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Metataxonomics of Tunisian phosphogypsum based on five bioinformatics pipelines: Insights for bioremediation
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Phosphogypsum (PG) is an acidic by-product from the phosphate fertilizer industry and it is characterized by a low nutrient availability and the presence of radionuclides and heavy metals which pose a serious problem in its management. Here, we have applied Illumina MiSeq sequencing technology and five bioinformatics pipelines to explore the phylogenetic communities in Tunisian PG. Taking One Codex as a reference method, we present the results of 16S-rDNA-gene-based metataxonomics abundances with four other alternative bioinformatics pipelines (MetaGenome Rapid Annotation using Subsystem Technology (MG-RAST), mothur, MICrobial Community Analysis (MICCA) and Quantitative Insights into Microbial Ecology (QIIME)), when analyzing the Tunisian PG. Importantly, based on 16S rDNA datasets, the functional capabilities of microbial communities of PG were deciphered. They suggested the presence of PG autochthonous bacteria recoverable into (1) removal of radioactive elements and toxic heavy metals (2) promotion of plant growth (3) oxidation and (4) reduction of sulfate.

Introduction

During recent decades, the microbial communities in mine tailings have attracted a considerable interest from many microbiologists [1; 2; 3]. Extreme tailing environments are ideal targets for the study of microbial diversity and how microbial communities respond to environmental changes [START_REF] Liu | Correlating microbial diversity patterns with geochemistry in an extreme and heterogeneous environment of mine tailings[END_REF]. Unlike the widespread idea about the negative effect of pollution on biodiversity; microbial communities in mine site can be greater than thought. For instance, an acidic and heavy metal contaminated mine can harbor rare and extremophile microorganisms involved in the biogeochemical cycles in this site. In fact, these species may be used in bioremediation processes of other contaminated soils [START_REF] Batty | The potential importance of mine sites for biodiversity Mine[END_REF].

Phosphogypsum (PG) is composed of over 90% of calcium sulfate and lower percentages of silica, aluminum, phosphate, and fluoride [START_REF] Tayibi | Environmental impact and management of phosphogypsum[END_REF]. Depending on the origin of the phosphate ores, PG contains variable amounts of some impurities such as naturally occurring radionuclides and heavy metals [START_REF] Nisti | Lixiviation of natural radionuclides and heavy metals in tropical soils amended with phosphogypsum[END_REF]. The stack of PG increases during the manufacture of phosphoric acid, which makes its disposal an environmental concern.

Bioremediation could be used as an innovative PG management strategy. It is based on the use of living organisms, especially microorganisms, to degrade or detoxify the environmental contaminant as a safe and low-cost alternative [START_REF] Jalali | Phosphogypsum biotransformation by aerobic bacterial flora and isolated Trichoderma asperellum from Tunisian storage piles[END_REF]. However, the optimization of bioremediation strategies is dependent on knowing and characterizing the in situ microbial community. Indigenous bacteria able to remain active within the contaminant, can be identified and potentially targeted for bioremediation [START_REF] Akob | Metabolically active microbial communities in uranium contaminated subsurface sediments[END_REF].

Recently, the application of next generation sequencing technologies such as Illumina Miseq has allowed to generate gigabases of high-quality raw data at low cost [START_REF] Hong | Illumina MiSeq sequencing investigation on the contrasting soil bacterial community structures in different iron mining areas[END_REF]. Metataxonomics is a high-throughput process used to identify microorganisms within a complex environment and create a metataxonomic tree in order to make taxonomic inferences [START_REF] Marchesi | The vocabulary of microbiome research: a proposal[END_REF]. Metagenomic analysis of nucleic acids was a powerful approach to capture the entire spectrum of microbial communities including both cultivable and uncultivable microorganisms as well as some rare species [START_REF] Zhang | Metagenome-scale analysis yields insights into the structure and function of microbial communities in a copper bioleaching heap[END_REF].

The microbial diversity of Tunisian PG has been poorly understood. Recently, one paper has studied the most important phyla of microbial communities in Tunisian PG using QIIME [START_REF] Zouch | Microbial Diversity in Sulfate-Reducing Marine Sediment Enrichment Cultures Associated with Anaerobic Biotransformation of Coastal Stockpiled Phosphogypsum (Sfax, Tunisia)[END_REF], but there have been no additional reports of these communities. This study, therefore, represents the first observation of the microbiology of PG using Illumina MiSeq approach and five bioinformatics pipelines. It provides an evaluation of the potential applications of the microbial communities of PG in bioremediation processes.

Materials and methods

Site description and sample collection

Sample collections were conducted in March; 2012 from the PG piles in accordance with Smith et al. [START_REF] Smith | Sampling strategy for the rapid screening of mine-waste dumps on abandoned mine lands Open-File Report[END_REF] sampling guidelines. PG dumps are located near to the fertilizer industry in Sfax, Southeastern Tunisia. This region is characterized by a semi-arid to arid climate with an annual precipitation of around 237.8 mm. The Sfax plant (SIAPE factory) stockpiles contain ≈30 million tons of PG covering more than 48 ha and measuring more than 50 m height [START_REF] Zouch | Microbial Diversity in Sulfate-Reducing Marine Sediment Enrichment Cultures Associated with Anaerobic Biotransformation of Coastal Stockpiled Phosphogypsum (Sfax, Tunisia)[END_REF].

The 10 cm of sediment layer was collected with sterile spatulas and spoons, and homogenized in a pre-sterilized aluminum pan. Multiple aliquots of samples were placed into 50 mL polypropylene tubes and were stored on ice until analysis prior to microbial analyses, while others were dried for the determination of soil chemical properties and radionuclides content.

PG pH was determined using a glass combination electrode with a PG: water ratio of 1:2.5.

The physico-chemical characteristics of PG were determined using Analyzer and Inductive Coupled Plasma Optical Emission Spectrometry (ICP-OES) in National Institute for Research and Physicochemical Analysis (INRAP) in Tunisia. Gamma spectrometry was used for the determination of radionuclides containing in the sample. Radioactivity measurements were done in National Center for Nuclear Sciences and Technology (CNSTN) in Tunisia.

DNA Extraction

DNA samples were extracted according to the method of He et al. [START_REF] He | Characterization of copper-resistant bacteria and assessment of bacterial communities in rhizosphere soils of copper-tolerant plants[END_REF] with some modification. 10 g of PG was mixed with 13.5 mL of DNA extraction buffer (100 mM Tris-HCl [pH 8.0], 100 mM sodium EDTA [pH 8.0], 100 mM sodium phosphate [pH 8.0], 1.5 M NaCl, 1% hexadecylmethylammonium bromide) and 10 mL of proteinase K (10 mg mL -1 ) in centrifuge tubes by horizontal shaking at 200 rpm for 30 min at 37°C. After the shaking treatment, 1.5 mL of 20% dodecyl sulfate sodium (SDS) was added, and the samples were incubated in a 65°C water bath for 2 h with gentle end-over end inversions every 15-20 min.

The supernatants were collected after centrifugation at 6,000 g for 10 min at room temperature and transferred into 50 mL centrifuge tubes. The soil pellets were extracted two more times by adding 4.5 mL of the extraction buffer and 0.5 mL of 20% SDS, vortexing for 10 s, incubating at 65°C for 10 min, and centrifuging as before. Supernatants from the three cycles of extractions were combined and mixed with an equal volume of chloroformisopentanol (24:1, v/v). The aqueous phase was recovered by centrifugation and precipitated with 0.6 volume of isopropanol at 4°C for 1 h. The pellet of crude nucleic acids was obtained by centrifugation at 16,000 g for 20 min at 4°C, washed with a cold 70% ethanol, and resuspended in sterile deionized water. DNA concentration and quality were assessed based on spectral absorbance at 260 nm wavelength and absorbance ratios of 260/280 nm, using a NanoDrop Spectrophotometer (NanoDrop Technology, USA). DNA samples were preserved at -80°C until further processing. with "N 2-4 " were random bases, "X 6 " were 6-bases tag and "P n " was specific primer. The polymerase chain reaction (PCR) mix contained 1 µg of template DNA, 10 µL of 5X Taq reaction buffer, 1 µM of each primer, 200 µM dNTPs, and 1.25 units of Taq polymerase in a 50 µL reaction. The amplification procedure was as follows: an initial denaturation step at 95°C for 2 min, and 35 cycles of denaturing at 95°C for 1 min, annealing at 53°C for 1 min, and extension at 72°C for 1 min, followed by a final extension step at 72°C for 5 min.

Amplification of 16S rRNA Genes

Bioinformatics and statistical analysis

The raw data generated from Illumina MiSeq technology run was processed and analyzed with One Codex, using default parameters, and also, for comparison purposes, following the pipelines of MG-RAST [START_REF] Keegan | MG-RAST, a metagenomics service for analysis of microbial community structure and function[END_REF], mother [START_REF] Schloss | Introducing mothur: open-source, platform-independent, community-supported software for describing and comparing microbial communities[END_REF], MICCA [START_REF] Albanese | MICCA: a complete and accurate software for taxonomic profiling of metagenomic data[END_REF] and QIIME [START_REF] Caporaso | QIIME allows analysis of high-throughput community sequencing data[END_REF]. The merged file contained 16,803 sequences totaling 7,639,017 base pairs with an average length of 455 bps.

The same generated merged FASTQ file was used as input for all five pipelines on or after August 2017. Operational Taxonomic Units (OTUs) were calculated at phylum, order, family, genus and species levels. Taxa with relative abundance higher than 1% were retained for statistical analysis.

One Codex

In this work, first, we used the One Codex data platform [START_REF] Minot | One Codex: A Sensitive and accurate data platform for genomic microbial identification[END_REF] for the taxonomic assignment of datasets because of the following advantages: (1) it exhaustively compares input samples against a database of thousands of whole microbial genomes, numbering approximately 40,000 bacteria, viruses, protists, archaea and fungi (https://onecodex.com/) in seconds [START_REF] Siegwald | Assessment of Common and Emerging Bioinformatics Pipelines for Targeted Metagenomics[END_REF] (2) it has best-in-class detection accuracy providing results with 0.00% false positives [START_REF] Lindgreen | An evaluation of the accuracy and speed of metagenome analysis tools[END_REF] and ( 3) it has the highest degree of sensitivity and specificity compared to other methods, both when detecting well-characterized organisms as well as "taxonomically novel" species [START_REF] Minot | One Codex: A Sensitive and accurate data platform for genomic microbial identification[END_REF].

For the metataxonomic analysis of the merged file, One Codex, used an assignment-first approach. First, for the taxonomic assignment, all reads were compared to One Codex database by checking for exact k-mer matches. Afterwards, based on those comparisons, the lowest taxonomy possible to each read was assigned. Then, for taxonomic binning, reads were gathered into various taxonomic units based on their annotations [20; 21] Metataxonomic results were obtained as an overview, charts, phylogenies and tables.

MG-RAST: MetaGenome Rapid Annotation using Subsystem Technology

The merged file was uploaded to MG-RAST [START_REF] Keegan | MG-RAST, a metagenomics service for analysis of microbial community structure and function[END_REF] for sequence analysis. The analysis generated by the MG-RAST automated processing pipeline (http://metagenomics.anl.gov) is as follows: Reads were given a taxonomic classification using the 'Best Hit Classification' option in MG-RAST, a maximum E-value cut-off of 1e-05, a % identity threshold of 60, a minimum alignment length of 15 bp and a minimum abundance set to 1. Best Hit Classification reports the highest scoring annotation(s) for each read. MG-RAST uses the BLAT (BLAST-like alignment tool) [START_REF] Kent | BLAT-the BLAST-like alignment tool[END_REF] algorithm for the computation of similarities and to identify rDNA sequences by searching a reduced rDNA database. The UCLUST algorithm [START_REF] Edgar | Search and clustering orders of magnitude faster than BLAST[END_REF] is then used to cluster identified rDNA sequences. Representative sequences of each cluster were then used to realize taxonomic assignments using the RDP database [START_REF] Cole | The Ribosomal Database Project (RDP-II): previewing a new autoaligner that allows regular up-dates and the new prokaryotic taxonomy[END_REF].

2.4.3Mothur

Merged FASTQ file was quality-filtered and analyzed using mothur version 1.39.5, following the MiSeq Standard Operating Process pipeline [START_REF] Kozich | Development of a dual-index sequencing strategy and curation pipeline for analyzing amplicon sequence data on the MiSeq Illumina sequencing platform[END_REF]. Briefly, contigs were screened to remove sequences that did not align to Silva V4 database [START_REF] Quast | The SILVA ribosomal RNA gene database project: improved data processing and web-based tools[END_REF]. Duplicate sequences were merged followed by the alignment to a reference database (SILVA 123). Chimeric sequences were removed by using UCHIME algorithm [START_REF] Edgar | Search and clustering orders of magnitude faster than BLAST[END_REF]. Taxonomic classification was done based on Ribosomal Database Project (RDP) trainset 14 and using the RDP Naïve Bayesian Classifier [START_REF] Wang | Naïve Bayesian Classifier for Rapid Assignment of rRNA Sequences into the New Bacterial Taxonomy[END_REF]. Abundance was expressed as a percentage with respect to the total number of sequences in the sample.

MICCA

Processing the analysis of amplicon metagenomic datasets with micca software pipeline combines the following steps. First, the primers from both ends of merged FASTQ file were trimmed using trim command in the MICCA software package. Second, the quality of trimmed sequences was filtered using micca filter according to the maximum allowed expected error. Third, filtered sequences were classified into OTUs based on the de novo greedy clustering. Each representative sequence of generated OTUs was classified based on the RDP classifier [START_REF] Wang | Naïve Bayesian Classifier for Rapid Assignment of rRNA Sequences into the New Bacterial Taxonomy[END_REF]. Abundance was expressed as a percentage with respect to the total number of sequences in the sample.

QIIME

The Merged FASTQ file was quality-filtered and analyzed using QIIME v.1.9.0 pipeline [START_REF] Caporaso | QIIME allows analysis of high-throughput community sequencing data[END_REF].

Sequences with an average Phred quality score < 25 were discarded. Chimeric sequences were identified using USEARCH [START_REF] Edgar | Search and clustering orders of magnitude faster than BLAST[END_REF] implemented in QUIME's pipeline using the reference mode against the SILVA LTP database (release 119) [START_REF] Yarza | The all-species living tree project: a 16S rRNAbased phylogenetic tree of all sequenced type strains[END_REF]. OTUs were clustered with QIIME's de novo OTU-picking pipeline using UCLUST [START_REF] Edgar | Search and clustering orders of magnitude faster than BLAST[END_REF] and rdp methods with Naive Bayes classification [START_REF] Wang | Naïve Bayesian Classifier for Rapid Assignment of rRNA Sequences into the New Bacterial Taxonomy[END_REF]. Representative sequences for each OTU were classified taxonomically using BLAST [START_REF] Altschul | Basic local alignment search tool[END_REF] against SILVA LTP database (release 119). Abundance was expressed as a percentage with respect to the total number of sequences in the sample.

Diversity comparisons and statistical analysis

Alpha-diversity metrics, corresponding to variables describing diversity within the sample (Good's coverage, Shannon diversity and Simpson indexes), was computed at a genus level.

Each pipeline (mothur, MICCA and QIIME) was used to calculate diversity measures.

Results and Discussion

3.1Assignment of metataxonomic datasets, comparison of bioinformatics pipelines and taxonomic signature

When analyzing 16S rDNA gene sequencing data from complex ecological niches, like PG, careful consideration of sources of bias affecting each tool is required. The performance of One Codex was confirmed by Lindgreen et al. [START_REF] Lindgreen | An evaluation of the accuracy and speed of metagenome analysis tools[END_REF] as previously indicated in this paper. 1.

Taking One Codex as a reference method, we also showed that the four other bioinformatics pipelines did not detect taxonomic units (e.g., species) in similar abundances. Also, differences were observed at different level (Table 2, Supplementary File 1). Differences at the class and genus levels are shown in Figure 1. Moreover, in comparison with the reference method, these four tools (MG-RAST, mothur, MICCA and QIIME) either misidentified many phyla, classes, orders, families, genera and species that were not truly present (false positives)

or wrongly indicated that they are absent (false negatives) (Figure 1, Table 2, Supplementary File). However, it was observed that One Codex and QIIME produced comparable results

(Table 2, Supplementary File 1).

In addition, many parameters can explain the difference between the study of Zouch et al. [START_REF] Zouch | Microbial Diversity in Sulfate-Reducing Marine Sediment Enrichment Cultures Associated with Anaerobic Biotransformation of Coastal Stockpiled Phosphogypsum (Sfax, Tunisia)[END_REF] and our results (Table 2), including the DNA extraction method, 16S rDNA region targets and the spatiotemporal sampling data. Moreover, these differences may be attributed to used taxonomical classification algorithms and reference databases [START_REF] Borthong | Comparison of Database Search Methods for the Detection of Legionella pneumophila in Water Samples Using Metagenomic Analysis[END_REF].

Characteristics of Tunisian PG, functional predictions and insights for bioremediation

Fertilizer manufacturing industries release obvious sources of heavy metal and radionuclides with severe impact on the environment. In Tunisia, one of the main phosphates producing countries in the world, the phosphate fertilizer industries produce 10 Mt/year PG [START_REF] Ajam | Characterization of the Tunisian phosphogypsum and its valorization in clay bricks[END_REF].

Tunisian PG is heavily polluted with heavy metals and radionuclides (Table 3). In order to develop effective bioremediation strategies for these contaminants, the composition of microbial communities in PG needs to be better understood. Therefore, a legitimate question is to ask whether the composition of the core microbiome of Tunisian PG accords very closely with its characteristics.

In this study, based on a reference method, One Codex, 193 species were detected (Supplementary File 1 One codex analysis showed that PG was dominated at the phylum level by Proteobacteria (46.76% of classified reads). In more detail, Proteobacteria-related sequences were composed of five classes: Gammaproteobacteria, Alphaproteobacteria, Betaproteobacteria, Deltaproteobacteria and Epsilonproteobacteria an order from the highest to the lowest (Supplementary File 1). Proteobacteria are often shown to be predominant in various acidic environments such as mine tailings, comprising up to 70% of 16S rRNA gene clone library sequences [33; 34]. They are well-known to survive in oligotrophic environments, nitrate reduction and metal resistance and they are able to reduce uranium. These characteristics were frequently presented in Gammaproteobacteria [9; 35] which were detected as the dominant class in this study.

Actinobacteria were the second most dominant phylum with a representative major order (Micrococcales) and major family (Micrococcaceae) (Supplementary File 1). Members of this phylum are ubiquitously distributed in different habitats, including metal-rich, acidic ecosystems. Their metabolic versatility and resilience to harsh environments have been also

reported in mining-related areas [START_REF] Xiao | Microbial diversity and community structure in an antimony-rich tailings dump[END_REF]. Indeed, Actinobacteria have a range of mechanisms for dealing with heavy metal resistance [START_REF] Wakelin | Bacterial communities associated with a mineral weathering profile at a sulphidic mine tailings dump in arid Western Australia[END_REF]. They have been widely used in bioremediation such as biotransformation, biodegradation and other purposes [START_REF] Hema | Actinobacteria isolates from tin tailings and forest soil for bioremediation of heavy metals[END_REF]. El Baz et al. [START_REF] Baz | Resistance to and accumulation of heavy metals by actinobacteria isolated from abandoned mining areas[END_REF] showed that Actinobacteria might be a good tool which can be used in a bioreactor configuration to treat metal contaminated wastes prior to discharge into the environment.

Firmicutes was the third dominant phylum (Supplementary File 1). Members of this phylum occupy a wide range of habitats and can be either beneficial or detrimental in diverse settings [40] and they have an important role in industrial and clinical aspect [START_REF] Kim | A report of 10 unrecorded bacterial species of Korea, belonging to the phylum Firmicutes[END_REF].

Concordantly, Proteobacteria, Actinobacteria and Firmicutes were mainly detected in mine tailing with low pH, intense weathering and iron precipitations [1; 42]. They are known to be resistant to heavy metal toxicity and adapted for growth in low nutrient environments [START_REF] Rastogi | Microbial Diversity in Uranium Mining-Impacted Soils as Revealed by High-Density 16S Microarray and Clone Library[END_REF].

Deeper genus-level sequencing revealed that the majority of bacteria in PG can contribute to the different biotechnological treatment of PG. The dominant bacteria genera were related to Arthrobacter (13.25%), followed by the genera Paracoccus (12.32%), Pseudomonas (6.7%)

and Staphylococcus (3.63%) (Supplementary File 1). These genera have already been detected in various environments contaminated with chemicals and heavy metal such as mine dumps, sometimes as dominant populations. They have metabolically versatile and diverse degradative capabilities and potential applications for bioremediation [43; 44; 45; 46].

Resolving metataxonomics data at the species level has great potential for deciphering functional profiles within an ecological niche. These predictions suggested the presence of PG-native strains valorisable into (1) removal of radioactive elements and toxic heavy metals

(2) promotion of plant growth (3) oxidation and ( 4) reduction of sulfate (Figure 2).

Many of detected strains in this study (Supplementary File 1) were isolated previously in uranium (U) mine, and they are well-known for precipitation or reduction of U and other radionuclides such as Geobacter sp. [START_REF] Dhal | Microbial communities in uranium mine tailings and mine water sediment from Jaduguda U mine, India: A culture independent analysis[END_REF], Idiomarina sp. [START_REF] Islam | Microbial diversity in uranium deposits from Jaduguda and Bagjata uranium mines, India as revealed by clone library and denaturing gradient gel electrophoresis Analyses[END_REF], Clostridium sp. [START_REF] Rastogi | Microbial Diversity in Uranium Mining-Impacted Soils as Revealed by High-Density 16S Microarray and Clone Library[END_REF]. The ability of Lactobacillus sp. to remove U from aqueous solution was reported by Tsuruta [START_REF] Tsuruta | Applications using bacteria isolated from the uranium deposits[END_REF]. The removal of radioactive elements and toxic heavy metals from contaminated sources is a worthwhile priority for environmental protection initiatives. Therefore, researchers have concentrated on accumulation of U by microorganisms that can leach you from ore in mine soil [49; 50]. These microorganisms from U deposits can be used as adsorbing agents for the removal of nuclear elements which may be present in mine tailings [START_REF] Tsuruta | Applications using bacteria isolated from the uranium deposits[END_REF]. The isolation of these bacteria from a radioactive environment is very encouraging due to the possibility of their being used in the radionuclide bioremediation process.

Importantly, although PG is a radioactive environment, we detected the presence of ionizing radiation sensitive bacterial species such as Corynebacterium sp., Acinetobacter baumannii, Acinetobacter haemolyticus, Bacillus subtilis, Bacillus cereus and Bacillus megaterium (Figure 2). This can be explained based on previous findings that radioresistant microbial cells may protect their radiosensitive neighboring species (even from a different phylum) from high-level ionizing radiation [START_REF] Shuryak | Microbial cells can cooperate to resist highlevel chronic ionizing radiation[END_REF]. Moreover, the Comparison of the concentration of radionuclides found in this study with others carried out worldwide as reported by Ajam et al. [START_REF] Ajam | Characterization of the Tunisian phosphogypsum and its valorization in clay bricks[END_REF] showed that the radioactivity of 226 Ra in the Tunisian PG (200.58 becquerel / kilogramme (Bq/Kg))) is lower than those in other PG (Morocco, 1420 Bq/kg; Florida, 1120 Bq/kg).

Concentrations of metal(loid)s in Tunisian PG (Table 3), particularly Sr, Zn and Cd, are higher than those indicated in the environmental quality standard for agricultural applications in Quebec [START_REF] Beaulieu | Guide d'intervention-Protection des sols et réhabilitation des terrains contaminés[END_REF]. Cd is one of the most phytotoxic metals especially in acidic soil with low CEC and can cause agricultural yield reduction, contamination of the food crops [START_REF] Xie | Effect of heavy metals pollution on soil microbial diversity and bermudagrass genetic variation[END_REF].

Different bacterial species detected in Tunisian PG (Supplementary File 1) have been characterized in extremely acidic areas characterized by low nutrient and high levels of heavy metals like Ralstonia sp. [35; 54], Corynebacterium sp. [START_REF] Bruneel | Indepth characterization of bacterial and archaeal communities present in the abandoned Kettara pyrrhotite mine tailings (Morocco)[END_REF], Comamonas sp. [START_REF] Navarro-Noya | Bacterial communities associated with the rhizosphere of pioneer plants (Bahia xylopoda and Viguiera linearis) growing on heavy metalscontaminated soils[END_REF] and Pseudomonas sp. [START_REF] Kassab | Differential responses of a mine tailings Pseudomonas isolate to cadmium and lead exposures[END_REF] (Figure 2).

PG dumps are subjected to water erosion and wind dispersion representing a source of contamination for nearby communities [START_REF] Mendez | Phytostabilization of mine tailings in arid and semiarid environments-An emerging remediation technology[END_REF]. Numerous investigations have focused on the search for a new way to restore mine areas by the creation of a vegetation cover which assure long-term metal stabilization. Another method to valorize PG is its use as a fertilizer in agricultural crops. In this study, different isolates were characterized by their plant growth promoting traits as well as their resistances to various heavy metals (Figure 2) and may be excellent candidates of bio-inoculants for enhancing the phytomanagement strategies of PG.

Among these isolates, Bradyrhizobium sp., a plant growth promoting rhizobacterium (PGPR) used in the phytostabilization of heavy metals and to increase plant yield and nitrogen uptake [START_REF] Dary | In situ" phytostabilisation of heavy metal polluted soils using Lupinus luteus inoculated with metal resistant plant-growth promoting rhizobacteria[END_REF]. Other species in Tunisian PG (Supplementary File 1) can also resist to the toxicity of heavy metals and promote plant growth (Figure 2) via various mechanisms such as secretion of phytohormones (auxins), siderophores, ammonia (NH 3 ), 1-aminocyclopropane-1carboxylate (ACC) deaminase and solubilization of inorganic phosphate: Delftia sp. [START_REF] Wang | Biocontrol and plant growth-promoting activity of rhizobacteria from Chinese fields with contaminated soils[END_REF],

Achromobacter sp. [START_REF] Ma | Bioaugmentation with Endophytic Bacterium E6S Homologous to Achromobacter piechaudii Enhances Metal Rhizoaccumulation in Host Sedum plumbizincicola[END_REF], Flavobacterium sp., Shingomonas sp. [START_REF] Luo | Analysis and characterization of cultivable heavy metalresistant bacterial endophytes isolated from Cd-hyperaccumulator Solanum nigrum L. and their potential use for phytoremediation[END_REF], Psychobacter sp. [START_REF] Ma | Improvement of plant growth and nickel uptake by nickel resistant-plant-growth promoting bacteria[END_REF],

Rhizobium sp. [START_REF] Yu | Culturable heavy metal-resistant and plant growth promoting bacteria in V-Ti magnetite mine tailing soil from Panzhihua, China[END_REF], Planococcus sp. [START_REF] Saha | A consortium of non-rhizobial endophytic microbes from Typha angustifolia functions as probiotic in rice and improves nitrogen metabolism[END_REF], Mesorhizobium sp. [START_REF] Mahieu | Soil nitrogen balance resulting from N fixation and rhizodeposition by the symbiotic association Anthyllis vulneraria/Mesorhizobium metallidurans grown in highly polluted Zn, Pb and Cd mine tailings[END_REF], Paenibacillus sp. [START_REF] Navarro-Noya | Isolation and characterization of nitrogen fixing heterotrophic bacteria from the rhizosphere of pioneer plants growing on mine tailings[END_REF],

Jeotgalicoccus sp. [START_REF] Sánchez-López | Community structure and diversity of endophytic bacteria in seeds of three consecutive generations of Crotalaria pumila growing on metal mine residues[END_REF], Acinetobacter sp. [START_REF] De La Torre-Ruiz | Effect of plant growth-promoting bacteria on the growth and fructan production of Agave americana L[END_REF], Pelomonas sp. [START_REF] Chen | A comparative analysis of endophytic bacterial communities associated with hyperaccumulators growing in mine soils[END_REF], Burkholderia sp. [START_REF] Huang | Characterization of plant-growth-promoting effects and concurrent promotion of heavy metal accumulation in the tissues of the plants grown in the polluted soil by Burkholderia strain LD-11[END_REF],

Rhodococcus sp. [START_REF] Mcleod | The complete genome of Rhodococcus sp. RHA1 provides insights into a catabolic powerhouse[END_REF], Chryseobacterium sp. [START_REF] Moreira | Mine land valorization through energy maize production enhanced by the application of plant growth-promoting rhizobacteria and arbuscular mycorrhizal fungi[END_REF], Bacillus sp. [START_REF] De-Bashan | Bacillus pumilus ES4: Candidate plant growth-promoting bacterium to enhance establishment of plants in mine tailings[END_REF], Methylobaterium sp.

[67], Stenotrophomonas sp. [START_REF] Liu | Effects of plant growth-promoting bacteria isolated from copper tailings on plants in sterilized and non-sterilized tailings[END_REF], Massilia sp. [START_REF] Benidire | Assessment of plant growth promoting bacterial populations in the rhizosphere of metallophytes from the Kettara mine, Marrakech[END_REF], Kribbela sp. [START_REF] Tamburini | Bioaugmentation-Assisted Phytostabilisation of Abandoned Mine Sites in South West Sardinia[END_REF].

Another strategy for PG bioremediation is the use of sulfate-oxidizing bacteria (SOB) and sulfate-reducing bacteria (SRB) which well-known as good candidates for PG biotransformation [77; 78]. SOB play an important role in detoxifying their environments, and they can increase the availability of sulphate (SO 4 -2 ) for plant absorption which will improve plant growth and agricultural production [START_REF] Marvi | The diversity of sulfur-oxidizing bacterial populations at an Iranian copper mine and the surrounding agricultural soils[END_REF]. SOB not only oxidized sulfur, but they may also oxidize iron (Fe) and glucose as an energy source and considered as mixotrophs.

This sulfur and Fe oxidation ability enables them to use for extraction of metals from lowgrade ores where the ferric Fe act as an oxidizing agent [START_REF] Sajjad | Characterization of sulfur-oxidizing bacteria isolated from acid mine drainage and black shale samples[END_REF]. Furthermore, SRB may reduce sulfate from PG into hydrogen sulfide. Thereafter, H 2 S may be oxidized into sulfuric acid by sulfide-oxidizing bacteria to be possibly reused in the fertilizer industry to produce phosphoric acid. Moreover, H 2 S produced by SRB may react with different with certain dissolved metals, such as copper (Cu), Fe and Zn, forming insoluble precipitates [START_REF] Benedetto | Monitoring of sulfate-reducing bacteria in acid water from uranium mines[END_REF]. For instance, Martins et al. [START_REF] Martins | Characterization and activity studies of highly heavy metal resistant sulphate-reducing bacteria to be used in acid mine drainage decontamination[END_REF] showed the ability of SRB to remove Cu, Zn and Fe from the sample. In this respect, biotechnological process based on SRB and SOB activity may be considered as environmentally friendly for the treatment of metal-rich PG waste.

In accordance with the elevated sulfur concentration in PG, we detected SOB and SRB in this study (Figure 2). 

Conclusion

In conclusion, using the high throughput Illumina sequencing technique and one reference method (One Codex) with four alternative bioinformatics pipelines (MG-RAST, mothur, MICCA and QIIME), provided a detailed picture and new information regarding the phylogenetic characterization of bacterial communities on phylum, class, order, family, genus and species levels in Tunisian PG. In light of in silico results of PG metataxonomics generated using these five bioinformatics pipelines, the Tunisian PG is a mesmerizing repository of metal-tolerant, radioresistant, PGP, SO and SR bacteria. However, clearly, when analyzing 16S RDNA gene sequencing data from complex ecological niches, like PG, the use of a reference method and careful consideration of sources of bias affecting each alternative method are required. This work will improve our knowledge of bacteria suitable to be used in PG bioremediation, as well as bioprospecting of enzymes and biotechnological compounds hidden in PG. 

Figure captions

  DNA samples were subjected to high throughput sequencing (HTS) by Illumina MiSeq technology, according to Illumina recommendations (16S Meta-genomic Sequencing Library Preparation, Part #15044223_B) With the V3 chemistry (2 x 300 bp). V3-V4 domain of 16S rRNA was amplified with tagged primers 16S rRNA Fwd primer[START_REF] Dhal | Microbial communities in uranium mine tailings and mine water sediment from Jaduguda U mine, India: A culture independent analysis[END_REF]. The tagged primers structure was 5'-N 2-4 X 6 P n -3',

Figure 1 :

 1 Figure 1: (A) Taxonomic identities at the class level of PG as determined via Illumina MiSeq 16S rDNA gene amplicon sequencing and classification against the One Codex reference tool. (B) Box-and-whisker plots comparing 16S-rDNA-gene-based metataxonomics abundances for taxonomic units at the class level when analyzing PG using the One Codex, MG-RAST, mothur, MICCA and QIIME tools. (C) Taxonomic identities at the genus level of PG as determined via Illumina MiSeq 16S rDNA gene amplicon sequencing and classification against the One Codex reference tool. (D) Box-and-whisker plots comparing 16S-rDNAgene-based metataxonomics abundances for taxonomic units at the genus level when analyzing PG using the One Codex, MG-RAST, mothur, MICCA and QIIME tools. The classes and genera shown are those that were >1% of the community.

Figure 2 :

 2 Figure 2: Phylogenetic tree representing PG-native strains valorizable into (1) removal of radioactive elements and toxic heavy metals (2) promotion of plant growth (3) oxidation and (4) reduction of sulfate. Histograms indicate reads' percentage for each species as determined by the One Codex reference tool. See text for details.

Table 2 ,

 2 Supplementary File 1). Among the 16,803 reads of the merged file, 98.19, 97.79, 99.45, 97.73 and 99.34% were classified using the One Codex, MG-RAST, mothur, MICCA and QIIME tools, respectively (Supplementary File 1). Inspection of rarefaction curves (Supplementary File 1) showed that they tended to asymptotes, thereby arguing for high sequence coverage, a conclusion strongly supported by reference to Good's coverage metric (Table1). Indeed, estimation of the coverage provided by our metataxonomic data set showed that One codex and mothur pipelines gave a good coverage with 99.19 and 99.00%,

	Taxonomic binning via One Codex allowed the assignment of the prevalent OTUs (≥1% of
	the community) to four phyla which are Proteobacteria (46.76%), Actinobacteria (18.45%),

Firmicutes (15.11%) and Bacteroidetes (2.68%). The most frequent detected classes comprising 36.4% of the proteobacterial phylotypes were, in order of abundance: respectively. Shannon's diversity and Simpson indices are presented in Table

  The sulfur-oxidizing Pseudomonas sp., Stenotrophomonas sp., Achromobacter sp. Thiokalvibrio sp., Methylophilus sp., Sedimonticola sp., Thiomicropira sp., Corynebacterium sp., Achrobacter sp. and the sulfur-reducing Geobacter sp., Clostridium sp. Desulfotomaculum sp. represented approximately 7.15 and 0.02%, respectively, of PG community, suggesting that the oxidation-reduction of sulfurous compounds may occur in the harsh conditions of PG.The knowledge and detection of indigenous bacteria which possess different bioremediation traits such as multi-resistant heavy metals/radionuclides PGPB with the capacity to oxidize or reduce sulfate compounds provided a basis for exhaustive research leading to the development of an efficient tool to detect, stabilize or remove heavy metals and radionuclides with the ability to improve plant yield in extreme environments like the PG. For example, Pseudomonas sp. and Stenotrophomonas sp. were SOB isolated from acid mine drainage[START_REF] Sajjad | Characterization of sulfur-oxidizing bacteria isolated from acid mine drainage and black shale samples[END_REF], they exhibited resistance to high concentrations of metalloids[82; 83]. Besides, they are able to secrete phytohormones, siderophores and solubilize inorganic phosphate[74; 84].

Table 1 :

 1 Observed generic OTUs (0.03 cutoff) and Shannon's diversity indices at the genus level.

		Good's library coverage	Observed	Shannon's diversity index
	Analysis	(%)	OTUs	(H)
	method			
	One Codex	98.19	128	3.90
	MG-RAST	98.04	83	ND
	mothur	99	135	3.92
	MICCA	33	66	4.24
	QIIME	76	249	5.77
	QIIME [13]	ND	224	4.51

Table 2 :

 2 Major phyla, classes, orders, families, genera and species of Tunisian PG based on 702 One Codex, as a reference method, and four other pipelines (MG-RAST, mothur, MICCA and

		One Codex	MG-RAST	mothur	MICCA	QIIME	QIIME [13]
	Phylum	Proteobacteria	Firmicutes	Proteobacteria	Proteobacteria	Proteobacteria	Proteobacteria
		(46.76%)	(24.03%)	(50.48%)	(48.24%)	(41.21%)	(70%)
	Class	Actinobacteria	Bacilli	Gammaproteobacteria	Gammaproteobacteria	Actinobacteria	Gammaproteobacteria
		(18.27%)	(23.76%)	(27.95%)	(29.75%)	(37.34%)	(≈55%)
	Order	Micrococcales	Bacillales	Pseudomonadales	Bacillales	Bacillales	ND
		(13.55%)	(23.22%)	(15.85%)	(23.8%)	(17%)	
	Family	Micrococcaceae	Micrococcaceae	Pseudomonadaceae	Micrococcaceae	Micrococcaceae	ND
		(13.41%)	(11.82%)	(13.76%)	(16.24%)	(26.997%)	
	Genus	Arthrobacter	Bacillus	Pseudomonas (4.58%)	Arthrobacter	Arthrobacter	Desulfobacterium
		(13.25%)	(15.61%)		(12.88%)	(20.5%)	(1.74%)
	Species	Staphylococcus	Bacillus cereus	Pseudomonas	Staphylococcus	Acidithiobacillus	ND
		aureus (2.9%)	(10.91%)	fluorescens (1.068%)	aureus (2.71%)	albertensis	
						(13%)	
	704	Abundance is expressed in parentheses.			
	705						
	706						

703

QIIME).

Table 1 :

 1 Observed generic OTUs (0.03 cutoff) and Shannon's diversity indices at the genus level.

		Good's library coverage	Observed	Shannon's diversity
	Analysis method	(%)	OTUs	index (H)
	One Codex	98.19	128	3.90
	MG-RAST	98.04	83	ND
	mothur	99	135	3.92
	MICCA	33	66	4.24
	QIIME	76	249	5.77
	QIIME (Zouch et al.,	ND	224	4.51
	2017)			

Table 2 :

 2 Major phyla, classes, orders, families, genera and species of Tunisian PG based on One Codex, as a reference method, and four other pipelines (MG-RAST, mothur, MICCA and QIIME).

		One Codex	MG-RAST	mothur	MICCA	QIIME	QIIME (Zouch et al.
							2017)
	Phylum	Proteobacteria	Firmicutes	Proteobacteria	Proteobacteria	Proteobacteria	Proteobacteria
		(46.76%)	(24.03%)	(50.48%)	(48.24%)	(41.21%)	(70%)
	Class	Actinobacteria	Bacilli	Gammaproteobacteria	Gammaproteobacteria	Actinobacteria	Gammaproteobacteria
		(18.27%)	(23.76%)	(27.95%)	(29.75%)	(37.34%)	(≈55%)
	Order	Micrococcales	Bacillales	Pseudomonadales	Bacillales	Bacillales	ND
		(13.55%)	(23.22%)	(15.85%)	(23.8%)	(17%)	
	Family	Micrococcaceae	Micrococcaceae	Pseudomonadaceae	Micrococcaceae	Micrococcaceae	ND
		(13.41%)	(11.82%)	(13.76%)	(16.24%)	(26.997%)	
	Genus	Arthrobacter	Bacillus	Pseudomonas (4.58%)	Arthrobacter	Arthrobacter	Desulfobacterium
		(13.25%)	(15.61%)		(12.88%)	(20.5%)	(1.74%)
	Species	Staphylococcus	Bacillus cereus	Pseudomonas	Staphylococcus	Acidithiobacillus	
		aureus (2.9%)	(10.91%)	fluorescens (1.068%)	aureus (2.71%)	albertensis	
						(13%)	

ND

Abundance is expressed in parentheses.

Table 3 :

 3 Chemical composition and radioactivity of Tunisian phosphogypsum (PG).

	Composition	PG
	pH	3.36
	Calcium (Ca)	20.73%
	Sulfur (S)	11.193%
	Phosphate (P)	0.62%
	Iron (Fe)	0.022%
	Magnesium (Mg)	0.018%
	Strontium (Sr)	646.33 ppm

Acknowledgements

This work was performed under the auspices of the Tunisian National Center for Nuclear Sciences and Technologies (CNSTN) in collaboration with the CEA, France. It was supported

Submission Files Included in this PDF

Submission Files Not Included in this PDF File Name [File Type]

Supplementary File 1.xlsx [Data in Brief]

To view all the submission files, including those not included in the PDF, click on the manuscript title on your EVISE Homepage, then click 'Download zip file'.

by grants from the Tunisian Ministry of Higher Education and Scientific Research and from

Laboratory of Microbial Ecology of the Rhizosphere and Extreme Environment (CEA, France); without this generous and strong assistance, this study could not have been undertaken. Supplementary data of this work can be found in the online version of the paper.

Conflict of interest

The authors received no financial support for the research and/or authorship of this article.

The authors declare that they have no conflict of interest in the publication of this article, and they have participated in the study and concur with the submission and subsequent revisions submitted by the corresponding author.