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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are hydrophobic aromatic compounds containing two or more fused phenyl and/or pentacyclic rings in linear, angular or cluster arrangements [START_REF] Cerniglia | Biodegradation of polycyclic aromatic hydrocarbons[END_REF][START_REF] Cerniglia | Biodegradation of polycyclic aromatic hydrocarbons[END_REF]. They are known to be carcinogenic, mutagenic and genotoxic to both aquatic and terrestrial organisms [START_REF] Martins | Toxicity of Carcinogenic and Non-carcinogenic Polycyclic Aromatic Hydrocarbons and Their Mixtures to Aquatic Organisms Under Ecologically-relevant Scenarios[END_REF][START_REF] Abdel-Shafy | A review on polycyclic aromatic hydrocarbons: source, environmental impact, effect on human health and remediation, Egypt[END_REF][START_REF] Cachot | Evidence of genotoxicity related to high PAH content of sediments in the upper part of the Seine estuary (Normandy, France)[END_REF]. PAHs are semi-volatile ubiquitous pollutants produced by incomplete combustion of organic material, such as fossil fuel or garbage, and also come partly from petroleum product spillage or from natural sources such as forest fires and volcanic eruptions [START_REF] Motelay-Massei | Mass balance for polycyclic aromatic hydrocarbons in the urban watershed of Le Havre (France): transport and fate of PAHs from the atmosphere to the outlet[END_REF][START_REF] Wang | Distribution and sources of polycyclic aromatic hydrocarbons from urban to rural soils: a case study in Dalian, China[END_REF]. Among these different sources, the major release of PAHs in the environment is attributable to human activities, and they accumulate in soils after their atmospheric emission and wet or dry deposition [START_REF] Tobiszewski | PAH diagnostic ratios for the identification of pollution emission sources[END_REF].

PAHs are known to cause adverse human and ecological health effects, and following their concentration and behavior in soils is essential because soils are considered to be one of the most important natural resources for Human beings [START_REF] Jennings | Worldwide regulatory guidance values for surface soil exposure to carcinogenic or mutagenic polycyclic aromatic hydrocarbons[END_REF]. PAH physico-chemical properties (high chemical stability, low vapor pressure, low solubility, high water-organic carbon K oc partition coefficient) make them persistent in soils, this persistence being also dependent on soil physico-chemical properties and soil microbial ecology [START_REF] Doyle | Microbial PAH degradation[END_REF][START_REF] Kuppusamy | Pyrosequencing analysis of bacterial diversity in soils contaminated long-term with P R O O F M[END_REF][START_REF] Lee | Microbial community composition and PAHs removal potential of indigenous bacteria in oil contaminated sediment of Taean coast, Korea[END_REF]. Among remediation methods, natural bioremediation or enhanced biodegradation are commonly studied approaches for the decontamination of polluted soils [START_REF] Gan | Remediation of soils contaminated with polycyclic aromatic hydrocarbons (PAHs)[END_REF][START_REF] Haritash | Biodegradation aspects of polycyclic aromatic hydrocarbons (PAHs): a review[END_REF]. Indeed, microorganisms naturally present in soils are able to degrade PAHs, either by metabolism (direct consumption by microorganisms) or by cometabolism (indirect degradation). It is generally admitted that bacteria are able to degrade low molecular weight (LMW) PAHs [START_REF] Johnsen | Principles of microbial PAH-degradation in soil[END_REF][START_REF] Cottin | Study of pyrene biodegradation capacity in two types of solid media[END_REF], while fungi are more suitable to degrade high molecular weight (HMW) PAHs (>4 aromatic rings) by extracellular enzymatic activities [START_REF] Machín-Ramírez | Benzo [a] pyrene removal by axenic-and co-cultures of some bacterial and fungal strains[END_REF][START_REF] Fernández-Luqueño | Microbial communities to mitigate contamination of PAHs in soil-possibilities and challenges: a review[END_REF][START_REF] Kadri | Biodegradation of polycyclic aromatic hydrocarbons (PAHs) by fungal enzymes: a review[END_REF][START_REF] Memić | Biodegradation of PAHs by Ligninolytic Fungi Hypoxylon Fragiforme and Coniophora Puteana, Polycycl[END_REF]. Consequently, the presence of both bacteria and fungi shows better degradation results [START_REF] Sungthong | Mycelium-enhanced bacterial degradation of organic pollutants under bioavailability restrictions[END_REF].

Different bacteria have been described as capable of PAH degradation, and several strains that can grow using PAHs as sole carbon source (by the metabolic way) have been isolated from soils. These bacteria belong to different classes such as α-, β-and γ-Proteobacteria [START_REF] Haritash | Biodegradation aspects of polycyclic aromatic hydrocarbons (PAHs): a review[END_REF][START_REF] Jeon | Discovery of a bacterium, with distinctive dioxygenase, that is responsible for in situ biodegradation in contaminated sediment[END_REF][START_REF] Kim | Isolation and characterization of a new benzene, toluene, and ethylbenzene degrading bacterium, Acinetobacter sp. B113[END_REF], Bacteroidetes [START_REF] Abd-Elsalam | Isolation and identification of three-rings polyaromatic hydrocarbons (anthracene and phenanthrene) degrading bacteria[END_REF], Actinobacteria [START_REF] Timmis | Handbook of Hydrocarbon and Lipid Microbiology[END_REF], Nocardioides [START_REF] Zeinali | Characterization of a moderate thermophilic Nocardia species able to grow on polycyclic aromatic hydrocarbons[END_REF] or Firmicutes [START_REF] Ben Said | Characterization of aerobic polycyclic aromatic hydrocarbon-degrading bacteria from Bizerte lagoon sediments, Tunisia[END_REF]. Betaproteobacteria have also often been described as capable of PAH degradation [START_REF] Jeon | Discovery of a bacterium, with distinctive dioxygenase, that is responsible for in situ biodegradation in contaminated sediment[END_REF][START_REF] Singleton | Identification and quantification of uncultivated Proteobacteria associated with pyrene degradation in a bioreactor treating PAH-contaminated soil[END_REF][START_REF] Martin | Betaproteobacteria dominance and diversity shifts in the bacterial community of a PAH-contaminated soil exposed to phenanthrene[END_REF][START_REF] Núñez | Modifications of bacterial populations in anthracene contaminated soil[END_REF]. It has been shown that in an agricultural soil, after 90 days of incubation with phenanthrene (PHE), pyrene (PYR) or a mix of seven PAHs, the proportion of Betaproteobacteria increased significantly, showing their degradation capacity [START_REF] Niepceron | GammaProteobacteria as a potential bioindicator of a multiple contamination by polycyclic aromatic hydrocarbons (PAHs) in agricultural soils[END_REF]. Among Betaproteobacteria, the Burkholderiales order is particularly known to degrade PAHs [START_REF] Jeon | Polaromonas naphthalenivorans sp. nov., a naphthalene-degrading bacterium from naphthalene-contaminated sediment[END_REF]. It has also been shown that Gammaproteobacteria are capable of PAH degradation [START_REF] Martin | Betaproteobacteria dominance and diversity shifts in the bacterial community of a PAH-contaminated soil exposed to phenanthrene[END_REF][START_REF] Niepceron | GammaProteobacteria as a potential bioindicator of a multiple contamination by polycyclic aromatic hydrocarbons (PAHs) in agricultural soils[END_REF], and particularly the Xanthomonadales order [START_REF] Núñez | Modifications of bacterial populations in anthracene contaminated soil[END_REF][START_REF] Gutierrez | Polycyclovorans algicola gen. nov., sp. nov., an Aromatic-Hydrocarbon-Degrading Marine Bacterium Found Associated with Laboratory Cultures of Marine Phytoplankton[END_REF].

Although most of the degrading bacteria already described are culturable, i.e. able to grow on culture media, the vast majority of soil micro-organisms are not culturable (i.e. from 90% to 99.99% [START_REF] Amann | Phylogenetic identification and in situ detection of individual microbial cells without cultivation[END_REF]). Several techniques have been described to observe the whole community structure and to quantify the microbial populations (e.g. DGGE [START_REF] Niepceron | Both Cycloclasticus spp. and Pseudomonas spp. as PAH-degrading bacteria in the Seine estuary (France)[END_REF]; ARISA [START_REF] Niepceron | GammaProteobacteria as a potential bioindicator of a multiple contamination by polycyclic aromatic hydrocarbons (PAHs) in agricultural soils[END_REF]). The recent technological advances in sequencing technol ogy now allow easier access to metataxogenomics, i.e. to read thousands of 16S rRNA sequences per sample. In this context, the analysis of bacterial diversity may help to define the PAH degradation potential in a sample by identifying bacteria known to be able to metabolize PAHs and by determining their abundance [START_REF] Kuppusamy | Pyrosequencing analysis of bacterial diversity in soils contaminated long-term with P R O O F M[END_REF][START_REF] Lee | Microbial community composition and PAHs removal potential of indigenous bacteria in oil contaminated sediment of Taean coast, Korea[END_REF][START_REF] Lladó | Pyrosequencing reveals the effect of mobilizing agents and lignocellulosic substrate amendment on microbial community composition in a real industrial PAH-polluted soil[END_REF][START_REF] Haleyur | Assessing the degradation efficacy of native PAH-degrading bacteria from aged, weathered soils in an Australian former gasworks site[END_REF]. Interestingly, this metataxogenomics approach can be completed by a metagenomics approach [START_REF] Langille | Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences[END_REF][START_REF] Wang | Shifts in microbial community structure during in situ surfactant-enhanced bioremediation of polycyclic aromatic hydrocarbon-contaminated soil[END_REF][START_REF] Brusetti | Metataxonomy and functionality of wood-tar degrading microbial consortia[END_REF][START_REF] Liu | Microbial community structure and function in sediments from e-waste contaminated rivers at Guiyu area of China[END_REF][START_REF] Ribeiro | Potential of dissimilatory nitrate reduction pathways in polycyclic aromatic hydrocarbon degradation[END_REF]. Indeed, the genes present (and thus the degradation potential) in the bacterial community could be predicted by inferring the gene content for each OTU (Operating Taxonomic Unit) from the closest sequenced genomes, via phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt approach). The aim of our study was to determine if the initial microbiological parameters of natural soils might help to understand the degradation behavior of LMW and HMW PAH in the case of an on-point contamination. In this context, links between soil biological parameters (total abundance, diversity, abundance of some particular bacteria described as capable of PAH degradation in the literature and PICRUSt approach) and PAH biodegradation were compared in five dissimilar freshly contaminated soils.

Materials and methods

Chemicals

All organic solvents were purchased from VWR (Fontenay sous Bois, France) and were of HPLC grade. The seven selected PAH standards were obtained from Sigma-Aldrich-Fluka (St Quentin Fallavier, France): phenanthrene (PHE) and perdeuterated phenanthrene, fluoranthene (FLT), pyrene (PYR), benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP) and benzo[g,h,i]perylene (BghiP).

Soils, experiments and PAH analyses

Sampling sites

Five soils were collected from the surface horizon (0-15 cm) in Northern France (Normandy) in spring 2012, and were sieved (2-mm sieve). Sampling site locations are shown in Fig. 1. PPY and GCY soils are agricultural Luvisols, which are located on the Seine river plateau and were under permanent grassland and annual crops, respectively. Pv and SER soils are Gleysols located close to the Seine river (periodically flooded). The soil named TB is a forest soil (Gleysol), also located close to the Seine River, and also periodically flooded [START_REF] Crampon | Correlations between PAH bioavailability, degrading bacteria, and soil characteristics during PAH biodegradation in five diffusely contaminated dissimilar soils[END_REF].

Dissipation time-course studies

Each soil (triplicates for each date) was spiked with a total of 300 mg kg -1 of seven selected PAHs. The complete procedure, which gives a good contamination homogeneity in the spiked soils without adverse effects on the organic matter and microorganism communities, is described in Crampon et al. [START_REF] Crampon | Correlations between PAH bioavailability, degrading bacteria, and soil characteristics during PAH biodegradation in five diffusely contaminated dissimilar soils[END_REF]. PAH analyses were carried out just after microcosm preparation and after 8, 30, 60 and 90 days of incubation. Extractions were performed using a microwave-accelerated extraction (MAE) technique on 1 g crushed dried soil [START_REF] Schloss | Reducing the effects of PCR amplification and sequencing artifacts on 16S rRNA-based studies[END_REF]. Extracts were analyzed with a 6850 gas chromatographer from Agilent (USA) coupled with a 5975C mass spectrometer. The detection and quantification thresholds, calculated respectively as 3 and 10 times the standard deviation of the blank sample noise, were 1.5/5 µg L -1 for PHE, 2.5/8.5 µg L -1 for FLT, PYR, BbF and BkF, 3.5/11.5 µg L -1 for BaP and 5/16.5 µg L -1 for BghiP. Again, the complete procedure can be found in Crampon et al. (2014) [START_REF] Crampon | Correlations between PAH bioavailability, degrading bacteria, and soil characteristics during PAH biodegradation in five diffusely contaminated dissimilar soils[END_REF]. In this study, we decided to compare only the biodegradation of LMW PAH to the biodegradation of HMW PAH in the five soils. Consequently, the LMW PAH degradation corresponds to the mean degradation of PHE, FLT and PYR (≤ 4 aromatic rings) and the HMW PAH degradation corresponds to the mean degradation of BbF, BkF, BaP and BghiP (≥ 5 aromatic rings). Degradation parameters were represented by the percentage dissipated after 90 days (%90), by the initial degradation speed (V 0 ) and the time necessary for 50% PAH dissipation (DT50) (supplementary material SM1).

DNA quantification and bacterial identification

Natural soils (in triplicates) were used for soil genomic DNA extractions using PowerSoil DNA isolation kit (Mo-Bio Laboratories) according to manufacturer recommendations. Extracted DNA was quantified

U N C O R R E C T E D P R O O F Table 1
Results of bacterial diversity analyses on the five studied soils. The diversity indexes were calculated with data from NGS sequencing (with the total number of observed OTUs, Chao1 being the specific richness index and Simpson the total diversity index) for a similarity threshold of 97%. using NanoDrop 2000 (Thermo Scientific) and samples were stored at -20 °C before further analyses. DNA samples were then prepared for 454 pyrosequencing after amplification using universal primers 27 F (5′ -AGA GTT TGA TCC TGG CTC AG -3′) and 533R (5′ -TTA CCG CGG CTG CTG GCA C -3′), extended at the 5′ end by 10 bp multiplex identifiers (MIDs, Roche). Amplifications used GoTaq G2 Green Master Mix (Promega) and were carried out during 30 cycles (30 s at 95 °C, 30 s at 60 °C, 30 s at 72 °C).

GCY

After quality checking by agarose gel electrophoresis and quantification using NanoDrop, three independent PCR products per sample were pooled together to minimize PCR bias on sequencing. One equimolar mixture was then made from PCR products from the five soils.

454-pyrosequencing was carried out on a GS FLX 454 (Beckman Coulter Genomics, USA). A sequencing half plate was used, which produced 316.5 megabases corresponding to 716,250 sequences having a median size of 490 bp. Sequence analyses like reducing sequencing error, removing chimeras, grouping into Operating Taxonomic Units (OTUs), aligning to the SILVA database alignment, and classifying using the RDP reference files were performed using MOTHUR software (version 1.36.1), as recommended by its author [START_REF] Schloss | Reducing the effects of PCR amplification and sequencing artifacts on 16S rRNA-based studies[END_REF].

As the two primers used for sequencing are tagged by a MID, it was expected that approximately half of the sequences obtained were sequenced from each primer. In addition, because of stringent trimming, we obtained a final sequence size of about 250 bp. Consequently, to fa cilitate sequence alignment and thus further analyses, it was decided to deal separately with the sequences obtained from the forward primer (16S-0027 F, corresponding to the V1 and V2 16S rDNA regions) to those obtained from the reverse primer (16S-0533R, corresponding to the V3 16S rDNA region). In this paper, only the results from V1 and V2 16S rDNA regions are presented, as no major difference was observed compared to the V3 region. The alpha diversity of the samples was estimated using the Chao1 richness estimators and the inverse Simpson diversity index. To compare the community structures (beta diversity) a dendrogram was constructed using the UPGMA algorithm (Unweighted Pair Group Method with Arithmetic Mean) and the Bray-Curtis index.

All 16S rRNA gene sequences have been submitted to the NCBI Short Read Archive under the Bioproject accession number PRJNA312913 (native soil).

PICRUSt approach

Gene prediction with phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt) was used here to determine the degradation potential of the bacterial communities of the five soils from 16S rRNA sequences obtained by pyrosequencing. PICRUSt is a computational approach that enables to accurately predict gene family of bacterial communities using 16S rRNA sequences, with the accuracy of 82-95% compared with metagenome. PICRUSt uses evolutionary modeling to predict metagenomes from 16S data compared with a reference genome database.

Thanks to the composition of the bacterial communities in the five studied soils, it was thus possible to predict the mean relative abundances of gene functions, including PAH degradation. In the five studied soils, OTUs (97% identity) deduced from the 16S rRNA sequences were normalized by PICRUSt, i.e. each OTU count was divided by the 16S rRNA copy number found in the corresponding ancestral genome inferred. Then, the KEGG profiles (http://www.kegg.jp/) were calculated with the PICRUSt algorithm from the metagenome inferred [START_REF] Langille | Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences[END_REF]. KEGG pathways linked to PAH degradation were specifically extracted and compared to soil degradation kinetic parameters for LMW and HMW PAH.

Results and discussion

PAH degradation kinetics

Degradation kinetics of the seven spiked PAHs were monitored during 90 days on the five studied soils and presented in a previous study [START_REF] Crampon | Correlations between PAH bioavailability, degrading bacteria, and soil characteristics during PAH biodegradation in five diffusely contaminated dissimilar soils[END_REF]. The degradation curves for the 7 studied PAHs in the five soils and the summary of degradation results are however provided in the supplementary material (SM2). The shapes of these curves seem coherent with the literature. A two-step degradation pattern was observed for LMW PAHs [START_REF] Thiele-Bruhn | Kinetics of polycyclic aromatic hydrocarbon (PAH) degradation in long-term polluted soils during bioremediation[END_REF], which first degrades rapidly before slowing down after 90 days when all the easily accessible PAHs have been degraded. The remaining PAHs correspond to the low bioaccessible fraction [START_REF] Cornelissen | Rapidly desorbing fractions of PAHs in contaminated sediments as a predictor of the extent of bioremediation[END_REF]. Some parameters were evaluated thanks to the degradation kinetic curves, especially for the LMW PAHs (PHE, FLT and PYR), for which degradation was faster. DT50, corresponding to the time necessary for 50% dissipation, was measured (for PAHs having reached 50% dissipation only), and the V 0 parameter (corresponding to the degradation rate in the first degradation step) was also measured for the three LMW PAHs on the five soils (SM1). As previously explained, results will be presented here as LMW vs HMW PAHs. Overall for the LMW PAHs, the degradation was slow in PPY and GCY soils (low Vo values, high DT50 values), faster in SER and TB soils, and maximum in Pv soil (which presented the highest V 0 value and the lowest value of DT50). The degradation of LMW PAHs was thus slow in Luvisols, and quite fast in the three Gleysols. Trends were very similar between the V 0 DT50 and the dissipated percentage after 90 days (%90) for LMW PAHs (0.76 > r > 0.98, Pearson's correlation coefficients). Moreover, V 0 and DT50 values are not relevant for HMW PAHs (because of a too low or no degradation). Consequently, the degradation results are only presented as mean dissipated values after 90 days for LMW vs HMW PAHs in the present article. As shown in previous papers, the soil parameters and the bioaccessibility of PAHs could not explain the observed differences in PAHs degradation between the five soils, in the case of a recent PAH contamination [START_REF] Crampon | Correlations between PAH bioavailability, degrading bacteria, and soil characteristics during PAH biodegradation in five diffusely contaminated dissimilar soils[END_REF][START_REF] Crampon | Alternative techniques to HPCD to evaluate the bioaccessible fraction of soil-associated PAHs and correlation to biodegradation efficiency[END_REF]. The bacterial diversity was hence more thoroughly studied for the five soils, by sequencing the 16S rRNA gene and comparing these results with the degradation efficiency.

U N C O R R E C T E D P R O O F

Soil bacteria vs PAHs degradation 3.2.1. Bacterial diversity

To evaluate total bacterial diversity, a metagenomics approach targeting the 16S rRNA gene (i.e. meta taxogenomics) was used. Universal primers enable to estimate bacterial diversity through sequencing techniques such as Roche 454 (pyrosequencing or 454 GS FLX, shotgun approach). This approach was applied to the five studied soils (in triplicates for each soil). After demultiplexing and reduction of sequencing errors, we obtained an average of 4000 sequences per replicate of soil, with a median size for the sequences of 231 base pairs, corresponding to the regions V1 and V2 of the ADNr 16S gene. Various analyses were carried out using the Mothur software according the author's recommendations [START_REF] Schloss | Reducing the effects of PCR amplification and sequencing artifacts on 16S rRNA-based studies[END_REF]. First, the alpha diversity of each soil was estimated with the inverted Simpson and Chao1 indexes. These indexes estimates the diversity and the species richness of each soil, respectively (Table 1, for 97% similarity corresponding to the species/genus level). The number of sequences per sample (coverage) was sufficient to obtain a good estimation of these diversity indexes. Overall, and whatever the similarity threshold used to define the OTUs, we observed that the GCY soil presented the highest bacterial diversity (inverted Simpson) and the highest species richness (Chao1; Table 1). Consequently, only the results with a similarity threshold of 97%, i.e. corresponding to clustering at about the genus level, are presented here.

Pv and SER soils presented an intermediate diversity and species richness compared to the other soils, with however a great variability between the replicates. TB soil presented the smallest diversity but the species richness was comparable to those of Pv and SER soils. Lastly, PPY soil presented a diversity comparable to those of Pv and SER soils, but with the lower species richness. A comparison of soil diversity at a high taxonomic rank (phylum or class) among the 50 more abundant OTUs showed only few differences between the five soils (Fig. 2). It can be noted that the proportions of Alpha-, Beta-and Gammaproteobacteria were quite similar for all the studied soils (Fig. 2a). However, in terms of quantity, the TB soil has a lower diversity, more Proteobacteria represented in the 50 first OTUs (Fig. 2b), and also more Betaproteobacteria. Finally, the structures of the bacterial communities were compared by building a dendrogram from Bray-Curtis distances at the threshold of 97% similarity (Fig. 3). This showed good similarities between soils. Moreover, as expected, PPY and GCY soils, which are physico-chemically and geographically close, showed similar bacterial community structures. The three Gleysols were more similar to each other and formed a group of three soils differing from the Luvisols. The similarities of the bacterial communities between SER and Pv soils were greater than with the TB soil.

U N C O R R E C T E D P R O O F

The diversity results were compared to PAH degradation parameters using principal coordinate analysis (PCoA) (Fig. 4). On one hand, quite a good correlation (r = 0.619, Pearson's correlation coefficient) was observed between the Chao1 index and the degradation (%90) of LMW PAHs. This correlation with LMW PAH degradation percentage after 90 days of soil ageing confirms that the abundance of some bacteria, those capable of metabolizing these molecules, was an important factor controlling their degradation. On the other hand, total diversity, represented by the Simpson index, as well as the total number of OTUs, had little importance on PAH degradation, as observed in Fig. 4.

A higher degradation of HMW PAHs seemed to correlate here with a higher abundance of three taxa: alpha-and gamma-proteobacteria classes, and sphingobacteria phylum. The degradation of HMW PAHs was indeed higher in Luvisols, which are those containing the higher numbers of these taxa. The abundance of the other phyla/classes was hard to correlate here with PAH degradation after 90 days (Fig. 4). The capacity to metabolize PAHs is often strain dependent, thus the links between degradation and soil bacteria were then analyzed for a finer phylogenetic classification using another PCoA analysis (Fig. 5). Each OTU number is represented in the PCoA (50 first OTUs in terms of abundance), and the correspondence of these OTUs with their taxonomic classification (obtained by comparison with the Genbank database, for a 97% similarity threshold) is presented in Table 2. We could first observe from Fig. 5 that the abundance of more OTUs correlated to a higher degradation of LMW PAHs compared to the phylum/class phylogenetic range presented in Fig. 4.

Indeed, concerning the degradation of LMW PAHs, the abundance of 17 OTUs out of 50 correlated well together (OTUs n °1, [START_REF] Martins | Toxicity of Carcinogenic and Non-carcinogenic Polycyclic Aromatic Hydrocarbons and Their Mixtures to Aquatic Organisms Under Ecologically-relevant Scenarios[END_REF][START_REF] Motelay-Massei | Mass balance for polycyclic aromatic hydrocarbons in the urban watershed of Le Havre (France): transport and fate of PAHs from the atmosphere to the outlet[END_REF][START_REF] Lee | Microbial community composition and PAHs removal potential of indigenous bacteria in oil contaminated sediment of Taean coast, Korea[END_REF][START_REF] Johnsen | Principles of microbial PAH-degradation in soil[END_REF][START_REF] Sungthong | Mycelium-enhanced bacterial degradation of organic pollutants under bioavailability restrictions[END_REF][START_REF] Abd-Elsalam | Isolation and identification of three-rings polyaromatic hydrocarbons (anthracene and phenanthrene) degrading bacteria[END_REF][START_REF] Zeinali | Characterization of a moderate thermophilic Nocardia species able to grow on polycyclic aromatic hydrocarbons[END_REF][START_REF] Singleton | Identification and quantification of uncultivated Proteobacteria associated with pyrene degradation in a bioreactor treating PAH-contaminated soil[END_REF][START_REF] Martin | Betaproteobacteria dominance and diversity shifts in the bacterial community of a PAH-contaminated soil exposed to phenanthrene[END_REF][START_REF] Gutierrez | Polycyclovorans algicola gen. nov., sp. nov., an Aromatic-Hydrocarbon-Degrading Marine Bacterium Found Associated with Laboratory Cultures of Marine Phytoplankton[END_REF][START_REF] Niepceron | Both Cycloclasticus spp. and Pseudomonas spp. as PAH-degrading bacteria in the Seine estuary (France)[END_REF][START_REF] Wang | Shifts in microbial community structure during in situ surfactant-enhanced bioremediation of polycyclic aromatic hydrocarbon-contaminated soil[END_REF][START_REF] Crampon | Correlations between PAH bioavailability, degrading bacteria, and soil characteristics during PAH biodegradation in five diffusely contaminated dissimilar soils[END_REF][START_REF] Schloss | Reducing the effects of PCR amplification and sequencing artifacts on 16S rRNA-based studies[END_REF][START_REF] Uhlik | Identification of bacteria utilizing biphenyl, benzoate, and naphthalene in long-term contaminated soil[END_REF] and 49; Fig. 5). Concerning HMW PAH degradation, the percentage degraded after 90 days correlated well to the abundance of 18 other OTUs (9, 11, 13, 14, 18, 22, 25, 27, 30, 31, 32, 34, 36, 41, 42, 45, 46 and 50). Of note, the number of OTUs that correlated to degradation, whether LMW or HMW PAHs, was almost identical whatever the similarity threshold 90, 95 or 97% (data not shown). Consequently, there were only a few species/genus per family that correlated to PAH degradation. The adaptation to the degradation of the PAHs seems therefore both a strain / species specific property but is also distributed widely throughout the Bacteria domain.

It is interesting to note that for LMW PAHs, the best correlations were observed for OTUs belonging to the Betaproteobacteria class, of which members have been described many times as capable of degrading PAHs [START_REF] Jeon | Discovery of a bacterium, with distinctive dioxygenase, that is responsible for in situ biodegradation in contaminated sediment[END_REF][START_REF] Singleton | Identification and quantification of uncultivated Proteobacteria associated with pyrene degradation in a bioreactor treating PAH-contaminated soil[END_REF][START_REF] Martin | Betaproteobacteria dominance and diversity shifts in the bacterial community of a PAH-contaminated soil exposed to phenanthrene[END_REF][START_REF] Núñez | Modifications of bacterial populations in anthracene contaminated soil[END_REF][START_REF] Niepceron | GammaProteobacteria as a potential bioindicator of a multiple contamination by polycyclic aromatic hydrocarbons (PAHs) in agricultural soils[END_REF], even if correlation was not evident at the phylum/class rank (Fig. 4). This observation shows that PAH degradation capacity is probably not common to the whole Betaproteobacteria class. The Burkholderiales order (and in particular the genus Polaromonas) has been described as capable of degrading LMW PAHs [START_REF] Jeon | Polaromonas naphthalenivorans sp. nov., a naphthalene-degrading bacterium from naphthalene-contaminated sediment[END_REF], and is commonly found in the literature. The abundance of Polaromonas genus (OTU 26) actually showed a good correlation with LMW PAHs degradation. In addition, the abundance of OTUs 43 and 44 (from the Rhodocyclaceae family, in the Betaproteobacteria class) correlated to a higher LMW PAHs degradation. Representatives of these taxa have also been described as able to degrade PAHs and to possess specific PAH RHD enzymes [START_REF] Singleton | Identification and quantification of uncultivated Proteobacteria associated with pyrene degradation in a bioreactor treating PAH-contaminated soil[END_REF][START_REF] Martin | Betaproteobacteria dominance and diversity shifts in the bacterial community of a PAH-contaminated soil exposed to phenanthrene[END_REF][START_REF] Uhlik | Identification of bacteria utilizing biphenyl, benzoate, and naphthalene in long-term contaminated soil[END_REF][START_REF] Regonne | Identification of soil bacteria able to degrade phenanthrene bound to a hydrophobic sorbent in situ[END_REF][START_REF] Chemerys | Characterization of novel polycyclic aromatic hydrocarbon dioxygenases from the bacterial metagenomic DNA of a contaminated soil[END_REF], and a cultivable member of this Rhodocyclaceae family, that degrades PAHs, has been recently sequenced [START_REF] Singleton | Complete Genome Sequence of a Novel Bacterium within the Family Rhodocyclaceae That Degrades Polycyclic Aromatic Hydrocarbons[END_REF]. Interestingly, in a previous study using DNA Stable Isotope Probing, we showed that all the bacteria implied in PHE degradation in Pv soil belonged to the Betaproteobacteria class, especially in the Rhodocyclaceae family [START_REF] Crampon | Low effect of phenanthrene bioaccessibility on its biodegradation in diffusely contaminated soil[END_REF]. Gammaproteobacteria have also been described as capable of degrading PAHs [START_REF] Martin | Betaproteobacteria dominance and diversity shifts in the bacterial community of a PAH-contaminated soil exposed to phenanthrene[END_REF], in particular the Xanthomonadales order [START_REF] Núñez | Modifications of bacterial populations in anthracene contaminated soil[END_REF][START_REF] Gutierrez | Polycyclovorans algicola gen. nov., sp. nov., an Aromatic-Hydrocarbon-Degrading Marine Bacterium Found Associated with Laboratory Cultures of Marine Phytoplankton[END_REF]. The abundance of the OTU 3 (Gammaproteobacteria, order Xanthomonadales of the genus Nevskia) also showed a good correlation with the degradation of LMW PAHs. As previously shown [START_REF] Crampon | Low effect of phenanthrene bioaccessibility on its biodegradation in diffusely contaminated soil[END_REF], Nevskia was found as the main PHE degrader in PPY soil, with about 24% relative abundance among bacteria labelled with 13 C PHE (DNA-SIP). Among these different OTUs, 6 were dominantly found in the PHE degraders of Pv and PPY soils (from the Rhodocyclaceae family (OTUs 43 and 44), Polaromonas (OTU 26), Nevskia (OTU 3), Burkholderiales order (OTUs 5, 8, 10, 12, 14, 26, 28), Collimonas (OTU 14) and Dyella (OTU 20)). Their abundance should then logically lead to higher PHE (and LMW PAH in extent) degradation. Finally, for LMW PAH degradation, good correlations were also observed with abundance of Nitrospira (genus Nitrospira OTU 6), Acidobacteria (genus Gp6, OTU 48) and unclassified bacteria or Proteobacteria. Overall, a large proportion of OTUs whose abundance presented a good correlation with LMW PAHs degradation belonged to the Betaproteobacteria class (7 over 17).

Concerning HMW PAH degradation, OTUs correlating with a higher degradation belonged to a larger number of phyla and classes (out of 18 OTUs: 4 Alpha-, 4 Beta-, 2 Gamma-and 1 Delta-Proteobacteria, 5 Acidobacteria (genus Gp1 and Gp3), 1 Firmicutes (Bacilli Bacillus OTU 30), and unclassified Proteobacteria). For Alphaproteobacteria, correlations were observed with the abundance of genus Bradyrhizobium, (OTU 9) and Rhizobiales order (OTU 11). In particular, a correlation was observed for Firmicutes (genus Bacillus, OTU 30) and Deltaproteobacteria (genus Geobacter (OTU 46). Some Deltaproteobacteria are known to degrade PAHs [START_REF] Bergmann | Genomic insights into the metabolic potential of the polycyclic aromatic hydrocarbon degrading sulfate-reducing Deltaproteobacterium N47[END_REF], but it is globally difficult to find literature about bacteria which effectively degraded HMW PAHs (5 or more aromatic rings) [START_REF] Peng | Microbial biodegradation of polyaromatic hydrocarbons[END_REF], especially because of the low biodegradability of these molecules. Comparison of our results with known strains able to degrade HMW PAHs was therefore more difficult than for LMW PAHs, and the correlation with the abundance of bacteria belonging to Betaproteobacteria was finally much less apparent than for LMW PAHs. The few strains described in the literature as capable of degrading HMW PAHs were not found in the 50 first OTUs of our soils (for example Mycobacterium sp [START_REF] Heitkamp | Polycyclic aromatic hydrocarbon degradation by a Mycobacterium sp. In microcosms containing sediment and water from a pristine ecosystem[END_REF][START_REF] Grosser | Indigenous and enhanced mineralization of pyrene, benzo [a] pyrene, and carbazole in soils[END_REF][START_REF] Schneider | Degradation of pyrene, benz [a] anthracene, and benzo [a] pyrene by Mycobacterium sp. strain RJGII-135, isolated from a former coal gasification site[END_REF], Sphingomonas paucimobilis [START_REF] Ye | Degradation of polynuclear aromatic hydrocarbons by Sphingomonas paucimobilis[END_REF], or Stenotrophomonas maltophilia [START_REF] Juhasz | Bioremediation of high molecular weight polycyclic aromatic hydrocarbons: a review of the microbial degradation of benzo [< i> a</ i>] pyrene[END_REF][START_REF] Juhasz | Metabolite repression inhibits degradation of benzo [a] pyrene and dibenz [a, h] anthracene by Stenotrophomonas maltophilia VUN 10,003[END_REF]).

Metagenomics inference

For the five soils, the functional profiles of bacterial communities associated to PAH degradation was assessed by inferring the gene content for each OTU from the closest sequenced genomes (i.e. the PI-CRUSt approach). The presented results concern the three mean KEGG pathways linked to PAH degradation: "drug metabolism via cy "polycyclic aromatic hydrocarbon degradation" (Fig. 6). Overall, two groups were clearly distinguished here: PPY and GCY Luvisols on the one hand and Pv, SER and TB Gleysols on the other hand. Except for the KEGG pathway "metabolism of xenobiotics via cytochrome P450″, PI-CRUSt values were significantly different between (i) PPY/GCY and (ii) Pv/SER/TB (P < 0.05, Kruskall-Wallis test with Conover Iman comparison). Concerning the KEGG pathway "metabolism of xenobiotics via cytochrome P450″, PPY was significantly different from Pv/SER/TB soils when GCY was significantly different from SER soil only (P < 0.05, Kruskall-Wallis test). Thus, by functional inference, it appeared that the Luvisols (which presented a faster HMW PAHs degradation) contained a higher PAH degradation potential than the Gleysols (which presented a faster LMW PAHs degradation). As co-metabolism with several different micro-organisms is often necessary to degrade HMW PAHs, the degradation potential estimated by PICRUSt could be a quite good indicator of the degradation kinetics of HMW PAHs, but not necessarily for LMW PAHs which are more probably degraded through direct metabolism of few specific strains.

Links between initial bacterial community and PAH degradation

As discussed so far, PAH degradation seems to be related to soil biological parameters in the case of a recent contamination, and especially to the presence of some specific bacteria, especially belonging to the Betaproteobacteria class. The fact that soil physico-chemical parameters, and so PAHs bioaccessibility, is not a limiting factor in our study is partly due to the short contact time between spiked PAHs and the soils during our experiments (three months), which might result in a relatively good bioaccessibility of the PAHs [START_REF] Crampon | Low effect of phenanthrene bioaccessibility on its biodegradation in diffusely contaminated soil[END_REF]. In freshly contaminated soils, such as those that are chronically and diffusely contaminated, the bioaccessibility of PAHs, as well as OM content and nature, actually did not appear to be the main parameters limiting biodegradation [START_REF] Crampon | Correlations between PAH bioavailability, degrading bacteria, and soil characteristics during PAH biodegradation in five diffusely contaminated dissimilar soils[END_REF][START_REF] Crampon | Alternative techniques to HPCD to evaluate the bioaccessible fraction of soil-associated PAHs and correlation to biodegradation efficiency[END_REF].

The density of total cultivable bacteria was not correlated to PAH biodegradation, as shown using a PCoA analysis (Fig. 7). In contrast, a good correlation of LMW PAH degradation (%90) with (i) the amount of specific PHE degrading bacteria (MPN PHE) and (ii) the relative percentage of PHE degrading bacteria (see supplementary material SM3) among the total bacteria was clearly underlined here (Fig. 7). The bacteria involved in PHE degradation would then be, to a certain extent, the same (or at least co-occurring) as those involved in the degradation of FLT and PYR. The relative percentage of PHE degrading bacteria, or LMW PAH degrading bacteria in a larger extent, would reflect the competitiveness of these bacteria relative to the total microflora for a given soil, and thus their ability to adapt rapidly to a new addition of PAHs in the soil.

Soil pH also seemed to play a key role here. The soil pH was correlated to the degradation of LMW PAHs: the higher the pH was, the faster was the degradation rate (high V o , low DT50 values). In contrast, an acidic pH correlated well with a higher degradation (%90) of HMW PAHs. A previous study [START_REF] Rousk | Contrasting soil pH effects on fungal and bacterial growth suggest functional redundancy in carbon mineralization[END_REF] showed that neutral to slightly alkaline soil pH promotes bacterial growth in soils, while an acidic pH favors the growth of fungal species. On the other hand, Machin-Ramirez et al. (2010) showed that soil fungal communities are more capable of degrading BaP than bacterial communities [START_REF] Machín-Ramírez | Benzo [a] pyrene removal by axenic-and co-cultures of some bacterial and fungal strains[END_REF]. Degradation of BaP, and HMW PAHs at large, could thus be favored in soils with a slightly acidic pH (PPY and GCY soils) by the coexistence of fungal and bacterial species (consortia), while a rather alkaline pH could favor the development of the bacterial communities responsible for the fast degradation of LMW PAHs. In this context, the results of the metagenomics inference by PICRUSt analysis were interesting. The potential for PAH degradation, including the potential metabolism via cytochrome P450 estimated by metagenomics inference, were found to be more abundant on acidic PPY and GCY soils. These soils were also those in which the higher HMW PAH degradation was observed. Finally, these results highlighted two points: (i) the degradation of LMW PAHs seems related to the abundance of specific bacteria able to quickly metabolize them and to the proportion of these bacteria compared to total soil bacteria, and (ii) HMW PAHs degradation seems related to the pH of the soil and to the potential metabolisms via cytochrome P450 as well as PAH degradation potential estimated by metagenomics inference.

Conclusions

This study showed the correlations between the degradation behavior of PAHs (LMW for PAHs ≤ 4 aromatic rings and HMW for PAHs ≥ 5 aromatic rings) in five freshly contaminated soils and the abundance of bacteria and the diversity parameters or PICRUSt inferences evaluated with data from total soil bacterial DNA sequencing. Although the role of bacteria in PAH degradation could not be directly established here, the presence of a large number of some OTUs (particularly from the Betaproteobacteria class) correlated to a good degradation of LMW PAHs, while the link with the HMW PAHs was more difficult to establish. The degradation of HMW PAHs seemed to require more complex mechanisms such as the actions of bacteria/fungi consortia, metabolisms implying cytochrome P450 or global PAH degradation potential as shown by metagenomic inference. It appeared that the bacteria involved in the degradation of LMW PAHs were also globally different from those involved in the degradation of HMW PAHs. The fate of PAHs after a recent contamination seemed to be essentially controlled by soil microbiology in the first months of the process.
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 1 Fig. 1. Location of the five sampling sites in the Seine river watershed, Normandy, France, and type of soil according to the World Reference Base for Soil Resources (WRB).
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 2 Fig. 2. (a) Proportions of different phyla or classes among the 50 first OTUs in terms of quantity and (b) Quantity of these phyla or classes as a sum of the observed OTUs.
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 3 Fig. 3. Dendrogram comparing the structure of the bacterial communities of the five studied soils. Dendrogram was built with UPGMA algorithm and from the Bray-Curtis distances for a similarity threshold of 97%. The values next to the branches correspond to 1000 sub-samplings with normalization at 2463 sequences per sample.

Fig. 4 .

 4 Fig. 4. Principal coordinate analysis (PCoA) showing the correlations between (i) phyla/classes abundance within the 50 first OTUs in terms of abundance in the 5 studied soils, (ii) the diversity indexes calculated with data from NGS sequencing (Nb OTUs is the total number of observed OTUs, Chao1 the specific richness index and Simpson the total diversity index) for a similarity threshold of 97% and (iii) the mean degradation efficiency (%90) of LMW and HMW PAHs in the five studied soils.

Fig. 5 .

 5 Fig. 5. Principal coordinate analysis (PCoA) showing the correlations between (i) the abundance of the 50 first OTUs in terms of abundance in the 5 studied soils (pls. refer to Table2for OTUs correspondence) and (ii) the mean degradation efficiency (%90) of LMW and HMW PAHs.
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 6 Fig. 6. Results of PICRUSt analyses on the sequences of the five soils presented as PICRUSt inferred abundances (%) of genes controlling drug and xenobiotics metabolism via cytochrome P450 and PAHs degradation. By PICRUSt test, histograms with different letters are significantly different from each other (P < 0.05, KW test with Conover-Iman comparison).
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 7 Fig. 7. Principal coordinate analysis (PCoA) of the different physico-chemical/biological parameters of the 5 studied soils. WRC = water retention capacity, TOC = Total Organic Carbon, MPN PHE = most probable number of bacteria degrading PHE, Percent MPN PHE vs total = percentage of PHE degrading bacteria compared to total bacteria, PICRUSt inferences are represented in italic, PAHs degradation parameters are represented in bold and underlined.
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