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Introduction

Acid mine drainage (AMD) refers to extreme aquatic environments resulting from the dissolution of pyrite-rich mining wastes. Because of their acid pH and their high concentrations of toxic metals and metalloids, they are an environmental and public health threat [START_REF] Motsi | Adsorption of heavy metals from acid mine drainage by natural zeolite[END_REF]. In these ecosystems, adapted microorganisms are involved in biogeochemical mechanisms that control the behavior of metals and metalloids at the water/sediment interface. Indeed, the microorganisms that colonize AMD are responsible for the release of metals and metalloids and for the acidification resulting from oxidation of pyrite-rich waste. Microbial metabolism can also mitigate pollution, for example, by co-precipitation of arsenic with iron [START_REF] Morin | Bacterial formation of tooeleite and mixed arsenic(III) or arsenic(V)-iron(III) gels in the Carnoulès acid mine drainage, France. A XANES, XRD, and SEM study[END_REF]. The prokaryotic communities that colonize AMD, particularly bacteria, have been extensively studied and generally include organisms involved in the iron, sulfur or arsenic cycles [START_REF] Johnson | The microbiology of acidic mine waters[END_REF][START_REF] Johnson | Geomicrobiology of extremely acidic subsurface environments[END_REF][START_REF] Volant | Archaeal diversity: temporal variation in the arsenic-rich creek sediments of Carnoulès Mine, France[END_REF]. On the other hand, studies of the eukaryotic members of the microbial communities are rare and the involvement of eukaryotes in the biogeochemical cycles of these extreme environments is poorly understood [START_REF] Aguilera | Eukaryotic organisms in extreme acidic environments, the Río Tinto case[END_REF][START_REF] Amaral-Zettler | Microbial community structure across the tree of life in the extreme Río Tinto[END_REF][START_REF] Amils | Extreme environments as Mars terrestrial analogs: the Río Tinto case[END_REF][START_REF] Baker | Insights into the diversity of eukaryotes in acid mine drainage biofilm communities[END_REF]. Culture-independent gene surveys have revealed relatively high eukaryotic richness in the Río Tinto River in Spain including members of the Bacillariophyta, Chlorophyta, Rhodophyta, and Euglenophyta phyla as well as Ciliates, Cercomonads, Amoebae, Stramenopiles, Fungi, Heliozoans, and Rotifers [START_REF] Aguilera | Eukaryotic organisms in extreme acidic environments, the Río Tinto case[END_REF][START_REF] Amils | Extreme environments as Mars terrestrial analogs: the Río Tinto case[END_REF][START_REF] Aguilera | Eukaryotic community distribution and its relationship to water physicochemical parameters in an extreme acidic environment, Río Tinto (Southwestern Spain)[END_REF][START_REF] Aguilera | Distribution and seasonal variability in the benthic eukaryotic community of Río Tinto (SW, Spain), an acidic, high metal extreme environment[END_REF]. In contrast, studies at the Richmond mine, an extremely acid (pH < 1) subsurface AMD site at Iron Mountain in California, evidenced low eukaryotic diversity, mainly dominated by Fungi associated with the presence of a small proportion of Heterolobosea and protists affiliated with the deeply branching lineage named the acidophilic protist clade (APC) [START_REF] Baker | Insights into the diversity of eukaryotes in acid mine drainage biofilm communities[END_REF].

The ecological role of eukaryotic microorganisms is of great importance in mining environments. Some protists isolated from AMD graze on specific acidophilic bacteria [START_REF] Baker | Metabolically active eukaryotic communities in extremely acidic mine drainage[END_REF][START_REF] Mcginness | Grazing of acidophilic bacteria by a flagellated protozoan[END_REF], suggesting they impact the abundance and the community composition of prokaryotes involved in key biogeochemical processes such as acid mine generation or mitigation via oxidation or reduction of iron and sulfur compounds. A strain of the algae Cyanidioschyzon sp. isolated from the Yellowstone National Park was shown to be directly implicated in the As cycle, oxidizing As(III), reducing As(V) and methylating As(III) to form trimethylarsine oxide and dimethylarsenate [START_REF] Qin | Biotransformation of arsenic by a Yellowstone thermoacidophilic eukaryotic alga[END_REF]. Some photosynthetic organisms like Euglena mutabilis or the filamentous algae Klebsormidium not only provide oxygen but can also be directly involved in the development of stromatolite-like and organo-sedimentary structures that are rich in iron and play an important role in remediation [START_REF] Brake | Spatial and temporal distribution and characteristics of eukaryote-dominated microbial biofilms in an acid mine drainage environment: implications for development of iron-rich stromatolites[END_REF]. Because of their ecological importance and their potential for bioremediation, the full diversity and the precise role of eukaryotes in AMD along with the environmental parameters that structure their communities require further investigation.

The level of pollution at Carnoulès (France) is particularly high, with arsenic concentrations ranging from 80 to 350 mg L -1 in the Reigous Creek spring, which corresponds to the AMD draining the site [START_REF] Casiot | Bacterial immobilization and oxidation of arsenic in acid mine drainage (Carnoulès creek, France)[END_REF]. Microbial activity is involved in the natural attenuation process that occurs at this site and results in a pollution gradient along Reigous Creek. In particular, microbial iron and arsenic oxidation leads to the removal of dissolved arsenic by co-precipitation with Fe(III) and formation of As(III)-Fe(III) and As(V)-Fe(III) phases associated with sulfate in the Reigous riverbed [START_REF] Morin | Bacterial formation of tooeleite and mixed arsenic(III) or arsenic(V)-iron(III) gels in the Carnoulès acid mine drainage, France. A XANES, XRD, and SEM study[END_REF][START_REF] Casiot | Bacterial immobilization and oxidation of arsenic in acid mine drainage (Carnoulès creek, France)[END_REF][START_REF] Egal | An updated insight into the natural attenuation of As concentrations in Reigous Creek (southern France)[END_REF]). The concentration of arsenic subsequently decreases by nearly 95 % between the source of Reigous Creek and its confluence with the Amous River, 1500 m downstream. Bacterial and archaeal communities have been extensively studied at this site [START_REF] Volant | Archaeal diversity: temporal variation in the arsenic-rich creek sediments of Carnoulès Mine, France[END_REF][START_REF] Bertin | Metabolic diversity among main microorganisms inside an arsenic-rich ecosystem revealed by meta-and proteo-genomics[END_REF][START_REF] Bruneel | Diversity of microorganisms in Fe-As-rich acid mine drainage waters of Carnoulès, France[END_REF][START_REF] Bruneel | Archaeal diversity in a Fe-As rich acid mine drainage at Carnoulès (France)[END_REF][START_REF] Bruneel | Characterization of the active bacterial community involved in natural attenuation processes in arsenic-rich Creek sediments[END_REF]. However, to date, the eukaryotic community thriving in this ecosystem remains largely unexplored although cultivation-based studies revealed the presence of Fungi along the creek [START_REF] Delavat | Yeast and bacterial diversity along a transect in an acidic, As-Fe rich environment revealed by cultural approaches[END_REF] and the presence of the acidophilic protozoan Euglena mutabilis [START_REF] Casiot | Arsenic oxidation and bioaccumulation by the acidophilic protozoan, Euglena mutabilis, in acid mine drainage (Carnoulès, France)[END_REF][START_REF] Halter | In situ proteometabolomics reveals metabolite secretion by the acid mine drainage bio-indicator, Euglena mutabilis[END_REF]. This photosynthetic organism may play an indirect but important role in natural AMD attenuation through primary production [START_REF] Halter | In situ proteometabolomics reveals metabolite secretion by the acid mine drainage bio-indicator, Euglena mutabilis[END_REF]. Indeed, an increase in the concentration of dissolved oxygen in these oligotrophic waters probably increases metal precipitation rates [START_REF] Brake | Controls on the nature and distribution of an alga in coal mine-waste environments and its potential impact on water quality[END_REF]. Furthermore, Euglena mutabilis is able to sequester and store iron and other metals both intracellularly and extracellularly [START_REF] Casiot | Arsenic oxidation and bioaccumulation by the acidophilic protozoan, Euglena mutabilis, in acid mine drainage (Carnoulès, France)[END_REF][START_REF] Brake | Controls on the nature and distribution of an alga in coal mine-waste environments and its potential impact on water quality[END_REF].

Determining eukaryotic diversity is the first step in assessing the potential influence of eukaryotes on metal and metalloid cycling and on ecosystem functioning in the Carnoulès As-rich AMD. To this end, eukaryotic diversity in Reigous riverbed sediments was investigated using a barcoded pyrosequencing approach targeting the hypervariable V2-V3 regions of the eukaryotic small-subunit 18S ribosomal RNA (rRNA) gene [START_REF] López-García | Autochthonous eukaryotic diversity in hydrothermal sediment and experimental microcolonizers at the Mid-Atlantic Ridge[END_REF][START_REF] Monchy | Exploring and quantifying fungal diversity in freshwater lake ecosystems using rDNA cloning/sequencing and SSU tag pyrosequencing[END_REF]. To help understand how environmental stressors determine the structure of the microbial community, the eukaryotic spatial pattern was characterized in relation with the physicochemical and mineralogical conditions observed in situ along the pollution gradient.

Methods

Site Description

The Pb-Zn Carnoulès mine is located in southern France in the drainage basin of the River Rhône. Mining activity stopped in 1962 but left about 1.2 Mt of solid wastes containing 0.7 % Pb, 10 % Fe, and 0.2 % As stored behind a dam. Water percolating through the wastes emerges at the base of the tailing dam and forms the source of Reigous Creek. This water is acidic (pH around 3), sub-oxic (dissolved oxygen concentration below 1 mg L -1 ) and rich in dissolved sulfate, iron and arsenic (2000-7700, 500-1000, and 50-350 mg L -1 , respectively). Iron and arsenic are mainly present in their reduced forms Fe(II) and As(III) [START_REF] Casiot | Bacterial immobilization and oxidation of arsenic in acid mine drainage (Carnoulès creek, France)[END_REF]. Mean annual rainfall is 1320 mm with a distribution typical of the Mediterranean climate characterized by long periods of drought and intense rainfall events mainly in spring and fall.

Sampling Procedure and Physicochemical Analysis

A sampling campaign was carried out in November 2009 at five sampling sites along Reigous Creek. Samples were collected at the spring (S1), 30 m downstream (COWG), 150 m downstream at two sampling sites characterized by different sediment textures (stromatolite-like structure with laminated hard concretions called GAL and soft and creamy sediment called GALm), and 1500 m downstream (CONF) just before the confluence of the Reigous and the Amous River (Fig. 1). Around 5-cm deep pale yellow loosely packed sediments were collected in triplicate at the bottom of the creek using a sterile spatula. The three samples were pooled and homogenized. Solid phases were harvested by centrifugation and dried under vacuum prior to mineralogical and spectroscopic analyses. The main physicochemical parameters (pH, temperature, redox potential and dissolved oxygen concentration) and concentrations of SO 4 2-, Fe, and As in the running water covering the sediments were measured as previously described [START_REF] Bruneel | Characterization of the active bacterial community involved in natural attenuation processes in arsenic-rich Creek sediments[END_REF]. 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 Carnoulès acid mine drainage, France. A XANES, XRD, and SEM study[END_REF][START_REF] Hohmann | Molecular-level modes of As binding to Fe(III) (oxyhydr)oxides precipitated by the anaerobic nitrate-reducing Fe(II)-oxidizing Acidovorax sp. strain BoFeN1[END_REF][START_REF] Ona-Nguema | EXAFS analysis of arsenite adsorption onto two-line ferrihydrite, hematite, goethite, and lepidocrocite[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 Carnoulès acid mine drainage, France. A XANES, XRD, and SEM study[END_REF][START_REF] Maillot | Structure and reactivity of As(III)-and As(V)-rich schwertmannites and amorphous ferric arsenate sulfate from the Carnoulès acid mine drainage, France: comparison with biotic and abiotic model compounds and implications for As remediation[END_REF].

DNA Isolation

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

Pyrosequencing of Eukaryotic 18S rRNA Genes

The set of primers, 18S-82F (5′-AxxxGAAACTGC GAATGGCTC-3′) and Ek-516r (5′-BxxxACCAGACT TGCCCTCC-3′) was used to amplify a 480 bp region targeting the complete V2 and V3 domains of all eukaryote SSU 18S rRNA genes [START_REF] López-García | Autochthonous eukaryotic diversity in hydrothermal sediment and experimental microcolonizers at the Mid-Atlantic Ridge[END_REF][START_REF] Monchy | Exploring and quantifying fungal diversity in freshwater lake ecosystems using rDNA cloning/sequencing and SSU tag pyrosequencing[END_REF][START_REF] Díez | Application of denaturing gradient gel electrophoresis (DGGE) to study the diversity of marine picoeukaryotic assemblages and comparison of DGGE with other molecular techniques[END_REF]. A and B represent the two FLX Titanium adapters (A adapter sequence: 5′-CGTA TCGCCTCCCTCGCGCC ATCAG-3′; B adapter sequence: 5′-CTATGCGCCTTGCCAGCCCGCTCAG-3′) and xxx represent the sample-specific barcode sequence. Triplicate PCR amplifications were performed with the same barcode on each sample. The reaction mixture contained 1 μl of DNA template, 1 μl of both primers (10 μM), and 12.5 μl of PCR Master Mix Ampli Taq Gold 360 (Applied Biosystems, Foster City, CA, USA). Sterile distilled water was added to obtain a final volume of 25 μl. PCR conditions were as follows: denaturation at 95 °C for 10 min, 35 cycles at 95 °C for 45 s, 56 °C for 45 s, and 72 °C for 45 s, followed by 10 min at 72 °C. The PCR products with a proximal length of 480 bp were excised from a 1 % agarose gel and purified with the QIAquick Gel Extraction Kit (QIAGEN Inc., Valencia, CA, USA). DNA concentrations of the purified PCR products were measured using a Qubit fluorometer (Invitrogen, Carlsbad, CA, USA). To minimize random PCR bias, triplicates were pooled in equimolar ratios to obtain a total of 500 ng of DNA per sample. Pyrosequencing of the five amplicon libraries was performed on a GS-FLX-Titanium sequencer (Roche 454 Life Sciences) at GATC Biotech (Konstanz, Germany).

18S rRNA Gene Sequence Analysis and Taxonomic Classification

Preliminary quality checks, sorting, and trimming of the 454-reads were performed by GATC Biotech according to the manufacturer's recommendations. The sequences were then analyzed with Mothur software, version 1.31 [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 < 200 pb, all sequences containing ambiguous characters, and sequences with more than eight homopolymers. In addition, we 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 eukaryotic 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 [START_REF] Edgar | UCHIME improves sensitivity and speed of chimera detection[END_REF]. A further screening step (pre-cluster) was applied to reduce sequencing noise by clustering reads that differed 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 clustered into operational taxonomic units (OTUs) defined at 97 % cutoff using the average neighbor algorithm. The 97 % similarity level has been shown to be the most suitable to reproduce original eukaryotic diversity [START_REF] Behnke | Depicting more accurate pictures of protistan community complexity using pyrosequencing of hypervariable SSU rRNA gene regions[END_REF]. Next, taxonomic affiliation of the OTUs was determined using the Naïve Bayesian Classifier (confidence threshold 80 %) trained on the RDP's taxonomic outline implemented in Mothur with the PR2 database [START_REF] Guillou | The Protist Ribosomal Reference database (PR2): a catalog of unicellular eukaryote small sub-unit rRNA sequences with curated taxonomy[END_REF]. Note that OTUs classified as Metazoa and Embryophyta were excluded from further analysis to reduce the number of non-microbial eukaryotes. Sequences were deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) under the accession number SRP075900.

Statistical Analysis

Non-parametric Chao1 and Shannon alpha diversity estimates, as well as coverage and rarefaction curves were calculated with Mothur v.1.31. To obtain comparable data, we performed random sampling so that the number of sequences per sample was the same (541 sequences). To estimate community similarity among samples, a distance matrix was calculated based on the Bray-Curtis dissimilarities of the OTU composition of all sampling sites. The normalized abundances of OTUs were square root transformed before analysis. A second dissimilarity matrix was computed based on the Euclidean distance of log(N + 1) sediments chemical characteristics (Table 1). Variations in the structure of eukaryotic communities among the sites were visualized using principal coordinate analysis (PCoA) based on the distance matrix of normalized OTU abundances. Environmental variables were vector fitted to the PCoA ordination to assess possible explanatory variables. Pearson correlations were used to identify the relationships between physicochemical parameters and the relative abundance of dominant taxa (>5 % of total abundance per sample). In addition to pairwise comparison, Venn diagrams were constructed for graphical descriptions of unshared and shared OTUs between two, three, four, and five samples. All statistical analyses were performed with R 3.0.1 [START_REF]R: A language and environment for statistical computing[END_REF] using the packages vegan and stats and custom R scripts.

Results

Water and Sediment Characteristics

The main physicochemical characteristics of the water collected from the different sites are listed in ESM 1: Table S1. Reigous creek was characterized by a low pH (around 3) that remained relatively constant along the creek. Redox potential (Eh) showed an increasing trend with values ranging from 476 to 715 mV. Extremely high concentrations of As (222 mg L -1 ), iron (1904 mg L -1 ), and sulfate (2226 mg L -1 ) were found at the almost anoxic upstream site S1. However, natural remediation occurred along the 1500 m of the creek characterized by a clear decreasing gradient of arsenic (222 to 0.32 mg L -1 ), iron (1904 to 23 mg L -1 ), and sulfate (2226 to 853 mg L -1 ) associated with a substantial increase in the concentration of dissolved oxygen (0.5 to 9.4 mg L -1 ). The reduced forms Fe(II) and As(III) were dominant at all sites except at the downstream site CONF, which was the most oxygenated and had the lowest concentrations of iron, sulfate and arsenic.

Unlike the clear pollution gradient evidenced in waters, metals and metalloid concentrations in the sediments were unevenly distributed along the Reigous (Table 1). The concentration of As was particularly high in samples GAL, S1 and GALm (191,197, and 230 mg g -1 , respectively) and lower at COWG (23 mg g -1 ) and CONF (21 mg g -1 ). No clear trend was observed along the Reigous for Fe and S, whose concentrations remained stable at all the sampling sites. Pb concentrations ranged between 1.43 and 3.98 mg g -1 with the highest concentration measured at COWG. The concentration of Zn was one order of magnitude higher at CONF than in the other sediments (Table 1).

The nature and structure of the sediment samples were also investigated using mineralogical and spectroscopic methods. XRD analyses (ESM 2: Figure S1) showed that the mineralogical composition evolved from mainly tooeleite (Fe 6 (AsO 3 ) 4 SO 4 (OH) 4 • 4H 2 O) upstream (sample S1: spring), to amorphous ferric arsenate hydroxysulfate (samples GAL and GALm), and to schwertmannite downstream (Fe 8 O 8 (OH) 6 SO 4 ) (sample CONF). Sample COWG was sandy with quartz and micas. XANES analyses for COWG, GAL, GALm and CONF at the arsenic K-edge, showed that despite the presence of an As(III) component accounting for 12-34 ± 2 % of total arsenic, the oxidized arsenic form As(V) predominated in these samples (ESM 3: Figure S2). In contrast, sample S1 was characterized by a larger proportion of As(III) reaching 61 ± 2 % of total arsenic, which was expected since this sample essentially consisted of tooeleite, a rare iron-arsenite mineral found in large amounts in the Carnoulès sediments [START_REF] Morin | Bacterial formation of tooeleite and mixed arsenic(III) or arsenic(V)-iron(III) gels in the Carnoulès acid mine drainage, France. A XANES, XRD, and SEM study[END_REF]. EXAFS data confirmed that As(III) dominated over As(V) in sample S1, with the presence of tooeleite and As(III)-sorbed schwertmannite (ESM 4: Figure S3). Downstream in Reigous Creek, As(V) was mainly present as amorphous Fe(III)-As(V) hydroxysulfate phase, As(III) likely being sorbed to poorly ordered schwertmannite. These findings are in good agreement with previously observed As speciation in Reigous Creek in winter [START_REF] Morin | Bacterial formation of tooeleite and mixed arsenic(III) or arsenic(V)-iron(III) gels in the Carnoulès acid mine drainage, France. A XANES, XRD, and SEM study[END_REF].

Eukaryotic Community Composition

A total of 16,510 sequence reads were generated in a single run of 454 pyrosequencing from the five independent 18S rRNA libraries. After trimming and processing with Mothur, 9046 reads remained including 14.4 % classified as Metazoa and Embryophyta (Table 2). As this study focuses on microorganisms, Metazoa and Embryophyta sequences were removed from the dataset. However, they accounted for highly variable percentages of eukaryotic sequences at the different sites (50.6, 3.8, 25.9, 19.0, and 4.5 %, respectively, for S1, COWG, GALm, GAL, and CONF) leading to a significant decrease in the number of sequences in some samples. To compare the five samples, we randomly resampled each dataset to make the number of sequences the same for each sample (500 sequences). Clustering of the 2500 remaining sequences led to the identification of 323 OTUs (including 179 singletons) defined at 97 % identity.

The relative abundance of each taxon in each sample was determined at a confidence threshold of 80 % (Table 3). Across all the samples, eight high-level eukaryotic lineages were identified including a total of 37 classes. The majority of the sequences clustered into four high-level taxonomic groups: Fungi (76.6 %), Stramenopiles (8.4 %), Alveolata (8.2 %), and Viridiplantae (3.6 %). Four minor taxa represented less than 1 % of the sequences (Amoebozoa, Choanoflagellida, Rhizaria, and Apusozoa). Fungi formed the dominant group. They were highly diverse and distributed among 17 classes mainly associated with two dominant phyla, Basidiomycota and Ascomycota (40.8 % and 33.7 % of the total sequences) (Table 3). These phyla were dominated by Microbotryomycetes and Leotiomycetes, respectively (Fig. 2a). The Stramenopiles were related to six taxonomic groups characterized by the dominance (91 %) of the photosynthetic lineages Chrysophyceae-Synurophyceae (Fig. 2b). Alveolata were composed of four distinct groups (Apicomplexa, Ciliophora, Dinoflagellida and Perkinsea) (Fig. 2c). Ciliophora was dominant (87.4 %) and mainly characterized by Spirotrichea and Colpodea. Most of the Viridiplantae (84.4 %) were affiliated with the Chlorophyta phylum, mainly represented by Trebouxiophyceae. The Streptophyta phylum was composed of Klebsormidiophyceae and mainly poorly characterized sequences (Fig. 2d).

Spatial Variation Along the Reigous Creek

Diversity and species richness of the eukaryotic community varied considerably in the streambed sediments (Table 2). The Shannon diversity (H) and Chao1 richness indices ranged from 1.86 to 4.68 and 41 to 457, respectively. While the arsenic-rich sediments S1, GALm, and GAL displayed similar levels of species richness and diversity, COWG located only 30 m downstream from Reigous spring, exhibited the highest values (Chao1 = 457; H = 4.68). This is consistent with the rarefaction curves that tended to reach an asymptote for all the samples except COWG (Fig. 3). The CONF site represented an intermediate situation (Chao1 = 118; H = 3.28). Good's coverage ranged from 73 to 98 % with an average value of 92 %, suggesting that the majority of eukaryotic phylotypes were recovered in the majority of samples (Table 2).

To investigate the spatial distribution of the eukaryotic community along the Reigous Creek, we compared eukaryotic communities based on community membership. A Venn diagram showing the unique and the shared OTUs at the five sites revealed that a high proportion of OTUs in each sediment sample was site-specific (57, 85, 54, 42, and 77 %, respectively, for S1, COWG, GALm, GAL and CONF) (Table 2; Fig. 4). Only one OTU corresponding to 54 sequences was common to the five sediments and showed 99 % of similarity with Escovopsis sp. Esc19. The samples GALm and GAL, retrieved from distinct sediments located at the same site in the creek, shared only 13 OTUs, corresponding to 42 and 33 % of their respective taxa. More generally, the proportion of shared OTUs between at least two sites was very low (12 %) but corresponded to a high proportion of the total sequences (68 %) (Fig. 4). To analyze these shifts in community composition along the pollution gradient in more detail, we examined the dynamics of the four dominant taxa. The distribution of Fungi varied along the creek with the dominance of Basidiomycota in the As-rich sediments S1, GAL and GALm, whereas a major proportion of Ascomycota was found at both COWG and CONF (Fig. 2a; Table 3). Within the Stramenopiles, the Clade C of the Chrysophyceae-Synurophyceae was dominant at all sites in varying proportions along the creek (Fig. 2b). Alveolata were characterized by the dominance of Ciliophora at all sites, except at GAL and GALm Results are presented for the normalized data set randomly resampled to make the size of all the samples the same. Values in brackets are 95 % confidence intervals a OTUs were defined at 97 % cutoff b Good coverage: sum of probabilities of observed classes calculated as (1-(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 Fig. 5). Thus, the eukaryotic community structure at COWG and CONF was mainly correlated with low concentrations of As, whereas high concentrations explained the composition of the community at S1, GAL, and GALm.

To go further in the identification of physicochemical parameters potentially controlling the abundance of eukaryotic taxa, we also performed Pearson correlation tests on dominant OTUs (>5 % of total abundance per sample) as displayed in Table 4. Seven of the 13 dominant OTUs exhibited significant correlations with environmental variables. The relative abundances of four OTUs (3, 7, 8, and 15, respectively Calyptrozyma, Monascostroma, Ochromonas, and Microscypha) were positively correlated with the concentration of Zn. Moreover, As concentrations were significantly correlated with Rhodotorula mucilaginosa (OTU 1, positive correlation) and Monascostroma sphagnophilum (OTU 7, negative correlation). Unclassified Oxytrichidae (OTU 12) were positively correlated with the concentration of S and Penidiella columbiana (OTU 14) was positively correlated with the concentration of Pb.

Discussion Diversity Patterns and Methodological Considerations

In agreement with a previous study conducted at Richmond Mine [START_REF] Goltsman | Community transcriptomics reveals unexpected high microbial diversity in acidophilic biofilm communities[END_REF], our results suggest that despite the extreme characteristics of these systems, diverse organisms can grow in AMD although they are dominated by a few taxa. Most of the sequences retrieved correspond to lineages previously found in other AMDs, including members of the Chlorophyta, Streptophyta, and Bacillariophyta phyla as well as Rhizaria, Alveolata, Amoebozoa, Stramenopiles and Fungi [START_REF] Amils | Extreme environments as Mars terrestrial analogs: the Río Tinto case[END_REF][START_REF] Aguilera | Distribution and seasonal variability in the benthic eukaryotic community of Río Tinto (SW, Spain), an acidic, high metal extreme environment[END_REF][START_REF] Amaral-Zettler | Eukaryotic diversity at pH extremes[END_REF]. However, some taxa detected in the present study have not been previously identified in any AMD system, such as Choanoflagellida. Fungi were the dominant group in Carnoulès sediments and exhibited high diversity with 17 different classes identified. This phylogenetic group was previously evidenced in this ecosystem using culture-based approaches that led to the detection of 16 yeast species, mainly belonging to the phylum Basidiomycota [START_REF] Delavat | Yeast and bacterial diversity along a transect in an acidic, As-Fe rich environment revealed by cultural approaches[END_REF]. Moreover, the eukaryotic community appears to be more diverse than previously described in other AMD ecosystems [START_REF] Baker | Insights into the diversity of eukaryotes in acid mine drainage biofilm communities[END_REF][START_REF] Brake | Spatial and temporal distribution and characteristics of eukaryote-dominated microbial biofilms in an acid mine drainage environment: implications for development of iron-rich stromatolites[END_REF][START_REF] Zirnstein | Eukaryotic life in biofilms formed in a uranium mine[END_REF]. However, substantial eukaryotic diversity was encountered in the Río Tinto River in Spain where the eukaryotic community was mainly composed of photosynthetic Algae, using cloning sequencing techniques [START_REF] Aguilera | Eukaryotic organisms in extreme acidic environments, the Río Tinto case[END_REF][START_REF] Amaral-Zettler | Microbiology: eukaryotic diversity in Spain's river of fire[END_REF][START_REF] Amaral-Zettler | From genes to genomes: beyond biodiversity in Spain's Río Tinto[END_REF] or pyrosequencing [START_REF] Amaral-Zettler | Eukaryotic diversity at pH extremes[END_REF].

In the present study, Euglena mutabilis was not detected. This photosynthetic acidophilic protist isolated from the Carnoulès ecosystem, forming continuous, green, macroscopic biofilms, has been shown to be particularly abundant at the COWG sampling site [START_REF] Casiot | Arsenic oxidation and bioaccumulation by the acidophilic protozoan, Euglena mutabilis, in acid mine drainage (Carnoulès, France)[END_REF][START_REF] Halter | In situ proteometabolomics reveals metabolite secretion by the acid mine drainage bio-indicator, Euglena mutabilis[END_REF]. We probably only captured a portion of the entire eukaryotic diversity present in the AMD, because a single PCR primer set does not amplify the 18S rRNA from all Eukaryotes [START_REF] Caron | The growing contributions of molecular biology and immunology to protistan ecology: molecular signatures as ecological tools[END_REF][START_REF] Stoeck | A multiple PCR-primer approach to access the microeukaryotic diversity in environmental samples[END_REF]. Furthermore, different targeted SSU rRNA gene sequences might not be PCRamplified with equal efficiency by the different primers, and variability within the amplified regions may have a significant effect on the apparent species richness [START_REF] Casamayor | Changes in archaeal, bacterial and eukaryal assemblages along a salinity gradient by comparison of genetic fingerprinting methods in a multipond solar saltern[END_REF]. In addition, richness results should be interpreted with caution, given the technological limits (e.g., differential cell lysis, pyrosequencing errors, etc. [START_REF] Huse | Ironing out the wrinkles in the rare biosphere through improved OTU clustering[END_REF]) and the unknown variability of the multiple copies of rRNA operons from the same organism [START_REF] Monchy | Exploring and quantifying fungal diversity in freshwater lake ecosystems using rDNA cloning/sequencing and SSU tag pyrosequencing[END_REF].

Ecological Role of Microbial Eukaryotes

The eukaryotic populations found in Reigous Creek can be grouped according to their potential ecological role as primary producers, decomposers, and consumers inferred from the metabolic capabilities of related microorganisms.

Previous studies showed that archaea and bacteria in Carnoulès AMD sediment mainly derive energy from sulfur/ iron oxidation or reduction [START_REF] Volant | Archaeal diversity: temporal variation in the arsenic-rich creek sediments of Carnoulès Mine, France[END_REF][START_REF] Bruneel | Characterization of the active bacterial community involved in natural attenuation processes in arsenic-rich Creek sediments[END_REF]. The chemolithoautrotrophic prokaryotes together with the photosynthetic eukaryotes evidenced in this study act as primary producers of biomass in this ecosystem. The photosynthetic eukaryotes detected in Carnoulès mainly belonged to the Chlorophyta (green algae), Streptophyta and autotrophic classes of the Stramenopiles such as the Bacillariophyceae (diatoms), Chrysophyceae (golden algae), Synurophyceae or Euglena. Photoautrotrophic eukaryotes may sustain the development of diverse heterotrophic lineages such as Acidiphilium detected in this ecosystem. Halter et al. [START_REF] Halter | In situ proteometabolomics reveals metabolite secretion by the acid mine drainage bio-indicator, Euglena mutabilis[END_REF] showed that the acidophilic protist Euglena mutabilis isolated at the water/sediment interface of Carnoulès AMD promotes the growth of heterotrophic bacteria by providing them with organic substrates like amino acids, polyamine compounds, urea or some sugars. Moreover, as suggested by Gonzalez-Toril et al. [START_REF] González-Toril | Geomicrobiology of La Zarza-Perrunal acid mine effluent (Iberian Pyritic Belt, Spain)[END_REF], the aerobic oxidation of iron, sulfur, or arsenic by prokaryotes (Acidithiobacillus ferrooxidans, Thiomonas spp., Thermoplasmatales) could be enhanced by the oxygen produced by photosynthesis, thereby highlighting an indirect role for eukaryotes in the bio-attenuation processes that occur at Carnoulès.

Our study also revealed the predominance and diversity of Fungi in all the sampling sites. Fungi are decomposers and the main producers of organic substances. The concentration of easily degradable organic carbon in Carnoulès sediment is probably very low (since in acid water, the degradation of organic carbon, such as leaves, is limited by the absence of invertebrates [START_REF] Siefert | Processing of leaf litter in acid waters of the post-mining landscape in Lusatia, Germany[END_REF]). Thus, Fungi may play an important role as primary degraders of complex organic matter [START_REF] Das | Occurrence and role of algae and fungi in acid mine drainage environment with special reference to metals and sulfate immobilization[END_REF]. Moreover, by maintaining low organic carbon levels and by producing dissolved carbonate ions, they could promote the growth of chemolithoautotrophic acidophilic prokaryotes [START_REF] Baker | Metabolically active eukaryotic communities in extremely acidic mine drainage[END_REF]. They may also allow the development of less metal-tolerant species by removing toxic metals from their environment through several mechanisms such as biosorption, sequestration or extracellular precipitation [START_REF] Amaral-Zettler | From genes to genomes: beyond biodiversity in Spain's Río Tinto[END_REF][START_REF] Das | Occurrence and role of algae and fungi in acid mine drainage environment with special reference to metals and sulfate immobilization[END_REF][START_REF] Zafar | Metal tolerance and biosorption potential of filamentous fungi isolated from metal contaminated agricultural soil[END_REF]. Indeed, the most abundant OTU, affiliated with Rhodotorula mucilaginosa, retrieved from S1, GAL and GALm may accumulate Zn and Pb and produce siderophores involved in metal resistance and complexation [START_REF] Ji | Effect of heavy metal-solubilizing microorganisms on zinc and cadmium extractions from heavy metal contaminated soil with Tricholoma lobynsis[END_REF][START_REF] Purchase | Effects of temperature on metal tolerance and the accumulation of Zn and Pb by metal-tolerant fungi isolated from urban runoff treatment wetlands[END_REF][START_REF] Rajpert | Biotransformation of copper from Kupferschiefer black shale (Fore-Sudetic Monocline, Poland) by yeast Rhodotorula mucilaginosa LM9[END_REF]. Members of Rhodotorula genus are also known to enhance ferrous iron oxidation carried out by Acidithiobacillus ferrooxidans (formely Thiobacillus ferrooxidans), which are active in this ecosystem [START_REF] Fournier | Essential interactions between Thiobacillus ferrooxidans and heterotrophic microorganisms during a wastewater sludge bioleaching process[END_REF]. They also can convert arsenate to arsenite, dimethylarsinic acid and methylarsonic acid [START_REF] Vidal | Arsenic metabolism in marine bacteria and yeast[END_REF]. Furthermore, the filamentous fungi Eurotiomycetes and Dothideomycetes detected in the present study may improve the anchorage of biofilms to pyrite-rich sediment in AMD by increasing their rigidity and organization [START_REF] Baker | Metabolically active eukaryotic communities in extremely acidic mine drainage[END_REF].

The Carnoulès microbial consumer community consists of heterotrophic protozoa characterized by representatives of the Rhizaria, Alveolata, Amebozoa, Apusozoa, and Choanoflagellida. Protozoa such as Oxytrichidae sp. present in relatively high proportions in S1 can impact microbial populations and biomass by grazing on heterotrophic and acidophilic bacteria including iron/sulfur-oxidizers and archaea [START_REF] Zirnstein | Eukaryotic life in biofilms formed in a uranium mine[END_REF][START_REF] Johnson | Effects of acidophilic protozoa on populations of metal-mobilizing bacteria during the leaching of pyritic coal[END_REF]. Top-down control of the bacterial community by the mixotrophic flagellate Ochromonas sp., commonly encountered in AMD [START_REF] Amils | Extreme environments as Mars terrestrial analogs: the Río Tinto case[END_REF][START_REF] González-Toril | Geomicrobiology of La Zarza-Perrunal acid mine effluent (Iberian Pyritic Belt, Spain)[END_REF] and, in this study, was also evidenced by Schmidtke et al. [START_REF] Schmidtke | Potential grazing impact of the mixotrophic flagellate Ochromonas sp. (Chrysophyceae) on bacteria in an extremely acidic lake[END_REF]. Moreover, acidophilic protozoa have been reported to graze preferentially on Acidithiobacillus ferrooxidans over Leptospirillum ferrooxidans, resulting in the dominance of L. ferrooxidans in mixed cultures of iron-oxidizers and revealing the impact of protozoa on prokaryotic community structure [START_REF] Johnson | Effects of acidophilic protozoa on populations of metal-mobilizing bacteria during the leaching of pyritic coal[END_REF].

Our results confirm that diverse eukaryotes colonize extreme environments like AMD, where they probably play a substantial role particularly in carbon and metal cycling through direct or indirect mechanisms, making them good candidates for remediation strategies [START_REF] Baker | Insights into the diversity of eukaryotes in acid mine drainage biofilm communities[END_REF][START_REF] Delavat | Yeast and bacterial diversity along a transect in an acidic, As-Fe rich environment revealed by cultural approaches[END_REF][START_REF] Das | Occurrence and role of algae and fungi in acid mine drainage environment with special reference to metals and sulfate immobilization[END_REF].

Spatial Distribution of the Eukaryotic Community and Influence of Environmental Drivers

The sediment samples were retrieved from different locations along the AMD reflecting distinct environmental conditions. The water chemistry varied significantly, with a clear decreasing gradient of As, Fe and sulfates associated with an increasing trend of oxygen content and pH, between the spring (S1, the most extreme site) and the confluence with the Amous River (CONF, the least extreme site). The composition of the sediments also differed according to the mineralogical analyses, including the two samples collected in the same area (GALm and GAL). However, no upstream to downstream gradient in sediment composition was identified.

These variations in geochemical and mineralogical conditions along Reigous Creek were associated with important variations in the structure and composition of the eukaryotic community. Only one OTU corresponding to 54 sequences was common to the five sediments, and a small proportion Fig. 5 Principal coordinate analysis (PCoA) of the eukaryotic community matrix for normalized OTU abundances. Arrows are projections of possible explanation variables gained by vector fitting. The red and blue arrows represent significant and non-significant fittings, respectively (Bonferroni corrected, P < 0.05). The corresponding r 2 correlation coefficients and pvalues are listed in Table 1 of OTUs was shared between at least two sites. The marked differences in the sediment eukaryotic community along Reigous Creek show that distinct communities occupy specific niches. However, the shared OTUs correspond to a high proportion of the total sequences. The distribution of the eukaryotic community is thus characterized by a low proportion of dominant OTUs omnipresent along the creek and a high proportion of minor taxa specific to each site. Moreover, the samples GALm and GAL, retrieved from distinct sediments geographically close in the creek, shared only 13 OTUs, highlighting the probable selective pressure of local sediment characteristics on eukaryotic membership patterns.

Contrary to what was observed in the Río Tinto by Amaral-Zettler et al. [START_REF] Amaral-Zettler | Microbial community structure across the tree of life in the extreme Río Tinto[END_REF], eukaryotic richness was not highest at the most extreme sites of the AMD. Nevertheless, diversity was linked to the composition of the sediment. Indeed, the sediments sampled at the most diverse site (COWG) had the lowest Fe and As concentrations while the least diverse site (GAL) had the highest concentration of As. The eukaryotic diversity encountered at COWG could be indicative of mature and well-established communities able to sustain relatively complex trophic interactions. Sediments present along Reigous Creek are flushed away during the intensive rainfall events that characterize the Mediterranean climate of this region, generally in spring and fall. However, the COWG sampling site is located in a small depression and is protected by a low wall, allowing the sediments to remain in place over the years, and could thus sustain the development of more complex communities.

Based on PCoA analysis, the Reigous riverbed sediments formed a succession of distinct ecosystems hosting contrasted eukaryotic communities whose structure was linked to sediment composition. The concentration of arsenic in the sediment was identified as the main factor controlling the composition of the eukaryotic community; a high level of As being associated with low eukaryotic diversity. In addition to arsenic, Pearson's correlation revealed that S, Zn, and Pb were also significantly correlated with the composition of the eukaryotic community. In accordance with our results, the presence of other heavy metals (Zn, Cu, Ni) has been previously suggested to shape eukaryotic community diversity and biomass in the Río Tinto more than the influence of pH [START_REF] Aguilera | Eukaryotic community distribution and its relationship to water physicochemical parameters in an extreme acidic environment, Río Tinto (Southwestern Spain)[END_REF]. A recent study suggested that seasonality, associating light intensity and water temperature, significantly influences eukaryotic distribution in AMD biofilms [START_REF] Brake | Spatial and temporal distribution and characteristics of eukaryote-dominated microbial biofilms in an acid mine drainage environment: implications for development of iron-rich stromatolites[END_REF].

Distinct mineralogical conditions were evidenced in this study. They impacted the microbial assemblages in Carnoulès sediments and may have selected specific communities adapted to the local environmental properties. These selected communities probably influence biogeochemical processes and ecosystem functioning. As an illustration, the most abundant OTU retrieved from the As-rich sediments S1, GAL and GALm belonged to the genus Rhodotorula, which is known to be involved in arsenic cycling [START_REF] Vidal | Arsenic metabolism in marine bacteria and yeast[END_REF]. This genus was not detected at other sites characterized by a lower concentration of As, revealing a possible selective effect of arsenic.

The present study showed that eukaryotic community structure and composition both responds to, and impacts, ecosystem characteristics. To gain insight into the specific contribution of Eukaryotes in Carnoulès ecosystem functioning, further characterizations of the species, their mode of nutrition (autotrophy, heterotrophy, mixotrophy), their interactions (food web, saprotrophism, parasitism, commensalism, etc.) are now required. The capacity of eukaryotic microorganisms to interact with arsenic thereby impacting the fate of arsenic in the aquatic ecosystem also requires future investigation. The potential for arsenic methylation was recently evidenced in Reigous Creek and the River Amous [START_REF] Héry | Release of arsenite, arsenate and methyl-arsenic species from streambed sediment affected by acid mine drainage: a microcosm study[END_REF][START_REF] Desoeuvre | Diversity and distribution of arsenic-related genes along a pollution gradient in a river affected by acid mine drainage[END_REF]. Since Eukaryotes (Fungi, Algae, etc.) are known for their biomethylation capacity [START_REF] Desoeuvre | Diversity and distribution of arsenic-related genes along a pollution gradient in a river affected by acid mine drainage[END_REF][START_REF] Bentley | Microbial methylation of metalloids: arsenic, antimony, and bismuth[END_REF], targeting this microbial function to assess its contribution to arsenic cycling in AMD impacted water will be of particular interest.

Fig. 4 Fig. 3

 43 Fig. 4 Venn diagram showing the number of shared and unique operational taxonomic units (OTUs) between the eukaryotic communities at the five sampling sites. The number of sequences associated with OTU is in brackets. OTUs are defined by 97 % sequence similarity

Table 4

 4 Taxonomic identification of dominant taxa (>5 % of total abundance per sample) and coefficients of Pearson's correlations between their relative abundance and concentrations of the main major and trace elements in sediments across all sites OTU number Taxonomic classification Proportion of sequences (%) Pearson s' coefficient correlation with major and trace elements concentrations Correlation coefficients in italic font with * are statistically significant (Bonferroni corrected; p < 0.05)

Table 1

 1 Concentrations (mg g -1 ) of the main major and trace elements present in the sediments at each sampling site in the Reigous Creek riverbed obtained after bulk mineralization and ICP-MS analyses; r 2 correlation coefficient and corresponding p value indicating goodness of fit and significance determined by vector fitting to the PCoA (italic font with *p < 0.05)

	Sampling	S1	COWG	GALm	GAL	CONF	Vector fit	
	stations						r 2	p
	Fe (mg g -1 ) (±SD)	94 (±0.7)	42 (±2)	75 (±3)	55 (±0.6)	81 (±0.4)	0.39	0.650
	As (mg g -1 ) (±SD)	197 (±0.2)	23 (±1)	230 (±9)	191(±2)	21 (±0.1)	0.99	0.041*
	S (mg g -1 ) (±SD)	36 (±1)	21 (±2)	12 (±1)	14 (±1)	19 (±0.2)	0.15	0.816
	Pb (mg g -1 ) (±SD)	1.43 (±0.005)	3.98 (±0.058)	1.95 (±0.037)	2.51 (±0.065)	2.17 (±0.050)	0.49	0.591
	Zn (mg g -1 ) (±SD)	0.26 (±0.001)	0.48 (±0.027)	0.10 (±0.004)	0.19 (±0.002)	2.76 (±0.020)	0.90	0.166
	SD standard deviation							

Table 2

 2 Diversity indices, estimated OTU richness and coverage for each 18S rRNA gene library

	Sampling	No. reads	No. reads excluding	No. reads	No.	Singletons	Coverage b	Shannon c	Chao1
	sites	after quality	Metazoa and	after	OTUs a			diversity	richness
		filtering	Embryophyta	normalization					
	S1	1472	727	500	30	9	98	2.03 (1.90; 2.16)	41 (33; 78)
	COWG	4040	3888	500	206	122	73	4.68 (4.56; 4.80)	457 (362; 611)
	GALm	740	548	500	31	7	97	2.07 (1.94; 2.20)	51 (36; 104)
	GAL	617	500	500	39	8	98	1.86 (1.70; 2.03)	45 (40; 66)
	CONF	2177	2080	500	75	33	93	3.28 (3.15; 3.41)	118 (93; 178)
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