharmacia). The PCR Extender polymerase mix creates blunt ended products. For TA Cloning Ò , 3 0 A-overhangs are needed on these PCR products, which are obtained with a different Taq polymerase. To 25 ll of purified PCR product, 2.5 ll of buffer 109, 0.5 ll of dATPs 10 mM, and 0.5 ll of Taq DNA polymerase (EurobiotaqÒ, Eurobio, France) were added. The PCR amplification mixture was then incubated at 72 °C for 20 min.

Cloning and 16S rRNA gene sequencing

The PCR products were cloned in E. coli TOP 10 strain using the pCR2.1 Topo TA cloning kit (Invitrogen, Inc., Carlsbad, CA, USA). Cloned 16S rRNA gene fragments were re-amplified using the primers TOP1 (5 0 -GTGTGCT GGAATTCGCCCTT-3 0 ) and TOP2 (5 0 -TATCTGCAGAA TTCGCCCTT-3 0 ) that anneal to the vector and flank the inserted PCR fragment. A total of 340 clones from the four libraries were sequenced. Partial sequences of the clones were determined by the dideoxy nucleotide chain-termination method using the BigDye 3.1 kit (Applied Biosystems) on an ABI PRISM 3730XL Genetic analyzer (Applied Biosystems). The MALLARD program [START_REF] Ashelford | New screening software shows that most recent large 16S rRNA gene clone libraries contain chimeras[END_REF]) was used to detect and then remove chimera. Sequences were also examined manually for chimera, which were excluded from further analyses. Sequences were then aligned in Mothur (http://www.mothur.org) [START_REF] Schloss | Introducing mothur: open-Source, platform-independent, community-supported software for describing and comparing microbial communities[END_REF]) using the SILVA archaeal database as reference alignment. The same program was used to calculate a neighbor-joining (NJ) [START_REF] Saitou | The neighbor-joining method: a new method for reconstructing phylogenetic trees[END_REF] distance matrix using the Jukes-Cantor (JC) correction. The matrix was then used to assign sequences to operational taxonomic units (OTUs) defined at 97 (species level) and 85 % (class level) cutoff using the furthest-neighbor algorithm. Sequences were compared with the available databases NCBI and Greengenes (http://greengenes.lbl.gov) by BLAST online searches [START_REF] Altschul | Basic local alignment search tool[END_REF]) and Mothur to identify their taxonomic identities. Representative sequences for each OTU defined at 97 % cutoff were identified using the tool implemented in Mothur and were submitted to the EMBL databases under accession numbers (HE653775-HE653816).

Phylogenetic analysis

Archaeal 16S rRNA gene homologs were collected from the database at NCBI using the BLAST program with default parameters; one representative of each OTU was selected, giving a dataset of 99 sequences for final analysis. Multiple sequence alignment of partial prokaryotic sequences was performed using Clustal W [START_REF] Thompson | DbClustal: rapid and reliable global multiple alignments of protein sequences detected by database searches[END_REF]. A maximum likelihood phylogenetic reconstruction was obtained using the PhyML program [START_REF] Guindon | A simple, fast, and accurate algorithm to estimate large phylogenies by maximum likelihood[END_REF] with the GTR model, four evolutionary rates, a calculated proportion of invariant sites and calculated nucleotide frequencies (default parameters). Statistical likelihood at nodes was calculated via a likelihood-ratio test [START_REF] Anisimova | Approximate likelihood-ratio test for branches: a fast, accurate, and powerful alternative[END_REF].

Statistical analysis of diversity and comparison of archaeal libraries

The Mothur software package was also used to generate diversity indices and statistics (OTUs, total clones, singletons, Chao1, Shannon, evenness, coverage) for each clone library as sequence similarity with a 97 % cutoff. The total number of clones obtained compared with the number of clones representing each unique phylotype was used to produce the rarefaction curves at the 85 % level. Coverage values were calculated to determine how efficiently the libraries described the complexity of a theoretical community like an original archaeal community. The coverage [START_REF] Good | The population frequencies of species and the estimation of population parameters[END_REF] value is given as C = 1 -(n 1 /N) where n 1 is the number of clones that occurred only once in the library. To determine the significance of differences between archaeal libraries, a LIBSHUFF statistical analysis was performed in Mothur following Singleton et al.'s (2001) method. A LIBSHUFF comparison of libraries yielded the following formula using the Bonferroni correction: 0.05 = 1-(1a)k(k -1), where a is the critical P value and k is the number of libraries. The critical P value is 0.0042 when four libraries are compared. If any comparison of two libraries has a P value below or equal to 0.0042, then there is 95 % confidence to believe that the two libraries concerned differ significantly in community composition. Jaccard and Yue & Clayton theta tree clustering analysis [START_REF] Yue | A similarity measure based on species proportions[END_REF] were also performed in Mothur to identify community membership and structure relationships between the libraries.

Results

Physical and chemical characteristics of samples

The physicochemical characteristics of the waters are listed in Table 1. The physicochemistry of Reigous Creek water at these sampling periods was typical of that observed during a previous long-term monitoring study [START_REF] Egal | An updated insight into the natural attenuation of As concentrations in Reigous Creek (southern France)[END_REF]. The water samples were acid (pH = 2.91-3.28) and very rich in sulfate (1830-3400 mg L -1 ), iron (510-1735 mg L -1 ), and arsenic (70-194 mg L -1 ), with predominance of the reduced forms Fe(II) and As(III). Dissolved oxygen concentrations ranged from 3.5 to 7.86 mg L -1 . The January 2009 sample showed the lowest iron, arsenic, and sulfate concentrations.

The nature and structure of the sediment samples were investigated using mineralogical and spectroscopic methods. XANES analyses at the arsenic K-edge showed that, despite the presence of an As(III) component equal to 12-34 ± 5 % of total arsenic, the oxidized arsenic form As(V) predominated in all the sediments (Fig. S1). EXAFS data (Fig. S2) showed that As(V) was mainly present in the samples in an amorphous Fe(III)-As(V) hydroxysulfate phase, as previously observed [START_REF] Morin | Bacterial formation of tooeleite and mixed arsenic(III) or arsenic(V)iron(III) gels in the Carnoules acid mine drainage, France. A XANES, XRD, and SEM study[END_REF][START_REF] Bruneel | Characterization of the active bacterial community involved in natural attenuation processes in arsenicrich creek sediments[END_REF], As(III) being likely sorbed to poorly ordered schwertmannite. For January 2009, there was not enough time exposure to X-ray beam in EXAFS analysis to record this sample, however, based on the XANES data we can assume that this sample should be similar to the others. XRD analyses (Fig. S3) showed that these arsenic-bearing phases were mixed with sandy components (quartz, ( ±SD ) As( III) ( ±SD ) As(V) ( ±SD ) Fe (total ) ( ±SD ) Fe(II) ( ±SD ) S 042 -( ±SD ) Sampling period pH ( ±SD) April 2006 October 2008 3.28 ( ±0.05 ) 12.9 3.13 ( ±0.05 ) 14.3 2.91 ( ±0.05 ) 9.4 3.26 ( ±0.05 ) 13.1 3.5 ( ±0.5 ) 69 ( ±3 ) 5.7 ( ±0.1 ) 133 ( ±7) 5.5 ( ±0.5 ) 43 ( ±2 ) 7.9 ( ±0.1 ) 161 ( ±8 ) 71 ( ±4) 20 ( ±1 ) 27 ( ± 1 ) 33 ( ±2 ) 620 ( ±30 ) 1250 ( ±62 ) 510 ( ±25 ) 1735 ( ±87 ) 560 ( ±28 ) 2700 ( ±300 ) 1220 ( ±61 ) 3400 ( ±340 ) 540 ( ±27 ) 1830 ( ±183 ) 1440 ( ±72 ) 3300 ( ±330 ) January 2009 November 2009 SD standard deviation K-feldspar and micas) and that pyrite was only detected after October 2008.

12 -i 3 10 -I -Diversity analysis O 8 2 A total of 340 clones obtained from the four independent 16S rRNA gene libraries were fully sequenced and phy- logenetically analyzed. Thirteen sequences were identified as likely chimeras and excluded from further analyses. Sequencing and phylogenetic analysis of the 327 remaining cloned sequences led to the identification of 9 and 42 OTUs defined at two different levels of identity (85 and 97 %, respectively). Rarefaction curves calculated at the class level (85 % identity, the rank usually used for representing the microbial community) were near saturation (Fig. I ). Table 2 shows the Shannon, evenness, and Chaol indices and the coverage values calculated for each library at 97 % identity. The coverage values of the four clone libraries (90, 88, 96 and 92, respectively, for April 2006, October 2008, January 2009, and November 2009) indicate that the clone libraries were sufficiently sampled. The estimations of the diversity indices show that the structure and membership composition of the archaeal community changed over the sampling period. The Shannon diversity (H ) and Chaol richness indices ranged from 1.37 to 2.57 and 6.5 to 30.5, respectively. The diversity ( H = 1.37) and richness (Chaol = 6.5) were significantly lower in January 2009 whereas November 2009 displayed the highest values (H = 2.57; Chaol = 30.5), which is consistent with the rarefaction curves. 

Number of sequenced clones

Fig. 1 Rarefaction curves of the archaeal 16S rRNA sequences from Carnoulès mine sediments at 85 % identity. The total number of sequenced clones is plotted against the number of OTUs observed in the same library Fig. 2a) showed that April 2006 and November 2009 were more related to each other in this respect, whereas April 2006 and October 2008 were more related to each other in terms of community structure (Yue & Clayton index. Fig. 2b).

Phylogenetic analysis of archaeal community

Four 16S rRNA encoding gene libraries were constructed each containing a distinct archaeal community, which varied in composition and richness throughout the sampling campaigns.

In April 2006, the 16S rRNA phylogenetic reconstruc- tion (Fig. 3) showed that all the sequences corresponding to 17 OTUs (OTUs 1-17) were affiliated to the phylum Euryarchaeota, as previously observed in the water samples from Carnoulès (Bruneel et al. 2008). The most abundant OTU (OTU 1, 53 clones representing around 61 % of the sample) was affiliated to the order Thermoplasmatales which contained 97 % of the sequences grouped in 15 OTUs. Within this order, the majority of the OTUs were closely related to uncultured clones from an acidic envi- ronment such as acidic mine water and sediments (Fig. 3).

Comparison of archaeal community

The overall community structure was analyzed for each sample using the Mothur software package. LIBSHUFF analysis was performed to compare the OTU compositions of each clone library revealing a high degree of variation between individuals and showing that with Bonferroni correction, each library differed significantly from all others (Table 3). The resulting dendrograms of Jaccard and Yue & Clayton theta similarity coefficient analysis (Fig. 2) identified one major cluster and one outlier (January 2009). The similarity in community membership (Jaccard index, " OTUs were defined at 97 % cutoff b Coverage: sum of probabilities of observed classes calculated as ( I -( n/N )), where n is the number of singleton sequences and N is the total number of sequences c Takes into account the number and evenness of species a Fig. 2 Similarities in archaeal community membership (Jaccard a) and in community structure ( Yue & Clayton b) between samples.

Values are based on 0.03 distances * Significant difference. Bonferroni correction P value = 0.0042 -Not compared

The BLAST affiliation (Table 4) showed that some of these OTUs displayed 89-94 % similarity with Thermo- gymnomonas acidicola, a moderately thermophilic, acido- philic, strictly aerobic heterotroph that uses yeast extract, as well as glucose and mannose (in the presence of yeast extract) as carbon and energy sources (Itoh et al. 2007). Additionally, OTU 15 related to the uncultured clone ORCMO 26 retrieved from a copper mine drainage (Rowe et al. 2007, Fig. 3) was found. This OTU was assigned to methanogenic lineage (Methanomicrobia, Fig. 3) with the closest relative Methanomassiliicoccus luminyensis, a methanogenic Archaea recently isolated from human faeces [START_REF] Dridi | The antimicrobial resistance pattern of cultured human methanogens reflects the unique phylogenetic position of archaea[END_REF]). However, the Greengenes clas- sification (Table 4) assigned this OTU to the order Thermoplasmatales. Lastly, an unknown group belonging to the Euryarchaeota and represented by OTU 8 was detected. This group formed an independent branch that was distantly related to the identified groups and showed low similarity with the uncultured archaeon clone hfm29 isolated from an iron-rich microbial mat ( Kato et al. in press). Twenty OTUs were retrieved from the October 2008 library, 18 of which belonged to the Euryarchaeota and two to the Thaumarchaeota (Fig. 3). Like in April 2006, most of the Euryarchaeota sequences were affiliated with the Thermoplasmatales (OTUs 1, 6, 9, 11, 12, 17, 19, 20, 22-27, and 31) which accounted for 86 % of the total archaeal clones including the same most abundant OTU ( OTUI ; around 54 %, Fig. 3). The BLAST affiliation (Table 4) also revealed similarity of some OTUs with Thermogymnomonas acidicola. Three OTUs (18, 21, and 28) affiliated with uncultured clones isolated from acidic environments (clone SALE1B 1 and clone anta6) and from a forested wetland impacted by reject coal (clone ARCP2- 12) [START_REF] Brofft | Recovery of novel bacterial diversity from a forested wetland impacted by reject coal[END_REF]; Garcia-Moyano et al. 2007, Fig. 3), respectively, were assigned to Methanomicrobia. The remaining OTUs ( OTUs 29 and 30) were affiliated with environmental sequences originating from acidic soil and acidic hot springs, which likely represent uncultured lin- eages of Thaumarchaeota.

A significant change in the archaeal community appeared in the January 2009 library, when diversity decreased and no cultured species were identified. Indeed, almost all the sequences (96 %) clustered in five OTUs (OTUs 8, 32, 33, 34, and 35, Fig. 3) were related to the uncultured archaeon clone hfmA029 previously found in April 2006. This group formed an independent branch that was far away from the remaining groups. This clone dis- played around 97 % similarity with Methanothermobacter thermautotrophicus, an autotrophic thermophilic methan- ogen recovered from an anaerobic sewage sludge digester (Zeikus and Wolee 1972). Remaining sequences grouped ] -Cand/datus Korarchaeum crypiofium OPF8 [NC_010482] Korarchaeota SRI-306 [AF255604] vr KORARCHAEOTA r clone LF 7 [acidic sol China, JF917264) 22 ^jclone GBX-A-COQ1-158 [acidic mountain hot sprctg, Colont», JF280308] JlOTU 29 (2D,2 * ,1 + ;HE653803) * L _ OTU 30 ( 2D;HE653804)
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« I-Candidates Mtrosospbaara gargensis [GU797786] ci,-f L Candidates Nlrososphaeta * p EN123 [FR773158] [ _ ! OTU 36 (159;HE653810) * •clone SSA0102 -11 [spring pH, Taiwan, JN397855) I-Ntrosopimkts mortmis SCM1 [NC.010085] îjjn i Cenarchaeum syirbiosum A [NC_014820] v?

: OTU 37 (6»;HE653811 j clone TG FD0.2 SA043 [water China. HM48369Û],

Unknown group ay OTU 21 (1d,1 + ;HE653795) Jicloneanta 6 [acidic RioTintoriver, Spain. DQ303248] clone SALE1B1 [seckment of acidic mine pit lake 111. Germany, FJ228392]

, coi -OTU18 (SD;HE653792) I OTU 15 (1 * , 2 ;HE653789 > clone ORCMO.26 [copper mne drainage in Odiel river, Span, EF396247] -OTU 28 (1D;HE653802) clone ARCP2-12 [forested w etlard rnpacled by reject coal, AF523938] W -Thermoptes/ro vofcaniiumGSS1 [NC_002689] OTU 10 (1 * ,24;HE653784) clone ant b7 (acdic Rio Tinto river. Spar, DQ303249] OTU 31 (1G;HE653805) OTU 39 < ;HE653813) . OTU 11 (1 * ,4D.24;HE653785) L OTU 7 (2 * ,14;HE653781) | OTU 41 (1 ;HE653815i

Jr-OTU 24 (2D,29;HE653798) JJi clone AG Eug f6 [acdic Rio Tinto river , Spain, ELJ370310] I OTU 2 (9 * ,69;HE653776) j Thermoplasmatales clone ORCL3 3 [copper mre drainage in Odiel river, Spain, EF396244]

Thernvptasmatalos clone S4BAC1 [AMDr pyrrie nine, Untied Kingdom GU229859]
1 Thermoplasma sp clone JL62 [anaerobic sediments at acidic Rio Tinto river, Spain, HQ730609] H 0 ?

Fig. 3 Maximum likelihood tree of 16S rRNA gene homologs from the archacal clones (in hold) along with a selection of representatives of archaeal diversity. Numbers at nodes indicate a LTR (approximate likelihood ratio test) branch support as computed by PhyML. The scale bar gives the average number of substitutions per site. The number in parenthesis indicates the number of clones for the sampling period which is represented by a symbol in a single OTU (OTU 29) belonged to an unknown group of Thaumarchaeota previously found in October 2008 and were affiliated with clone GBX-A-COQ1-158 isolated from an acidic hot spring (Fig. 3). An increase in archaeal diversity was observed in the November 2009 library, with 25 OTUs belonging to the Euryarchaeota (69 clones corresponding to 61 % of the sample) and to the Thaumarchaeota (22 clones corresponding to 19 % of the sample, Fig. 3). The sequences from the Euryarchaeota were distributed in 22 OTUs. Fifteen were related to the order Thermoplasmatales, 11 of which (OTUs 1,2,4,6,7,9,10,11,17,24,26) were previously found in the April 2006 and October 2008 libraries (Fig. 3). As in the results observed in these two sampling periods, OTU 1 was also the most abundant group in the sample in November 2009 (32 %). Additionally, OTUs 15 and 21, also found in the two first libraries, were assigned to the order Methanomicrobia. The remaining five OTUs (8, 32, 33, 35, and 38), were not shown to be related to any known species and formed unknown groups of the Euryarchaeota (Fig. 3). Among these, the most abundant sequences belonging to OTU 38, displayed a strong similarity (99 %) with an uncultured archaeon clone LC15_L00B08 isolated from the monimolimnion of a stratified lake [START_REF] Gregersen | Dominance of a clonal green sulfur bacterial population in a stratified lake[END_REF]). The four other OTUs (8, 32, 33, and 35) were affiliated with the uncultured archaeon clones hfmA029 mainly present in the January 2009 library. The Thaumarchaeota detected in this study fell into different lineages clustered in three OTUs. The first (OTU 36) belonged to Thaumarchaeota group I.1b and the 15 sequences within this OTU showed from 95 to 96 % similarity with Candidatus Nitrososphaera viennensis a chemolithoautotrophic ammonia-oxidizing archaeon [START_REF] Tourna | Nitrososphaera viennensis, an ammonia oxidizing archaeon from soil[END_REF]. The second (OTU 37) was assigned to Thaumarchaeota group I.1a and the sequences displayed 92-93 % similarity with Candidatus Nitrosopumilus sp., another ammonia-oxidizing prokaryote [START_REF] Matsutani | Enrichment of a novel marine ammoniaoxidizing archaeon obtained from sand of an eelgrass zone[END_REF]. The last OTU (OTU 29), previously found in October 2008 could not be related to any known species. 

Discussion

Archaeal 16S rRNA gene analysis of the sediment sampled at the Reigous Creek showed that the Carnoule `s archaeal community includes the phylum Euryarchaeota and Thaumarchaeota. The relatively low archaeal diversity revealed by molecular-based methods is consistent with the results of studies in similar environments [START_REF] Bond | Phylogeny of microorganisms populating a thick, subaerial, predominantly lithotrophic biofilm at an extreme acid mine drainage site[END_REF][START_REF] Baker | Microbial communities in acid mine drainage[END_REF][START_REF] Bruneel | Archaeal diversity in a Fe-As rich acid mine drainage at Carnoule `s (France)[END_REF][START_REF] Sa ´nchez-Andrea | Microbial diversity in anaerobic sediments at Rio Tinto, a naturally acidic environment with a high heavy metal content[END_REF]. This may reflect the limited number of different electron donors and acceptors available in this AMD and the high concentration of toxic compounds along with the low pH. Most of the phylotypes identified in this study were related to genera and species usually found in extreme environments springs, acidic springs, hydrothermal vents, etc.) and showed similarities with sequences obtained in previous studies of Tinto River and other AMD (Sa ´nchez-Andrea et al. 2011;[START_REF] Garcı ´a-Moyano | Prokaryotic community composition and ecology of floating macroscopic filaments from an extreme acidic environment, Rı ´o Tinto (SW, Spain)[END_REF]Rowe et al. 2007, Fig. 3).

Regarding the dynamics of the archaeal community, our study showed that significant modifications in this community occurred throughout the sampling period. All the sampling periods showed differences in community structure and membership although April 2006 and October 2008 were more similar in terms of community structure. Similarity coefficient analysis showed that January 2009 was very different from all the other sampling periods. In January 2009, the archaeal community changed and diversity decreased. Almost all the sequences were related to an uncultured archaeon clone hfmA029 affiliated with methanogenic lineage (Methanothermobacter thermautotrophicus). This clone, hfmA029, previously found in April 2006 (OTU 8) in only 2 % of the sample became the dominant population in January 2009. The differences in the archaeal community observed in January 2009 may result from a modification in the composition of the sediment, although the physicochemical analysis of the sediments appeared to be similar throughout the sampling period, and consisted mainly of an amorphous Fe(III)-As(V) hydroxysulfate mineral. Indeed, XRD analyses revealed that pyrite first appeared in October 2008. Likewise, since late 2007, a leakage of fine grey sulfide-reach sands out of the tailings pile has been observed after the rainfall events that generally occur in September and October. This is probably due to the corrosion of the drains at the bottom of the tailing stock that are responsible for the water discharge inside the mine tailing. In January 2009, the sulfide sands, originated from the tailings stock, formed a very thick layer (around 3 cm deep) in the bottom of the creek which could explain the change in the archaeal community.

In the Reigous sediment, most of the sequences were phylogenetically related to the order Thermoplasmatales, although none of the clones could be identified with high similarity ([97 %) as belonging to any cultured species. This order is represented by thermoacidophilic organisms [START_REF] Reysenbach | Order I. Thermoplasmatales ord. nov[END_REF], which often derive energy from sulfur oxidation or reduction. So far, the order contains three families, each represented by one genus: the Thermoplasmataecae, the Picrophilaceae and the Ferroplasmaceae [START_REF] Itoh | Thermogymnomonas acidicola gen. nov., sp. nov., a novel thermoacidophilic, cell wall-less archaeon in the order Thermoplasmatales, isolated from a solfataric soil in Hakone, Japan[END_REF]). The Thermoplasmataecae comprises species like Tp. acidophilum that couple the oxidation of organic carbon with reduction of elemental sulfur, whereas members of the Ferroplasmaceae are strict iron-oxidizing chemolithotrophs such as Ferroplasma acidiphilum [START_REF] Itoh | Thermogymnomonas acidicola gen. nov., sp. nov., a novel thermoacidophilic, cell wall-less archaeon in the order Thermoplasmatales, isolated from a solfataric soil in Hakone, Japan[END_REF]). Microorganisms affiliated with methanogenic Archaea such as Methanomassiliicoccus luminyensis were also identified. Methanogenic communities play an important role in the global carbon cycle, completing the conversion of organic carbon into methane gas by utilizing the metabolic products of bacteria (CO 2 , H 2 , acetate, and formate) and other simple methyl compounds available in the environment [START_REF] Sanz | Methanogenesis in the sediments of Rio Tinto, an extreme acidic river[END_REF]. Lastly, we found microorganisms involved in ammonia oxidation, a key step in the nitrogen cycle [START_REF] Brochier-Armanet | Phylogeny and evolution of the Archaea: one hundred genomes later[END_REF], with presence of sequences affiliated to Candidatus Nitrososphaera viennensis and Candidatus Nitrosopumilus sp. Until recently, ammonia oxidation, the first nitrification step of the nitrogen cycle was thought to be carried out only by autotrophic ammonia-oxidizing bacteria (AOB) belonging to the Beta-and Gammaproteobacteria lineages [START_REF] Purkhold | Phylogeny of all recognized species of ammonia oxidizers based on comparative 16S rRNA and amoA sequence analysis: implications for molecular diversity surveys[END_REF] occasionally supported by heterotrophic nitrifiers in soil environments (De Boer and Kowalchuk 2001). Ammonia-oxidizing Archaea (AOA) are members of the proposed novel Phylum Thaumarchaeota, and are currently being indentified in almost all environments [START_REF] Brochier-Armanet | Mesophilic crenarchaeota: proposal for a third archaeal phylum, the Thaumarchaeota[END_REF]). These Archaea may thus play a major role in the nitrogen cycle in the Carnoule `s sediments.

Previous studies focused on the bacterial communities inhabiting the Carnoule `s AMD sediment. These studies showed that the active population of bacteria also contained iron reducers, sulfate-reducing, and sulfur compound oxidizers, and both autotrophic and heterotrophic bacteria [START_REF] Bruneel | Characterization of the active bacterial community involved in natural attenuation processes in arsenicrich creek sediments[END_REF]. Statistical analysis of genomic and proteomic data demonstrated that both metabolic specificity and partnerships can co-exist in this arsenic-rich sediment [START_REF] Bertin | Metabolic diversity among main microorganisms inside an arsenic-rich ecosystem revealed by meta-and proteo-genomics[END_REF]. These processes include the fixation of inorganic carbon and nitrogen by several strains, in particular those belonging to the Thiomonas, Acidithiobacillus, and Gallionella related genera. However, this study did not find evidence for the presence of archaeal species among the dominant organisms, suggesting that they may represent a small proportion of the microbial community in the sediment. Despite the fact that we cannot really infer the implication of the Archaea detected in most of these metabolic pathways because most of them could not be affiliated to cultured species, we can point to their probable implication in a specific metabolism currently unknown in bacteria [START_REF] Forterre | Evolution of the Archaea[END_REF], methanogenesis. Archaea are also involved in the nitrogen cycle (Candidatus Nitrososphaera viennensis and Candidatus Nitrosopumilus sp.) and some of them may also be involved in the sulfur and iron cycles (Thermoplasmatales). All these microorganisms may contribute to the remediation process observed in situ and could also be involved in the stability of this sediment by changing the ratio between oxidized and reduced forms of iron, arsenic, and sulfur compounds, promoting the formation and/or dissolution of the Fe(III)-As(V) hydroxysulfate precipitates.

Because isolation and phenotypic characterization of many environmental Archaea are currently not possible, the physiological features and ecological significance of some Archaea detected in this AMD remain difficult to assess. Moreover, the fact that most of the archaeal sequences were only distantly related (\94 % similarity) to known archaeal species suggests that other taxa may exist. Additionally, the contradictions observed in the taxonomic affiliation resulting from the 16S rRNA phylogenetic reconstruction (Fig. 3) and the Greengenes classification (Table 4) suggest that there is still a lack of information making the taxonomic identification difficult to assess. Indeed, almost half of the 16S rRNA gene sequences archived in GenBank database lacks clear taxonomic information [START_REF] Desantis | Greengenes, a chimera-checked 16S rRNA gene database and workbench compatible with ARB[END_REF]). As a consequence, different authors use different names for uncultured clusters which lead to conflicting nomenclatures. Recently developed high-throughput techniques (metagenomics, metaproteomics, and microarrays) may help link the identity of AMD-promoting prokaryotes to their function in mining environments [START_REF] Mohapatra | Tracking the prokaryotic diversity in acid mine drainagecontaminated environments: a review of molecular methods[END_REF][START_REF] Bertin | Metabolic diversity among main microorganisms inside an arsenic-rich ecosystem revealed by meta-and proteo-genomics[END_REF] in the absence of laboratory culture. In the future, these new genomic tools should provide a more precise assessment of the archaeal diversity that will probably lead to substantial changes in current archaeal phylogeny and taxonomy [START_REF] Brochier-Armanet | Mesophilic crenarchaeota: proposal for a third archaeal phylum, the Thaumarchaeota[END_REF][START_REF] Schleper | Genomic studies of uncultivated archaea[END_REF] and to a better understanding of the evolution and metabolic capacities of uncultured Archaea. In conclusion, to increase our insight into the functioning of these highly acidic environments and to elucidate the role of these microorganisms, both improving culture strategies for further physiological and metabolic characterization of newly detected species and a greater sequencing effort are still needed.
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