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Introduction

The phosphate industry is an substantial economic activity in several Mediterranean countries -Tunisia occupies a position of leadership. Although the phosphate fertilizers production is central for the development of agriculture, it arises a waste disposal problem by the generation of huge amounts of phosphogypsum (PG). Around 5 tons of PG are generated per tons of P 2 O 5 produced as phosphoric acid through the wet process (IAEA Safety Report, 2013). Worldwide PG generation is around 200-250 Mt per year (Saadaoui et al., 2017). More than 85% of all PG is stored on large land areas or discarded into the sea, without any treatment, causing serious problems to the human and animal health and to the environment (Hentati et al., 2015, Saadaoui et al., 2017;[START_REF] Tayibi | Environmental impact and management of phosphogypsum : A review[END_REF]. In Tunisia, the total PG amount generated yearly exceeded 10 7 tons from 1952 to 2016 (Saadaoui et al., 2017). Currently, the Tunisian Chemical Group in charge of this waste management just store this by-product in large stockpiles near the processing units in Sfax and Gafsa (M'dhilla) cities, and discharge it into the sea in Gabes. Considering their characteristics (>90% is CaSO 4 .2H 2 O), PG may be valorized according to circular economy principles, and used in building materials [START_REF] Ajam | Characterization of the Tunisian phosphogypsum and its valorization in clay bricks[END_REF], or in agriculture as fertilizers and for soil stabilization (Papastefanou et al., 2006;Saadaoui et al., 2017). However, the high acidity, low nitrogen content and heavy metals presence may restrict its use as soil amendment. Indeed, in addition to calcium sulphate, PG contains small amounts of quartz and unreacted phosphate, as well as some impurities such as P 2 O 5 , F -, organic substances, and several other metals trace elements (MTE) including heavy metals, Rare Earth Elements (REE) and radionuclides, originating from phosphate rock (Pérez-López et al., 2007).

Previous studies reported the leaching of such dangerous substances from PG stockpiles (Pérez-López et al., 2010;Saadaoui et al., 2017) and considered this pollution as a serious threat to soil fauna and flora. No study has been conducted on PG microbiological characteristics and the impact of PG on soil microbial composition surrounding PG piles. Previous studies focused only on bacteria used in PG biotransformation such as sulphate reducing bacteria and phosphate solubilizing microorganisms (Wolicka and Kowalski, 2006;[START_REF] Azabou | Zinc precipitation by heavy-metal tolerantsulfatereducing bacteria enriched on phosphogypsum as a sulfate source[END_REF][START_REF] Thabet | Microbial diversity in phosphate rock and phosphogypsum[END_REF]Zouch et al., 2017). Furthermore, there is a lack of knowledge about the PG impact on wild plants in the vicinity of stockpiles (Boukhris et al., 2015). It was shown that MTE bioaccumulation depends on the metal concentration in soil and its mobility driven by environmental factors including salinity, pH value and water (Mendez and Maier, 2008). Indeed, the PG acidity can solubilize and mobilize the MTE [START_REF] Wali | Speciation of heavy metals by modified BCR sequential extraction in soils contaminated by phosphogypsum in Sfax, Tunisia[END_REF]Saadaoui et al., 2017).

Tunisian PG is a material for which the characteristics change not so much during its storage [START_REF] Sfar Felfoul | Gestion des sous-produits industriels et developpement durable: cas du phosphogypse de Sfax-Tunisie[END_REF]. It contains high commercial value elements such as the REE (Hammas-Nasri et al., 2016), which are increasingly used in high-tech during last decades. The average content of lanthanide oxide (Ln 2 O 2 ) in PG was in the range 0.3-0.7% (Kulczycka et al., 2015). Overall, the REE amount accounts for 6 to 10 kt (Grabas et al., 2014). Different physicochemical technologies already developed for the MTE recovering (including REE) such as dehydration, recrystallization, chemical precipitation, adsorption, leaching and ion exchange (Barakat, 2011;Hammas-Nasri et al., 2016). However, these technologies are generally expensive and unable to treat all the PG generatedonly 15% are recycled. In such a context, new environmental friendly techniques in removing MTE from PG must be developed. In the last decades, phytoremediation was developed as safe and cost-effective biotechnological process, able to clean up soils without affecting its quality [START_REF] Sumiahadi | A review of phytoremediation technology: heavy metals uptake by plants[END_REF]. Phytomining, i.e., the recovery and reuse of the valuable metals, is within the circular economic approach promoting sustainable development and preserving natural resources. Furthermore, the plant use for covering soils (phytostabilization) may prevent the PG dissemination (Petrisor et al., 2004).

Phytoremediation, using plants that tolerate high concentration of MTE, appear as potential lowcost strategies able to clean-up soils contaminated by PG (phytoextraction), while exploring the recovery of some REE (phytomining) and to limit the dispersion of PGs in the environment (phytostabilization).

In this study, MTE (cadmium (Cd), cerium (Ce), lanthanum (La) neodymium (Nd), strontium (Sr) and yttrium (Y) were measured in soil samples collected near the PG piles in Tunisia, and the values were compared with those of non-contaminated (control) soil samples. MTE were also analyzed in wild plants growing near PG stockpiles, assessing the feasibility for phytoremediation. Eventually the impact of PG deposits on the bacterial community structure was assessed in the bulk-and rhizospheric-contaminated soils near PG stockpiles (compared to control soils).

Material and methods

Study sites

The study area includes three sites located around the PG evacuation areas from different phosphoric acid and mineral fertilizer production factories in Tunisia. They are located on the coastal area (Gabes, Sfax) and near the phosphate-mining basin (M'dhilla) (Suppl. data Fig. F1).

The first site in Sfax, chemical fertilizer industry is the most important industrial activity. The The climate of the studied sites area belong to the Mediterranean arid climate characterized by hot, dry summers influenced by the hot southerly winds and cool, humid winters with annual average precipitation from 190 to 210 mm mainly during autumn and winter. The annual average temperature ranges between 16/18 °C in winter and 32/33 °C in summer (Ellouze et al., 2010, Jemai et al., 2016).

Sampling

A first sampling campaign was performed in July 2014 where 19 soil samples were collected at approximately 20 cm depth for MTE concentration analyses near the PG pile areas: SS1 up to SS6 at Sfax and SM1 up to SM7 at M'dhilla. At Gabes area, sampling was made in the PG marine discharge zone (Suppl. data Fig. F1). Superficial sediment samples were collected at low tide near the PG discharge of the Gabes plant into the sea. At each sampling station, the upper 0-20 cm layer of 6 marine sediments (SG1-SG6) were collected with a spatula and distributed in sterile plastic bags.

At each sampling location, three soil/sediment samples were collected at similar distances and mixed thoroughly in order to obtain a representative homogenized sample (composite sample).

Two PG samples, differentiated by their storage age, were also collected: one at the bottom (PGb) is the oldest, ca., 30 year and a fresh PG at the top of M'dhilla stockpiles (PGt).

In July 2015 (second sampling campaign) 33 soil samples were collected from 8 soil profiles for the analyses of the vertical distribution of MTE near the PG pile areas at Sfax (SSP1 up to SSP4) and M'dhilla (SMP1 up to SMP4) sites (up to 50 cm depth around roots of each plant species, while depth interval of 10 cm was maintained) using a stainless-steel shovel: Four or five soil samples were collected for each soil profile at 10-, 20-, 30-, 40-, and 50 cm-depth. To get a homogenous representative sample, each one (at a given depth) corresponds to a mixture of three sampling corners forming a triangle in the centre of the field. In Sfax and M'dhilla sites (Suppl. data Fig. F1), the most abundant native plant species with the most important plant cover were selected. The sampling was carried out in summer, with plants in a mature stage.

Four plant species were randomly harvested at 1 up to 3.5 m from each PG stockpile. The taxonomic identification of the plant material was performed in the botany laboratory of the Faculty of Sciences, Sfax University (Tunisia), based on the Flora of arid and Sahara zones (Chaieb and Boukhris, 1998). For each site, one reference plant species and the associated soil samples (SSC at Sfax and SMC at M'dhilla) were sampled from a non-urban region (nonimpacted area), located at around 12 km from each study site, in similar geochemical, ecological and climatic conditions as for study sites.

In the laboratory, soil, PG and sediment samples were stored at 4 °C for metal analyses and at -20 °C for microbial analysis. Plant samples were thoroughly washed with tap water and rinsed three times with deionized water (Mezghani et al., 2005). Plant samples were then separated into aerial (leaves and stems) and root parts.

The vegetal material was dried at 40 °C during 10 days in an oven and stored at room temperature until analysis. Soil and sediment samples were dried at 40 °C for 5 days to a constant weight. This was followed by the samples sieving through a 2 mm stainless steel mesh to remove stones and debris.

Chemical analyses

Soil pH was measured in a 1:5 (w:v) soil:water ratio mixture, according the NF ISO 10390 protocol (AFNOR, 1994). A 5 g of soil was shaken in 25 mL of ultrapure water for15 min. The suspension was allowed to settle for 2 h then the pH of cleared suspension was measured, using a pH meter (METTLER TOLEDO FE 20/EL 20). The MTE speciation within the soils of both sites were assessed by a sequential procedure adapted for REE (Mittermüller et al., 2016), consisting of the following steps. Firstly, 50 mL of 0.05 mol l -1 calcium nitrate was mixed with 250 mg of the sample in a 50 mL centrifuge tube, and then extracted for 6 h. The extract was separated from the sample material by centrifugation at 7690 g. (MIKRO 200 HETTICH) The supernatant was transferred to a centrifuge tube and used for analysis. In the second step, 50 mL of 0.1 mol L -1 citric acid were added to the residue from the first step and re-suspend by manual shaking. The extraction was achieved by mechanical shaking for 24 h and retains the extract as in the step before. In the third step, 50 mL of 0.5 mol L -1 hydroxylamine hydrochloride, adjusted to pH 2 using HNO 3 , was added to the residue from the previous step and re-suspend by manual shaking.

A mechanical shaking extraction was performed for 24 h and retains the extract as before. In step 4, 50 mL of 6.5% nitric acid (1.4 mol L -1 ) was added to the residue from the third step and the sample re-suspended by manual shaking, the extraction was performed by mechanical shaking for 24 h and the extract was retained as before. All extractions were performed in triplicates. Soil and sediment samples were analyzed by spectrophotometric methods for major elements (Ca, SO4, P 2 O 5 , SiO 2 ) using an atomic absorption spectrophotometer (A PerkinElmer, HGA-900 model spectrometer). For total metal determinations, the targeted MTE were (Cd,Ce, La, Nd, Sr and Y).

All dry samples analyzed were of 0.5 g (±0.01 mg). The soil, sediments and PG samples were mixed with 3 mL of HCl (37% w/w) and 9 mL of HNO 3 (65% w/w) in closed Teflon tubes. The plant samples were mixed with 8 mL of HNO 3 65% (v/v) and 2 mL of H 2 O 2 30% (v/v). Then, all samples were mineralized at 175 °C for 10 min in a microwave (CEM MARS 6, 1800 W). Blank and certified samples (tobacco leaves CTA-VTL2, Ichtj, Poland) were prepared for each cycle of mineralization. After the digestion, samples were left to cool down gently and were filtrated through Whatman's No. 40 filtration paper. The filtered solutions were diluted to 25 ml with ultrapure water. The Cd, Ce, La, Nd, Sr and Y contents were analyzed using ICP-AES (Inductively Coupled Plasma, Atomic Emission Spectrometers, model iCAP 6300 DUO Radial associated with a CETAC ASX-520 autosampler (Thermo-Fischer SCIENTIFIC, Illkirch, France), at the following wavelength: 2265, 4040, 3794, 3784, 3464 and 2422 nm, respectively. Two indexes of ETM accumulation were determined in this study: i) The Biological Concentration Factor (BCF) expressed as the ratio of total element concentration in the plant aerial parts to that in the soil, ii) The translocation factor (TF) calculated as the ratio of total element concentration in the aerial parts to that in the roots (Brooks, 1998).

Where [M] is the total metal concentration

Structure of the bacterial community by PCR-TTGE

The bacterial community structure was performed by PCR-TTGE targeting 16S rRNA.

DNA extraction

To target low concentration of micro-organisms, an enrichment step was achieved before DNA extraction. In 25 ml Erlenmeyer flasks filled with 10 mL of Chemically Defined Medium (CDM), which was prepared as follows: 100 ml of solution A (81. NaHCO3 [99.5%; Prolabo]) were mixed and made up to 1 liter with water. The final pH of the medium was about 7.2. 0.5 g of the sample was added then incubated at 23 °C under agitation during 48 h (Muller et al., 2003). Then, 5.2 mL of the enriched culture were centrifuged 1 min at 8000 rpm and the pellet was used for DNA extraction with NucleoSpin® Soil (Macherey-Nagel, GmbH & Co, Germany). First steps of lyzing and grounding were achieved with MM400 Bead Better (Retsch Germany) (1 min, 25 Hz) and after by following the manufacturer's instructions, DNA was then recovered in 50 µL of elution buffer. All the extracted DNA were quantified using Qubit™ 3.0 Fluorometer (ThermoFischer) and Qubit™ dsDNA BR Assay Kit and store at -20 °C.

Temporal thermal gradient electrophoresis analysis (TTGE) of 16S rRNA

Bacterial 16S rRNA gene fragments were amplified using the universal primer set 968F-GC and 1401R described by Felske et al. (1998). The PCR was performed using a CFX96, C1000 Touch TM , Thermal Cycler (Bio-Rad) in a final volume of 100 µL. Reactions were performed using the HOT FIREPol ® DNA Polymerase Kit (Solis BioDyne), 30 ng of DNA template, 10X buffer B2 10 µL, MgCl 2 (50 mM) 6 µL, dNTP's (10 mM) 2 µL, primers (10 µM) 2 µL, BSA (10 mg.mL -1) 1 µL and 2.5 U of Hot START DNA Polymerase. The following cycling used for amplification was described by Cébron et al. (2009). All PCR products were quantified using Qubit™ 3.0 Fluorometer (ThermoFischer) and Qubit™ dsDNA BR Assay Kit and store at -20°C.

TTGE was performed on a DCode TM system (Bio-Rad) using vertical polyacrylamide gel (6% [wt/vol] acrylamide, 7 M urea) in 1.25× TAE buffer (1× TAE buffer corresponds to 40 mM Trisacetate, 20 mM acetic acid, and 1 mM EDTA, pH 8.3). After 5 h of electrophoresis at 110 V with a temperature gradient of 57 to 67 °C (rate increase of 2 °C/h), the gels were stained using GelRed TM (Biotium, US) and then imaged under UV light (Molecular Imager ® Gel Doc TM XRSystem, Bio-Rad, US and Image Lab TM software). The TTGE profile analyses were performed with FPQuest TM software (Bio-Rad, US). Microbial community structure analysis was performed from genetic fingerprints. Pearson's test was used to compare TTGE profiles, and the Unweighted Pair Group Method with Arithmetic Mean (UPGMA) to draw the dendrogram from similarity coefficients (Ibekwe et al., 2010).

Shannon index

Shannon-Wiener diversity index (H') was calculated as:

Where, S is the total species numbers (i.e., richness index (R)) and Pi is the relative abundance of ribotype i. H' is ranged between zero and lnS [START_REF] Shannon | The mathematical theory of communication[END_REF].

Statistical analysis

Statistical analyses for environmental and molecular data were performed using the software XLSTAT. The correlation between MTE accumulated in the different parts of each plant species, the bacterial biodiversity (Shannon index) and some physico-chemicals factors of the studied soil sites were analyzed using a principal component analysis (PCA) and Pearson correlation. Pearson coefficient of correlation was statistically analyzed at a significance level of P<0.05 and P<0.01.

Results and discussion

Soil characteristics near phosphogypsum piles

The concentrations of the studied MTE (Cd, Sr and 4 REE: Ce, La, Nd, Y) in the soil near the PG storage area in Sfax and M'dhilla sites and at the surface sediments in the coastal area of Gabes site are presented in Table 1. The results showed that near the phosphate treatment industry, the physico-chemical characteristics of the soils are quite different from that of the control soil: the control soil pH ranged between 7 and 8 which is typical in the area (Galfati et al., 2011;Boukhris et al., 2015) while pH of PG samples was lower (ca. 2.4). This acidity is due to the free acids residual fraction of PGmainly phosphoric acid and, to a lesser extent, hydrofluoric and sulfuric acids [START_REF] Smith | Aspects of environmental control of phosphogypsum waste disposal[END_REF] associated with the PG specific porosity leading to the sorption of acids during the treatment process (Kandil et al., 2017). The soils collected near the PG evacuation had slightly higher pH values, but they remain acidic and rather close to that of the PG. Leaching phenomenon as a result of rainwater is most probably responsible for the low pH values in soils surrounding PG stockpiles. This overall acidity noticed in the investigated areas increases the MTE bioavailability (see section 3.3.) and then the risk that environment is contaminated (Mendez andMaier, 2008 Pazand andJavanshir, 2014). For all the three sites, the soils had a relatively high moisture content, the highest levels were in Gabes because of the proximity of sea, and the lowest in M'dhilla (Table 1). The PG had also a higher water content than that from the filter cake (25-30%) [START_REF] Tayibi | Environmental impact and management of phosphogypsum : A review[END_REF]Kandil et al., 2017).

As compared to the high SiO 2 content in control soil (73.03%), it was only 7.08 % up to 12.60 % in PG-enriched soils and sediment respectively as the result of the mixture of soil or sediment with PG containing only 1.42% SiO 2 .

PG samples also contain small amounts of P 2 O 5 (0.71 %), in agreement with Galfati et al. (2011) and Jalali et al. ( 2016), while P 2 O 5 contents in soils collected close to PG piles in Sfax, M'dhilla and surface sediment in the Gulf of Gabes are higher (7.41 %, 22.38 and 24.15 % respectively).

On the contrary, the P 2 O 5 contents in the control soil (i.e., 12 km away from the stockpiles) is lower to the limit of detection. This fact suggests that the phosphate dust from phosphoric acid plant have been dispersed by wind and deposited along the soil surface near the surrounding stockpiles environment because of their high density (Galfati et al., 2011).

The soils of Sfax and M'dhilla, and PG were characterized by low organic carbon levels (<1%), i.e., 10 and 22 times lower respectively than for the control soil. On the contrary, organic carbon content was high (6.64 %) at Gabes site. This is due to algae that colonize the sediment. Table 1 also shows that the dominant ions were SO 4 2-and Ca 2+ in PG and in the different samples for the three-study area.

All the soil samples collected from the PG pile area contain relatively high concentrations of contaminants (Cd), some elements with chemical affinity for Ca (e.g., Sr and Y) (Pérez-López et al., 2007) and some REE. Similarly it was shown in previous studies that PG contain high total contents of Ag, Au, Cd, Se, Sr, some lanthanides and Y [START_REF] Tayibi | Environmental impact and management of phosphogypsum : A review[END_REF]Hammas-Nasri et al., 2016).

The MTE average concentrations were much higher in soil and surface sediment samples surrounding PG dumps than in the control soil (Table 1). at the surface sediments of central Gabes Gulf (0.11 <Cd< 950 mg kg -1 ), and was about 44 times higher than that of the PG. The commercial harbor is the most polluted zone in the Gulf, as the result of the long-term exposure of sediments with the oldest factory being located in Gabes.

MTE contamination of surface sediments is the highest in south of the phosphate fertilizer plants since the harbor piers prevent the PG flow to the North [START_REF] Rabaoui | Assessment of heavy metals pollution in the gulf of Gabes (Tunisia) using four mollusk species[END_REF]El Zrelli et al., 2015). The highest concentrations were found for Cd, Ce, La and Nd in the samples collected inside the port area. Likewise, Kharroubi et al. (2012) quantified Cd flux in the PG from industrial complex of Gabes to be 200 kg/day. PG is characterized by a significant capillary rise height. In Sfax, Zairi and Rouis (1999) showed a permeability coefficient of 10 -5 m.s -1 demonstrating that infiltration and leachability of the MTE is possible. In arid and semiarid climates, tailings are distributed in the surrounding environment through combination of eolian dispersion and erosion (Munshower, 1994). Rainfall throughout study sites is characterized by its 

Trace elements content in soil profiles

Figure 1 shows MTE vertical distribution in the four soil samples (at depth up to 40 cm, and up to 50 cm around roots of native plant species) of the sites of Sfax (SSP1 to SSP4) and Gafsa (SMP1 to SMP4). Overall, the MTE average concentrations were significantly higher in the surface horizons and decreased with depth. In particular, Cd concentration decreased sharply for almost all sites with increasing soil depth because of the high mobility of this element. On the contrary REE phosphates are weakly soluble and can be mobilized under strong acidic conditions (Cetiner et al., 2005;Nordstrom, 2011).

Chemical speciation of metal trace elements in soil samples

To assess the mobility and potential risk of MTE on the environment, chemical sequential extractions of Cd, Sr, Ce, La, Nd and Y were performed in soils around PG stockpiles in M'dhilla and Sfax sites. In the surface horizon (0-20 cm), the MTE chemical fractions concentrations (F1, exchangeable; F2, carbonate bound, F3, reducible F4, acid soluble fraction) are shown in figure 2. In the control soils (SSC and SMC), all MTE were partitioned between the different fractions in quite similar amount except Y, mainly found in the F1 fraction.

In PG-enriched soil samples, the MTE chemical speciation showed their main association with carbonate and their mobilization by complexation (F2) except Ce, La, Nd and Sr which were accumulated in the acid soluble fraction for SSP2. Y was found in both the exchangeable (F1)

and the reducible fraction (F3) in association with Fe and Mn oxides. Moreover, small portions of the studied MTE were bound to Fe and Mn oxides; these portions were calculated and found to be about 0.71 % in SSP4 up to 3.55 % in SSP1, 0.25 % in SMP4 up to 13.77 % in SSP1, 1.29 % in SSP4 up to 18.17 % in SMP2 for Cd, Ce and La, respectively.

Cd was mainly associated to F2 with a percentage of 84.8% in SMP3 and 94.3 % in SSP4 and negligible in the fractions F1, F3 and F4 in all soil samples. On the contrary Cd was dominant in the PG exchangeable fraction (F1), i.e., 69.99%, indicating its highest mobility as compared to the other studied metals (He et al., 2013). While treated with water, the PG leaching exhibited the Cd ability to be solubilized and then spread in the surrounding environment [START_REF] Al-Masri | Distribution of some traces metals in Syrian phosphogypsum[END_REF].

Trace elements in plants

The accumulation of Cd, Ce, Nd, La, Y and Sr by native plant species growing in the industrial area in Sfax and Gafsa at the PG stockpiles vicinities were assessed. Each plant species was compared to the same species collected from the control sites. The plant collected in the study sites are not only tolerant to MTE, but also dominant and form different covers in both sites. The dry land vegetation is known to be very sparse, generally naked and scattered, trees are rare and grasses only appear for a very short time during the year, when conditions become favorable (D'Odorico et al., 2007). The ight most abundant plant species belonging to four plant families (Amaranthaceae, Asteraceae, Chenopodiaceae and Zygophyllaceae) were collected from each site (Table 2). These data correspond with a previous paper, which reported that Sr is accumulated by plants in relatively high degree as compared to other elements according to the following sequence: Sr > I > Ba > Cs, Ru > Ce > Y (Kashparov et al. 2005).

Overall the plants recovered from the three sites (near the stockpiles) accumulated higher amounts of MTE as compared to the control soils. This is in accordance with previous data which indicated that soil MTE pollution increased MTE concentrations in plant species (Kabata and Pendias, 1992;[START_REF] Tohidi | The effect of aluminum and phosphorus on Brassica napus[END_REF]Nagajyoti et al., 2010). Generally, the REE concentrations in common plants are low under natural conditions, normally around 10 -3 -10 -1 mg kg -1 (dry mass) (Wang et al., 1997). But in the study areas, plants have high levels of REE as a result of PG piles. and a high Sr accumulation for Z. album (600 mg kg -1 in leaves and 450 mg kg -1 in roots). It was observed that almost all of the absorbed REE were distributed in fine roots and only small amounts of REE were found in leaves (Zhang et al., 2002;[START_REF] Tagami | Transfer of REEs from nutrient solution to radish through fine roots and their distribution in the plant[END_REF] Table 3 shows the MTE bioconcentration and translocation factors (BCF and TF). Plant species are considered to exhibit removal potential for an element when the BCF value exceeds 1 [START_REF] Sun | Joint effects of arsenic and cadmium on plant growth and metal bioaccumulation: a potential Cd hyperaccumulator and As-excluder Bidens pilosa L[END_REF]. The highest BCF (1.60) value was found for Cd in K. indica making this species an excellent candidate to clean-up Cd polluted soils. The highest TF (6.12) was found for La in Z.

album. The plant response to soil MTE depends on some parameters such as their concentrations, their bioavailability and the soil physico-chemical properties, and the plant species. The environments of both sites are similar, considering topography and climate. On the contrary the soil heterogeneity at a site scale (see section 3.2.) may explain the differences in TF accumulation by plants as reported by Kardanpour et al. (2015).

Similarly to Baker's results (1981) 

Bacterial communities in soil around the PG stockpiles and in PG

The genetic profiles of the bacterial communities were analyzed by using PCR-TTGE, targeted a conserved region of 16S rDNA. Because of small amounts of DNA extracted from the different samples, and even no DNA at all (concentration lower than 0.2 ng μL -1 ) from the Sfax samples (except SSP1), an enrichment step was made before DNA extraction. It was checked that the enrichment step did not change the bacterial community structure by incubating samples no more than 48 h. In spite of this preliminary step, DNA was extracted for only 10 (SM1, SM6, SMP3, SSP1, PGp, SG1, SG5, SSC, SMC, SGC) out of the 16 samples (SM1, SM2, SM3, SM6, SG1, SG3, SG4, SG5, SMP3, SS1, SS3, SSP1, SSC, SMC, SGC, PGp). In figure 4a, TTGE pattern showed a low number of bands which can be related to the peculiar characteristics of our sites close to PG stockpiles. Indeed, mine tailing sites are known to contain a stressed heterotrophic microbial community and small numbers of soil microorganisms (Mendez and Maier, 2008).

Islam and Sar (2011) proved the effect of uranium mining on the reduction of soil bacterial diversity and the presence of specific bacterial groups. The TTGE pattern (Fig. 4a) showed bands that are common to several samples (designated by the same number on the gel). These bands are sometimes common to soils collected in the same sites, e.g., band 9 which designates one or several species present in the soils of the M'dhilla site. Other bands are common to different sites, e.g., band 5 and 8 that are present in all collected soils.

The similarities percentages between bacterial community structures (Fig. 4b) allow clustering collected soils by type of samples, e.g., SG1 and SG5 (Gabes site), SM6 and SM1 (M'dhilla site), the control soils (SSC, SMC and SGC) with a similarity greater than 90%. On the contrary the bacterial community structure of SGP3 and SSP1 samples is at the same time very different from each other, and from the other samples. These samples were collected from two different sites, respectively M'dhilla and Sfax in the rhizosphere of two plants species respectively Z. album and K. indica. Plants have an effect on the bacterial community structure which is not surprising as the result of rhizodeposits produced by them (Garbeva et al., 2004 andFinkel et al., 2017). It can be assumed that a shift occurs from autotrophic bacterial species to heterotrophic species. Among the four samples (SS1, SS3, SS5 and SSP1) collected around the PG stockpiles in Sfax site, SSP1

was the only one that showed DNA bands.

The impacts of PG as amendments on soil biota have never been tested. Only Nayak et al. (2011) found that an amendment with 10 mg PG ha -1 had a positive effect on microbial (fungal and bacterial) growth and on cellulose and amylase activities in agricultural soils.

The specific structure of the bacterial community could result for some soils of high MTE concentrations. Significant changes in the microbial community were shown in response to metal stress (see Fig. 4b and Table 1): i) The specific bacterial community in SG1 and SG5 samples could be related to the high Cd concentration (62.1 and 81.2 mg kg -1 respectively against 3.56 up to 26.90 mg kg -1 for other soil samples); ii) Regarding SSP1 and SGP3 samples, a high bacterial diversity in the soil was reported in spite of the high levels of Sr (555.24 and 635.6 mg kg -1 respectively against 284.9 up to 552.6 mg kg -1 for other soil samples). Here we can conclude that the plant rhizodeposition might had a greater and beneficial effect on the bacterial diversity than the potential deleterious effect of Sr. Ce, La, Nd and Y were found in different soils at lower concentrations than Cd and Sr without being possible in this study to evaluate their contribution in the structure of the bacterial community although the REE concentrations are higher in contaminated soils than in uncontaminated control soils. In such environments, i.e., contaminated soil with PG, bacteria are likely to be affected in terms of their activity, their physiology, their diversity with the potential development of tolerant species that can adapt because of their genetic characteristics (Giller et al., 1998). The SG1 and SG5 sediments, which are characterized by high salinity, could provide information on the presence of a halotolerant bacterial flora. It has been

shown that halophilic bacteria have significant potential for the detoxification of metallic pollutants (Zhuang et al., 2010). The TTGE gel showed that the bacterial community of the control soils has a great similarity to the other soils, which shows that the deposition of the PG had a lower influence on the structure of the bacterial community of these soils.

A PCA was performed to identify the parameters driving the bacterial community (Fig. 5). The 4) were significant and negatively correlated to some MTE: Cd, Ce, La, Y. The Shanon index is high for the control soil, as the result of the low amounts of MTE and to their low availability (see section 3.3.)

Conclusions

The present study is the first investigation of MTE including REE (Cd, Sr, Ce, La, Y), bacterial community and wild plant species growing in soils and sediments in industrial area in the vicinity to PG stockpiles in Tunisia. As compared to usual geochemical background values and because of the low pH of PG-enriched soils, remediation of these sites is required. The results enabled to select two MTE-tolerant wild plant species: Zygophylum album and Kochia indica that may have a potential for in situ Cd, La and Sr phytoremediation. Microbiological analyzes showed that, in PG-enriched soils, the structure of the bacterial community was affected by plants (rhizosphere effect) more than by MTE. The information obtained through this study may provide insight for using wild plants to remediate metal contaminated sites. Nevertheless, further research should be planned to better understand of the potential role of the vegetation species found in the investigated contaminated arid areas.
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  study has been conducted around PG stockpiles located on the urban area coastal fringe (34°10' North 10° 43' East). These 50 meters-height stockpiles contain 30 Mt of PG, occupying an area of approximately 48 ha limited by El Maou Oued in the South-East and the road in the North. The second site in M'dhilla is located at 6 km in the South of Gafsa (Tunisia), where 20 Mt of PG are stored near the phosphoric processing acid factory (34°10' North 8°45' East) covering 36 ha (55 m height) and limited by El Maleh Oued in the North. The third site in Gabes is located on the Eastern coast of Tunisia, near the commercial harbors of Ghannouche, hosting the marine PG discharge zone (33° 54' North 10° 06' East), located 3 km from the North of Gabes city, and limited by Oued Ettine in the North and Oued al Fard in the South. In this area, 1000 to 13,000 tons of PG are daily discharged into the sea. Consequently, about 135 Mt of PG were discharged into the sea during the last 30 years. The control sites were collected at above 12 Km from Sfax, MDhilla and Gabes sites in similar geochemical and climatic conditions as each site and in non-urban region (non-impacted by PG and any other MTE sources).

  scarcity and erratic distribution, with intense rainfall events, resulting in flash floods(Ellouze et al. 2010). With high hydraulic conductivity (1×10 -3 and 2×10 -5 cm sec -1 ), rain and acidic storage, water can percolate easily through the PG pile carrying MTE to the neighboring surrounding soils. In addition, solid particles were carried by dry wind with average velocities exceeding 5 m/s(Jemai et al., 2016) at several altitudes around the Sfax industrial complex[START_REF] Al-Masri | Distribution of some traces metals in Syrian phosphogypsum[END_REF][START_REF] Wali | Speciation of heavy metals by modified BCR sequential extraction in soils contaminated by phosphogypsum in Sfax, Tunisia[END_REF]. These elements were supposed to be transferred by rainwater from the PG to surrounding soils or to surface and underground water (erosion or dissolution). Hence the total MTE concentration in the samples of the studied areas then indicated a high input into the soil and sediment from the dumping of PG, which may be taken as an indicator of soil contamination by industrial phosphate wastes. According to ElZrelli et al. (2015) andZmemla et al. (2016), PG produced by the "Groupe Chimique Tunisien" remains qualitatively and quantitatively the most hazardous industrial waste among different other sources with large areas of land being contaminated by MTE. This pollution in the surrounding environment of the stockpiles raises the fear of a risk for human life and the environment.

  is retained in the upper soil horizons. The rate of its migration in the soil profile depends on the physico-chemical and mineralogical characteristics of the soil. An increase of Sr migration ability in the soil profile with raising the acidity was observed(Dubchak, 2018).At the soil surface, the MTE concentrations varied highly for a same site in Sfax and M'dhilla according to the considered element and SMP2 and SMP3 exhibited the most contrasting profiles with the highest MTE decrease for SMP3 along the soil profile could be related to the particular sampling (settling pond), and the contrary for SMP2, due to leaching processes ie the PG which is rich in ETM at the surface, go down to the depth and it enriches as much around the PG site. This heterogeneity is most probably the result of the different amounts of PG deposited on the soils surrounding stockpiles. Different views regarding REE mobility were pointed out. With artificial rainfall experiments, Liang et al. (2014) found that 92% of REE could migrate with soil particles in runoff while the migration of soluble forms of REE accounts for only a little. Indeed, Zhou et al. (2012) and Migaszewski et al. (2015) demonstrated that during surface processes, REE are immobile and sorbed by organic matter or mineral sorbents. Nonetheless pH could play an important part in controlling the REE mobility, the REE being mobile at low pH (< 3) (Migaszewski et al., 2015).

Figure 3

 3 Figure 3 shows MTE concentrations in aerial parts (AP) and roots (RP) of plants recovered in M'dhilla and Sfax sites. These concentrations varied across the family and the plant species as previously observed by Baker (1981) and Galfati et al. (2011) for various MTE. In the aerial parts the highest MTE concentrations were the following: Sr (Zygophylum album) > Cd (Zygophylum album) > La (Zygophylum album) > Ce (Conyza canadensis) > Nd (Conyza canadensis) > Y

Z

  . album accumulated all the studied elements in aerial parts (Cd, Ce, La, Nd, Sr and Y), C. canadensis accumulated four of them (Ce, La, Nd and Y). In roots, A. inducum accumulated only three elements (Ce, La, Y), K. indica accumulated four elements (Cd, Ce, La and Y) and S. mollis accumulated three elements (Ce, Y and Nd). The results are similar to those reported byGalfati et al. (2011) for S. mollis with a low concentration in Cd (2.83 mg kg -1 at the maximum in leaves)

  first two principal components explained 83.14% of the variability in the data. A Pearson correlation analysis was used to examine the relationships between the bacterial community structure and the physico-chemical composition of the soil samples. The spatial distribution of soils PGp, SM1, SM6 are close to the intersection of the two axes, which proves that the variation between these samples are not influenced by the analyzed parameters. The control soils (SSC, SMC, SGC) are gathered together and different from the other soils. Their bacterial structures are explained by the content in SiO 2 and organic C, and by pH. The specific bacterial community in SG1 sample could be related to the high Cd, Ce, La and Y concentration. Significant negative correlations were observed between the pH and some elements (CaO, Sr,
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 2 Fig. 2. Sequential extraction scheme of MTE using a newly developed sequence for selected elements from the soil (Rare Earth Element) (Mittermüller et al., 2016).

Fig. 3 .

 3 Fig. 3. Accumulation of TE (mg Kg -1 ) in aerial parts (AP) and roots of plants grown in control and contaminated soils in Sfax and M'dhilla sites.

Fig. 4 .

 4 Fig. 4. PCR-TTGE (Temporal Temperature Gradient gel Electrophoresis) analysis of 16S rRNA (a) and percentage of similarity (b) between bacterial community structures of collected soils: SM1, SM6 and SMP3 soil samples from M'dhilla site; SSP1 soil sample from Sfax site; SG1 and SG5 sediment samples from Gabes site; PGp: phospohgypsum sample collected from the bottom of M'dhilla stockpiles; SSC, SMC and SGC control soils from Sfax, M'dhilla and Gabes sites respectively, and Mr, Mq size marquer.

Fig. 5 .

 5 Fig. 5. Principal Component Analysis (PCA) biplot showing the relationships between the structure of the bacterial community (Shannon index) and the physico-chemical composition of the soil samples. SM1, SM6 and SMP3 soil samples from M'dhilla site; SSP1 soil sample from Sfax site; SG1 and SG5 sediment samples from Gabes site; PGp: phospohgypsum sample collected from the bottom of M'dhilla stockpiles; SSC, SMC and SGC control soils from Sfax, M'dhilla and Gabes ; H': Shannon index; H'max: Shannon index maximum.

Fig

  Fig. 1.

  

  

  

  

  

  

  in abundance) were in decreasing order: Sr > Cs > Zn > Cu > Y > Ni > Ba > As > Cd.RegardingREE, Hammas et al, (2016) considered Tunisian PG as a major source with total content of about 225 mg/kg. These elements are concentrated in PG during the production process of phosphoric acid. About 70 to 85% of them originally present in the phosphate rock passes in the PG.All MTE concentrations of the samples collected in Sfax, M'dhilla and Gabes sites and in PG by far exceeded MTE concentrations measured in the control soil (Table1). In the three sites, the mean Cd and Sr concentrations exceeded the values for the soil's geochemical background reported by the ASPITET for French soil by 221 times and 7 times, respectively. This geochemical background was used as a reference in the absence of available data in Tunisia

The results show that the highest MTE concentrations in the PG and soil samples were (in decreasing order of abundance): Sr > Ce > La > Y > Nd > Cd. As data in the literature is significantly limited, to discuss the obtained results we compared the observed relationships describing other MTE contents presented in other papers. Similar concentrations as ours were found by Galfati et al. (2011), El Zrelli et al. (2015) and Zmemla et al. (2016) who quantified MTE in the soil near the PG storage/dumping area in Gafsa, Gabes and Sfax city. All these results highlighted that the highest concentration values observed in PG (

(Baize, 2000;[START_REF] Salminen | Geochemical Atlas of Europe. Part 1 -Background Information, Methodology and Maps[END_REF]

. Due to its well-known mobility, Cd can be considered as the most critical polluting substance in the studied areas. Interestingly, the highest Cd concentration was recorded at the Gabes site, which is in the range of values reported by El

Zrelli et al. (2015) 

  The other MTE concentrations only decreased a little with depth as the result of the low mobility of REE(Cao et al., 2000; Aquino et al., 2009). Previous studies indicate that the translocation ability of REE under natural conditions is relatively weak as compared with other MTE and a majority of the exogenous REE are fixed on solid surfaces and exist in inert forms, which are normally concentrated in the top layer of soils. Nevertheless, the forms of REE varied with the change of environment i.e., areas around REE mining sites of China are usually overcharge with REE which had high mobility in soils due essentially to the strong weathering and low pH value in soils(Liang et al., 2014).According to their mobility, Zmemla et al. (2016) classified the MTE from PG into three categories: i) those of high (Sr, Zn), ii) moderate (As, Ba, Cd, Cr) and low mobility (Cu, Ni, Pb, Se, V, Y, Zr). Despite Sr is characterized by high mobility in soils, the greater part of this element

[START_REF] Wali | Speciation of heavy metals by modified BCR sequential extraction in soils contaminated by phosphogypsum in Sfax, Tunisia[END_REF] 

showed similar results in soils contaminated by MTE even for Cu, Pb and Zn from the phosphate fertilizer industry in Sfax. In agreement with these results.

Zmemla et al. (2016) 

reported that important leachability of MTE in stockpiles of PG is observed at the pH range 2-4 and above all at the native pH (2.3). Thus, it is clear that Cu, Pb and Zn and other MTE were mobilized from PG in important quantities.

  , differences in plants strategies were shown towards the MTE potential toxicity. Indeed, two basic plant strategiesaccumulators vs. excludersexist with different biological mechanisms towards MTE resistance and detoxification. Some of these plants prevent MTE uptake in the rhizosphere or translocate it into the shoot tissues, while others polluted with the MTE(Garcia et al., 2003, Lefevre et al., 2005, Galfati et al. 2011). Z. album, is a shrub widespread in arid regions of Africa and salt marshes of southern Tunisia, it dominates most of the plant communities in which it grows. Z. album is strongly drought-resistant, grows well in barren lands and is strongly adaptable. According to Munshower (1994), Z. album grows normally in mining areas and has a good enrichment capacity for a variety of MTE. This plant is one of the most resilient species in very poor soils in severely degraded ecosystems. Previous work indicated that efficient antioxidant machinery and favorable plasma membrane lipid homeostasis are important to enable Zygophyllum species to resist to the prevailing MTE stress. Yet, Z. album combats MTE stress via the increase of antioxidant enzyme activities and scavenging systems production(Morsy et al., 2012).

	tolerated extremely high levels of metals in root and even in shoot tissues (hyperaccumulators)
	(Whiting et al., 2004). According to Boyd et al. (2008), hyperaccumulators, can tolerate up to 100
	times higher metal concentrations than can tolerate typical plants of a given site. The Cd
	hyperaccumulators may contain over 100 mg kg -1 of dry matter (Baker and Brooks, 1989).
	Consequently, no plant species collected in our study was a Cd hyperaccumulator (max. 14.2 mg
	Kg -1 for Z. album). For Wang et al. (2003), plants considered as REE hyperaccumulators are able
	to concentrate more than 1000 mg kg S. mollis has higher MTE concentrations in the roots than in aerial parts. In A. halimus and Bassia
	muricata, Ce contents were also higher in roots than in stems These plants with a high BCF and a
	low TF exhibit a phytostabilization potential.

-1 of REE in their leaves. According to this criterion, four species in the literature have been widely recognized as REE hyperaccumulators: Dicraneopteris dicthotoma, Cary tomentosa, Mockernut hickory and Blechnum orientale with maximum contents of REE in leaves were respectively : 3358, 2296, 1350 and 1.022 mg Kg -1 (Liang et al., 2014). None of the studied plants was considered as REE hyperaccumulator.

This was confirmed by BCF generally lower than 1 except for Z. album which accumulated high levels of MTE with most BCF higher than one. Consequently, only this species could be used for phytoextraction. Previous work performed at different laundries and near the processing of phosphoric acid factory in Gafsa

(Galfati et al., 2011) 

and in Sfax

(Boukhris et al., 2015) 

indicated that none of the plants analyzed were hyperaccumulators. Although REE have been analysed in numerous types of plants: lichens, mosses and fungi

(Mleczek et coll., 2016; Fiket et al., 2017) 

or vascular plants. There are not data in the literature that describe the phytoextraction of REE in plants growing in the vicinity of PG piles in comparison to other elements and our knowledge of the potential of the herbaceous plant species tested in this paper for the phytoextraction of these elements is still limited.

The comparison of the different plants shows that Z. album has a stronger capacity than other plants to accumulate MTE. This plant was found to be one of the most effective in phytoextraction in soil

Table 1 .

 1 Dubchak, S., 2018. Distribution of Strontium in Soil: Interception, Weathering, Speciation, and Translocation to Plants. Behaviour of Strontium in Plants and the Environment. pp 33-43.-Felske, A., Akkermans, AD., De Vos, W.M., 1998. Quantification of 16S rRNAs in complex bacterial communities by multiple competitive reverse transcription-PCR in temperature gradient gel electrophoresis fingerprints. Appl. Environ. Microbiol. 64, 4581-7. Microbial diversity in soil: Selection of microbial populations by plant and soil type and implications for disease suppressiveness. Ann. Kandil, A-H.T., Cheira, M.F., Gado, H.S., Soliman, M.H., Akl, H.M., 2017. Ammonium sulfate preparation from phosphogypsum waste. J. Radiat. Res. Appl. Sci. 10, 24-33.Assessing the impact of Serwis mine tailings site on farmers' wells using element and isotope signatures (Holy Cross Mountains, south-central Poland). Environ. Earth Sci. 74, 629-647.-Wang, D., Wang, C., Ye, S., Qi, H., Zhao, G. 2003. Effects of spraying rare earths on contents of rare earth elements and effective components in tea. J. Agric. Food Chem. 51, 6731-6735.-Wang, Y. Q., Sun, J. X., Chen, H. M., & Guo, F. Q. 1997. Study on contents and distribution characteristics of rare earths in natural plants byNAA. J. Rare Earth. 15,[160][161][162][163][164] Physico-chemical characteristics of soils collected near the phosphogypsum (PG) piles of Sfax, M'dhilla and Gabes compared with PG from M'dhilla and with "control" soils (collected at 12 km of the PG piles for each site). Each value is the arithmetic mean ± standard deviation of n sampling points (see "material and methods" section and supplementary data figure F.1 for more details).
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Table 2 .

 2 Plant species collected in the vicinity of Sfax and M'Dhilla stockpiles.

	Site	Scientific name	Family	Common name
	Sfax	Kochia indica	Chenopodiaceae	Kochia
		Suaeda mollis	Chenopodiaceae	Suaeda friticosa
		Chenopodium murale	Amaranthaceae	Salt-green
		Conyza canadensis	Asteraceae	Horseweed
	M'dhilla	Arthrocemum inducum	Chenopodiaceae	-
		Atriplex halimus	Chenopodiaceae	Saltbush
		Zygophyllum album	Zygophyllaceae	White bean-caper
		Bassia muricata	Chenopodiaceae	Echinopsilon muricatus

Table 3 .

 3 Bioconcentration (BCF) and Translocation factor (TF) of the aerial (AP) and roots (RP) parts of plants collected from the contaminated 17±0.21 0.00±0.03 3.93±0.22 42.27 0.04 Sr 88.80±6.08 74.05±3.32 48.52±20.39 1.20 1.83 60.38±1.88 57.28±1.71 300.47±12.32 1.05 0.20 19.74±0.82 3.79±0.71 48.52±12.32 5.21 0.41 19.67±2.80 35.61±0.82 332.85±22.57 0.55 0.06 Sr 135.04±4.07 90.21±2.95 555.24±10.46 1.82 0.24 33.10±1.10 83.27±3.31 654.69±14.79 0.40 0.05 68.89±2.89 71.50±3.31 419.81±13.67 0.96 0.16 41.60±0.88 32.29±3.76 3 42.45±24.26 1.29 0.12 49±0.84 29.35±0.59 270.15±26.46 0.77 0.08 104.51±3.57 152.16±1.77 238.38±8.19 0.69 0.44 147.11±5.38 47.76±6.47 270.15±25.82 3.08 0.54 69±0.10 4.28 0.05 14.20±0.28 7.67±0.22 9.26±0.046 1.85 1.53 1.41±0.28 2.46±0.22 2.27±0.10 0.57 0.62 Ce 0.84±0.66 0.56±0.11 23.61±0.41 1.50 0.04 0.61±0.88 0.80±0.04 27.61±0.32 0.75 0.02 0.80±0.17 0.65±0.05 22.81±0.28 1.22 0.03 0.39±0.15 0.75±0.06 15.74±0.24 0.51 0.02 La 8.58±0.66 2.94±0.11 22.15±0.41 2.92 0.39 3.58±0.88 2.41±0.04 20.92±0.32 1.48 0.17 11.05±0.17 1.81±0.05 18.17±0.28 6.12 0.61 2.22±0.15 2.44±0.06 12.25±0.24 0.91 0.18

		soil in (a) Sfax and (b) M'dhilla sites.															
	(a)																				
									Sfax site											
	Plant species		Kochia indica				Suaeda mollis				Chenopodium murale				Conyza canadensis		
	MTE (mg kg -1 )	AP	RP	Soil	TF BCF	AP	RP	Soil	TF BCF	AP	RP	Soil	TF BCF	AP	RP	Soil	TF BCF
	Control																				
	soil																				
	Cd	*	*	*	*	*	*	*	*	*	*	*	*	*	*	*	*	*	*	*	*
	Ce	0.68±0.14 0.29±0 .06 4.19±0.014 2.36 0.16 0.39±0.17 0.22±0.06 6.72±0.02 1.75 0.06 0.16±0.19 0.19±0.05	4.190.01 0.86 0.04 0.40±0.19 0.21±0.37	5.43±0.1	1.93 0.07
	La	3.00±0.18 1.82±0.10 5.54±0.07 1.65 0.54 7.00±0.29 1.10±0.08 6.66±0.06 6.38 1.05 3.86±0.43 4.57±0.08 5.54±0.10 0.84 0.70 2.44±0.43 2.43±0.14 4.39±0.10 1.01 0.56
	Nd	0.00±0.25 0.01±0.63 2.10±0.24	* 0.00	*	0.06±0.65 3.52±0.09	*	*	*	*	2.10±0.02	*	*	*	*	3.08±0.02	*	*
	Y * 0.Contaminated 0.00±0.18 * 3.21±0.24 * 0.00 0.03±0.23 * * * * * * 3.21±0.25 *					
	soils																				
	Cd	5.69±0.19 6.29±0.12 3.56±0.01 0.90 1.60 0.85±0.29 1.27±0.32 5.72±0.01 0.67 0.15 1.75±0.09 3.96±0.32 3.82±0.059 0.44 0.46 0.21±0.16 4.24±0.20 2.60±0.01 0.05 0.08
	Ce	0.87±0.24 0.13±0.19 20.09±0.08 6.58 0.04 0.51±0.06 1.90±0.18 30.28±0.07 0.27 0.02 0.87±0.54 0.31±0.18 18.21±0.01 2.81 0.05 1.11±0.17 0.25±0.20 11.53±0.02 4.34 0.10
	La	4.09±0.34 2.98±0.11 17.63±0.06 1.37 0.23 2.95±0.37 3.41±0.65 22.46±0.09 0.87 0.13 10.19±0.48 4.57±0.65 13.23±0.02 2.23 0.77 4.17±0.29 3.21±0.31 9.72±0.02 1.30 0.43
	Nd	*	*	13.84±0.02 *	*	*	0.82±0.15 20.46±0.02	*	* 0.12±0.20	*	11.71±0.02 * 0.01 0.75±0.19 0.11±0.18 7.11±0.03 6.99 0.11
	Y	0.50±0.14 0.19±0.24 13.69±0.02 2.66 0.04 0.06±0.27 1.07±0.15 18.59±0.02 0.06 0.00 0.29±0.20	*	12.66±0.02 * 0.02 0.59±0.19 0.04±0.18 8.61±0.03 16.50 0.07
		*˂ LOD: lower limit of detection																

Table 4 .

 4 The Shannon index (H') derived from the bacterial community structure determined by PCR-TTGE of contaminated soil: SMC, SSC and SGC: Control sample; PGb phospohgypsum sample from the bottom of M'dhilla stockpiles; SM1, SM6 and SMP3 soil samples from M'dhilla; SSP1 soil samples from Sfax and SG1 and SG5 Gabes sediment samples.

	Origin	M'dhilla (Soil)	Sfax (Soil)	Gabes (Sediment)
	Sample SM1 SM6 SMP3 SMC PGb	SSP1 SSC	SG1	SG5 SGC
	H'	1.14 1.62	2.13	1.17 1.13	2.38 1.68	0.80	1.16 1.37
	H'max	2.32 2.58	2.58	2.58 2.00	2.58 2.80	1.58	2.00 2.58
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