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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are hydrophobic organic pollutants highly present in anthropized soils affected by industrial activities. Although their dissipation is relatively slow in soils, the main process of biodegradation involves various microorganisms able to catabolise PAHs through diverse mechanisms and conditions [START_REF] Mueller | PAH dissipation in spiked soil: Impacts of bioavailability, microbial activity, and trees[END_REF][START_REF] Fernández-Luqueño | Microbial communities to mitigate contamination of PAHs in soil-possibilities and challenges: a review[END_REF]. In surface soils, bacteria mostly favour aerobic conditions for degradation of PAHs via oxygenase-mediated metabolism [START_REF] Ghosal | Current State of Knowledge in Microbial Degradation of Polycyclic Aromatic Hydrocarbons (PAHs): A Review[END_REF]) and a wide range of genes involved in those reactions have been used as efficient markers of PAH-degrading bacterial population density [START_REF] Cébron | Real-Time PCR quantification of PAH-ring hydroxylating dioxygenase (PAH-RHDα) genes from Gram positive and Gram negative bacteria in soil and sediment samples[END_REF]. PAH-RHD (Ring Hydroxylating Dioxygenase) genes have been found in diverse bacterial taxa and are involved in the first step of PAH aerobic degradation pathway [START_REF] Habe | Genetics of Polycyclic Aromatic Hydrocarbon Metabolism in Diverse Aerobic Bacteria[END_REF]. Cytochrome P450 can also play a pivotal role in microorganisms in xenobiotics detoxification, and particularly towards PAHs [START_REF] Brezna | Molecular characterization of cytochrome P450 genes in the polycyclic aromatic hydrocarbon degrading Mycobacterium vanbaalenii PYR-1[END_REF][START_REF] Sowada | Toxification of polycyclic aromatic hydrocarbons by commensal bacteria from human skin[END_REF]. Indeed, cytochrome P450 function occurs in the initial stage of hydrocarbons oxidation and many bacterial monooxygenases belong to this gene family [START_REF] Sazykin | Cyclohexane, naphthalene, and diesel fuel increase oxidative stress, CYP153 , sodA, and recA gene expression in Rhodococcus erythropolis[END_REF]. Most PAH degradation pathways converge through catechol-like intermediates that are cleaved by ortho-or meta-cleavage diooxygenases [START_REF] Cerniglia | Microbial Metabolism of Polycyclic Aromatic Hydrocarbons[END_REF]. Thus, bacteria must also possess catechol-1,2 or 2-3-dioxygenases to completely mineralize PAH compounds.

Most of the studies on PAH contaminated soils investigated soil microbial diversity and PAH-degrading microorganisms [START_REF] Siciliano | Changes in Microbial Community Composition and Function during a Polyaromatic Hydrocarbon Phytoremediation Field Trial[END_REF][START_REF] Martin | Betaproteobacteria dominance and diversity shifts in the bacterial community of a PAHcontaminated soil exposed to phenanthrene[END_REF][START_REF] Bourceret | High PAH degradation and activity of degrading bacteria during alfalfa growth where a contrasted active community developed in comparison to unplanted soil[END_REF] in different types of soil where contamination but also edaphic parameters varied [START_REF] Jeanbille | Chronic Polyaromatic Hydrocarbon (PAH) Contamination Is a Marginal Driver for Community Diversity and Prokaryotic Predicted Functioning in Coastal Sediments[END_REF][START_REF] Geng | Microbial diversity and co-occurrence patterns in deep soils contaminated by polycyclic aromatic hydrocarbons (PAHs)[END_REF]). The short-term impact of PAH toxicity highlighted a selective pressure towards PAH degrading microorganisms [START_REF] Andreoni | Bacterial communities and enzyme activities of PAHs polluted soils[END_REF][START_REF] Grant | Microbial community changes during the bioremediation of creosote-contaminated soil[END_REF], a decrease in microbial taxonomic diversity [START_REF] Sawulski | Effects of polycyclic aromatic hydrocarbons on microbial community structure and PAH ring hydroxylating dioxygenase gene abundance in soil[END_REF][START_REF] Quero | Patterns of benthic bacterial diversity in coastal areas contaminated by heavy metals, polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs)[END_REF][START_REF] Martirani-Von Abercron | Polycyclic Aromatic Hydrocarbon-Induced Changes in Bacterial Community Structure under Anoxic Nitrate Reducing Conditions[END_REF]) and an inhibition of some microbial enzymatic activities (i.e. arylsulphatase, phosphatase, galactosidase, dehydrogenase) [START_REF] Singh | Loss of microbial diversity in soils is coincident with reductions in some specialized functions: Microbial diversity and ecosystem functions[END_REF][START_REF] Lee | Use of Soil Enzymes as Indicators for Contaminated Soil Monitoring and Sustainable Management[END_REF]. However, we lack information about the impact of PAH contamination on microbial functional diversity.

As bacteria ensure a wide range of functions in the recycling of nutrients in soils, it is crucial to understand the level of the impact of PAHs on key microbial functions of the major biogeochemical cycles. The carbon cycle is a key component in soil functioning because it contributes to all biological processes, and it can be partially inhibited by various pollutants, such as metals [START_REF] Lemmel | Soil Properties and Multi-Pollution Affect Taxonomic and Functional Bacterial Diversity in a Range of French Soils Displaying an Anthropisation Gradient[END_REF] and PAHs [START_REF] Li | Diversity of the active phenanthrene degraders in PAH-polluted soil is shaped by ryegrass rhizosphere and root exudates[END_REF]. Carbon cycle is linked to other nutrient cycles through organic matter recycling and mineralisation. In addition to the fact that aged polluted sites often have a low nitrogen content for microbial development [START_REF] Deni | Nitrification and Autotrophic Nitrifying Bacteria in a Hydrocarbon-Polluted Soil[END_REF], there has been previous evidences of a decrease in nitrification and nitrogen fixation due to hydrocarbon contamination [START_REF] Deni | Nitrification and Autotrophic Nitrifying Bacteria in a Hydrocarbon-Polluted Soil[END_REF][START_REF] John | Fate of Nitrogen-Fixing Bacteria in Crude Oil Contaminated Wetland Ultisol[END_REF]. Even though hydrocarbon contamination impacts nitrogen cycling, processes involved are still not well understood [START_REF] Scott | The microbial nitrogen cycling potential is impacted by polyaromatic hydrocarbon pollution of marine sediments[END_REF] but could be mainly linked to a loss of microbial diversity [START_REF] Singh | Loss of microbial diversity in soils is coincident with reductions in some specialized functions: Microbial diversity and ecosystem functions[END_REF]. Considering that some key soil functions are processed by few specialized taxa, it is of great interest to investigate the loss of diversity and its link to resistance, resilience and redundancy of microbial functions in contaminated sites [START_REF] Bell | The contribution of species richness and composition to bacterial services[END_REF][START_REF] Allison | Resistance, resilience, and redundancy in microbial communities[END_REF]. The ecotoxicity of PAHs on microbial communities could induce a dysfunction of soil ecosystems and consequently largely impact plant development [START_REF] Chen | Soil bacterial taxonomic diversity is critical to maintaining the plant productivity[END_REF]), however we need to evaluate dose-response data to better understand the level of such ecotoxicological impact.

It is well known that the plant rhizosphere is a hotspot of microbial density and activity and that microbial diversity is modified through the action of root exudates [START_REF] Bulgarelli | Structure and Functions of the Bacterial Microbiota of Plants[END_REF]. Indeed, under PAH stress, plants were shown to promote microbial activities and improve some functions related to carbon metabolism [START_REF] Li | Diversity of the active phenanthrene degraders in PAH-polluted soil is shaped by ryegrass rhizosphere and root exudates[END_REF]. Some studies reported that the presence of plants could enhance the potential of PAH-biodegradation by soil microbial communities [START_REF] Günther | Oxidation of PAH and PAH-derivatives by fungal and plant oxidoreductases[END_REF][START_REF] Ph | Fate of polycyclic aromatic hydrocarbons (PAH) in the rhizosphere and mycorrhizosphere of ryegrass[END_REF]. Recent data have shown that PAHs were taken up and translocated to plants [START_REF] Sun | Utilizing pyrene-degrading endophytic bacteria to reduce the risk of plant pyrene contamination[END_REF][START_REF] Liao | Transportation and localization of phenanthrene and its interaction with different species of arsenic in Pteris vittata L[END_REF][START_REF] Gréau | Response of Poplar and Associated Fungal Endophytic Communities to a PAH Contamination Gradient[END_REF]), but their effects on plant endophytic populations in terms of diversity and activity are still not well documented. Poplar has been extensively studied and used in the context of phytoremediation due to an important root surface and high tolerance to a wide range of pollutants [START_REF] Guerra | Phytoremediation of heavy metals using poplars (Populus spp): a glimpse of the plant responses to copper, cadmium and zinc stress[END_REF]. Poplar cultivable endophytome has been previously described in non-contaminated soils [START_REF] Gottel | Distinct Microbial Communities within the Endosphere and Rhizosphere of Populus deltoides Roots across Contrasting Soil Types[END_REF][START_REF] Beckers | Structural variability and niche differentiation in the rhizosphere and endosphere bacterial microbiome of field-grown poplar trees[END_REF], metal-contaminated ones [START_REF] Durand | Bacterial diversity associated with poplar trees grown on a Hg-contaminated site: Community characterization and isolation of Hg-resistant plant growth-promoting bacteria[END_REF][START_REF] Caracciolo | Characterization of the Belowground Microbial Community in a Poplar-Phytoremediation Strategy of a Multi-Contaminated Soil[END_REF] and also in PAH contaminated environments [START_REF] Kidd | Beneficial traits of root endophytes and rhizobacteria associated with plants growing in phytomanaged soils with mixed trace metal-polycyclic aromatic hydrocarbon contamination[END_REF]. However, there is no information about the non-cultivable diversity of poplars' endophytome grown in PAH contaminated sites even if this was previously investigated for other deciduous trees used in phytoremediation like willows [START_REF] Bell | Linkage between bacterial and fungal rhizosphere communities in hydrocarbon-contaminated soils is related to plant phylogeny[END_REF][START_REF] Tardif | The Willow Microbiome Is Influenced by Soil Petroleum-Hydrocarbon Concentration with Plant Compartment-Specific Effects[END_REF]. It is difficult to predict the effect of PAHs on the plant-microbiome association, because the ecotoxicological response most likely depends on the pollutant concentration, availability, and translocation to the plant tissues. Therefore, studying the effect of a PAH contamination gradient could help highlighting this doseresponse effect. We thus hypothesized that along a PAH gradient, PAH contamination would shape the soil microbiome by selecting the most tolerant microbes at the expense of sensitive ones, and the root endophytome would be shaped in the same way since the soil is the main reservoir for endophytes. The main objective of our study was therefore to understand how an increasing range of PAH contamination (using phenanthrene (PHE) as a model PAH due to its environmental toxicity, potential easier microbial biodegradation and absorption in plant tissues) affects soil and root bacterial diversity and consequently bacterial functions linked to PAH biodegradation, major nutrient cycles and to plant growth promotion.

Material and methods

Soil sampling characteristics and phenanthrene spiking

Soil was sampled at a depth of 2 to 20 cm in a natural attenuation area of a brownfield site that formerly hosted a coking plant during the 20 th century (49°12.54'N, 5°59.528'E, Homécourt, Grand-Est region, France). The soil was air-dried and sieved to 2.4 mm and stored at room temperature until experimental set up. Physico-chemical analyses were performed at the Laboratoire d'Analyses des Sols (INRAE, Arras, France). The soil was composed of 72.1% sand, 21.5% silt and 6.4% clay, with a pHwater of 8.16 and a C/N ratio of 42.4. The 16 US-EPA priority PAHs concentrations are listed in Supplementary Table S1 and summed up to 233 ± 45 mg kg -1 DW soil (low molecular weight PAH (2-3 cycles): 32.2 ± 7 mg kg -1 DW and high molecular weight PAH (4-6 cycles): 200.7 ± 10 kg -1 DW). The soil was mixed with 10% (w/w) sand to increase its porosity. Soil aliquots (100 g) dedicated to microcosms were spiked with a PHE-hexane solution to 1:10 of the soil (10g) at seven different nominal PHE concentrations (100-200-400-700-1000-1500-2000 mg PHE kg -1 DW; see measured initial concentrations in the soil in Table S2) and unspiked controls where only hexane was added to 1:10 of the soil (condition named 0 mg PHE kg -1 DW) were prepared. After spiking and solvent evaporation under a fume hood (48h), the spiked aliquots were mixed with the undisturbed 9:10 of soil (90g) and the soil was added to 100 mL glass beakers wrapped with aluminium foil. Means of PHE concentrations in soils at the beginning and the end of the experiment, and also the concentrations measured in plant roots and leaves are displayed in Supplementary Table S2.

Plant culture and microcosm experiment

Plant cuttings of Populus x canadensis (hybrid of P. nigra x P. deltoides) were obtained from the France Peupliers SARL nursery. Cuttings with identical size (one cm diameter and ten cm height), were grown in perlite and tap water for four weeks until rooting (three to ten cm long roots) was observed. The cuttings were then transplanted into the PHE spiked soil of the microcosms. For each PHE concentration, four replicates were used (one plant per replicate), representing a total of 32 microcosms. Soil was watered to 100% of its water retention capacity (WRC) for the first three days and maintained at 70% WRC using tap water for the four weeks of plant growth in a chamber with controlled temperature, humidity and light conditions [START_REF] Gréau | Response of Poplar and Associated Fungal Endophytic Communities to a PAH Contamination Gradient[END_REF].

Harvest of soil and root samples

After four weeks of growth (time determined from preliminary experiment to have still PHE present in soils with the higher initial spiking), the plants were removed from the pots and the rhizospheric soil was recovered by slightly shaking the roots and using a small brush. Plant biomass parameters measured are displayed in Supplementary Table S2 and more detailed information are presented in [START_REF] Gréau | Response of Poplar and Associated Fungal Endophytic Communities to a PAH Contamination Gradient[END_REF]. Rhizospheric soil was stored at -80°C until DNA extraction and enzymatic analyses. After cleaning using sterile water and a fine paintbrush, the roots were surface sterilized (70% ethanol for 1 min, 4% sodium hypochlorite for 1 min, 70% ethanol for 30 sec and finally washed in sterile distilled water for 3 times). Roots were soaked, weighted, flashfrozen and kept at -80°C until DNA extraction.

Enzymatic measurements to investigate soil microbial activity

Soil microbial activities were determined by measuring the activity of microbial enzymes involved in the C, N, P, and S cycles, like alpha-and beta-glucosidase (alfaG; betaG), alpha-and beta-galactosidase (alfaGAL; betaGAL), cellobiohydrolase (cell), xilosidase (xilo), glucuronidase (uroni) involved in C cycling, N-acetyl-b-dglucosaminidase (chit), leucine aminopeptidase (leu), arginine-aminopeptidase (arginina), serine-protease (CBZ) involved in N cycling, acid-(acP) and alkaline phosphomonoesterase (alkP), phosphodiesterase (bisP), pyrophosphodiesterase (pyroP), inositol-phosphatase (inositP) involved in P cycling, arylsulfatase (aryS) involved in S cycling and esterase, peroxidase and phenol oxidase (PO). Enzymatic activities were measured by a heteromolecular exchange procedure described in [START_REF] Bardelli | Effects of slope exposure on soil physico-chemical and microbiological properties along an altitudinal climosequence in the Italian Alps[END_REF]. Briefly, 0.4 g of frozen soil was placed into 2 mL tubes, together with 1.4 mL of a solution containing 3% lysozyme and glass beads. Tubes were then shaken at 30 strokes s -1 for 3 min, using a Retsch 400 MM beating mill, then centrifuged at 20,000 g for 5 min.

The supernatant containing desorbed enzymes was dispensed into 384-well white microplates with the appropriate buffer to fluorometrically measure the enzymatic activities using the fluorescent substrates 7-amino-4-methyl coumarin (AMC, for leu) or 4-methyl-umbelliferyl (MUF, other enzymes) linked to appropriate enzyme substrates [START_REF] Bardelli | Effects of slope exposure on soil physico-chemical and microbiological properties along an altitudinal climosequence in the Italian Alps[END_REF]. Peroxidase and phenol oxidase activities were measured by using 10-Acetyl-3,7 dihydroxyphenoxazine (and H2O2 for peroxidase) linked to fluorescent resorufin as substrate. Activities were corrected for soil moisture content and expressed as nanomoles of MUF, AMC or resorufin h -1 g -1 dry soil.

DNA extraction and 16S rDNA sequencing

DNA was extracted from roots (50 mg powder obtained by grinding with liquid nitrogen) and rhizospheric soils (300 mg) using the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) and the FastDNA Spin Kit for soil (MP Biomedicals Europe, Illkirch, France), respectively. Quality and concentration of DNA were estimated using a NanoDrop™ One spectrophotometer (NanoDrop Products, Illkirch, France). Libraries for metabarcoding analyses were generated through a two-step PCR approach. For the first PCR, F785 ND and 1064R primers (0.2 µM) targeting the V5-V6 region of the bacterial 16S rRNA were used [START_REF] Vannini | Identification of the bacterial endosymbionts of the marine ciliate Euplotes magnicirratus (Ciliophora, Hypotrichia) and proposal of 'Candidatus Devosia euplotis[END_REF][START_REF] Caporaso | Global patterns of 16S rRNA diversity at a depth of millions of sequences per sample[END_REF]. To prevent plant material amplification (chloroplastic and mitochondrial 16S rRNA), we used V6RChlorBLK and V6RMitoBLK blocking primers (Eurofins, Germany) thoroughly described in [START_REF] Arenz | Blocking primers reduce co-amplification of plant DNA when studying bacterial endophyte communities[END_REF], these blocking primers have C3 spacer (/3SpC3) added to the 3′ end which prevent polymerase extension. SsoAdvanced Universal Sybr Green Supermix (Bio-Rad, CA, USA) was used and the thermal cycler conditions were: 95°C for 5 min followed by 35 cycles of 95°C for 15 s, primers annealing at 54°C for 10 s, 72°C for 20 s and a final extension step at 72°C for 5 min. After checking on agarose gel electrophoresis (1% in TAE), amplicons were sent to Microsynth AG (Balgach, Switzerland) for the 2 nd barcoded-PCR, the library preparation and 2 x 250 bp pairedend MiSeq sequencing (v.2, Illumina). Reads have been deposited in the SRA database under BioProject accession number PRJNA820695.

16S rDNA sequencing data analysis

Reads were processed using FROGS (Bioinfo Genotoul) [START_REF] Escudié | FROGS: Find, Rapidly, OTUs with Galaxy Solution[END_REF]. The R1/R2 Fastq sequences were merged using Vsearch. Reads were filtered to discard sequences smaller than 200 bp. Remaining reads were clustered into operational taxonomic units (OTUs) based on the iterative Swarm algorithm (d=1), then chimeras, singletons (OTUs containing only one sequence among all samples) and OTUs present in a single sample, were removed. Per-sample rarefaction curves were produced to assess sampling completeness, using function rarecurve() in the package Vegan v2.5-7 (Oksanen 2020). Taxonomic assignment was performed with the Silva 138.1_16S_pintail_100 database [START_REF] Quast | The SILVA ribosomal RNA gene database project: improved data processing and webbased tools[END_REF]. Subsequent analyses were performed on rarefied (Phyloseq package; McMurdie and Holmes 2013) datasets (41,243 reads for soil and 26,688 reads for roots). The alpha-diversity indices (Chao1, Shannon, InvSimpson, evenness) were measured using the Phyloseq package. For functional prediction, OTU abundance was first standardized to remove the influence of the copy numbers of 16S marker gene in the species genome through Tax4Fun [START_REF] Aßhauer | Tax4Fun: predicting functional profiles from metagenomic 16S rRNA data[END_REF] from Galaxy Tool (V1.0.1; https://vmgalaxy-prod.toulouse.inrae.fr/galaxy_main). Then, the corresponding relationship between SILVA classification and Kyoto Encyclopedia of Genes and Genomes (KEGG) database was established by Galaxy Tool to predict microbial community function.

Real-Time PCR to investigate microbial functions

The abundance of functional genes involved in nitrogen cycle, PGP ability and PAH-biodegradation were estimated through real time quantitative PCR. Alkaline phosphatase (phoD), 1-aminocyclopropane 1-carboxylate deaminase (acdS), nitrogenase (nifH), ammonium monooxygenase (amoA), nitrous-oxide reductase (nosZ), Gramnegative PAH-RHDα, Gram-positive PAH-RHDα, catechol 1,2-dioxygenase (catA), catechol 2,3-dioxygenase (C23O), cytochrome P450 monooxygenase (CYP153) genes were quantified and expressed relative to 16S rRNA gene copy number (using 968F/1401R primers). Note that 16S rDNA quantification from root samples was finally not shown because although blocking primers were used, there is still amplification of plant material avoiding to use these data for bacterial quantification. Real Time PCR targets, primers and amplification conditions used are all listed in Supplementary Table S3. Calibration standard plasmids for quantitative Real-Time PCR assays were created by cloning specific PCR products into pGEM-T (Promega) or pCR2.1 TOPO (Thermo Fisher Scientific) plasmids, linearizing the plasmids and producing ten times dilution series from 10 8 to 10 1 target gene copies µL -1 .

Real-Time PCR were performed as previously described [START_REF] Cébron | Real-Time PCR quantification of PAH-ring hydroxylating dioxygenase (PAH-RHDα) genes from Gram positive and Gram negative bacteria in soil and sediment samples[END_REF][START_REF] Cébron | Taxonomic and functional trait-based approaches suggest that aerobic and anaerobic soil microorganisms allow the natural attenuation of oil from natural seeps[END_REF] in 20 µL reaction volumes containing 2 × iQ SYBR Green Supermix (Bio-Rad), 0.4 µM of each primer, 0.9 µg µL -1 of bovine serum albumin (BSA), 0.5 µL of dimethyl sulfoxide (DMSO), 0.1 µL of T4 bacteriophage gene 32 Product (T4gp32; QBiogene) and 1 µL of template DNA or distilled water (negative control). BSA, DMSO and T4gp32 were added to improve yields and specificity of PCR reactions. Environmental DNA samples were used at 1 or 10 ng µL -1 for soil or roots samples, respectively.

Statistical analyses

Statistical analyses and data representations were performed using R software (R studio, v1.4.1106). Nonparametric distribution of the data was checked with the Shapiro-Wilk test. Bacterial community composition (at OTU level) was compared among samples using nonmetric multidimensional scaling analysis (NMDS based on Bray-Curtis dissimilarity matrices and 1000 iterations). Analysis of similarity (ANOSIM) and permutational multivariate analysis of variance (PERMANOVA) using pairwise Adonis package (Martinez Arbizu 2020) were performed to test the community structure differences between the different PHE conditions. Average relative abundances (RAs) of taxonomic groups were achieved by averaging from the 4 replicates and OTUs below <1% abundance were classified as 'Others'. Mean RAs values and qPCR data were compared between the PHE concentrations using Kruskal-Wallis (P<0.05) followed respectively by Benjamini-Hochberg false discovery rate or Dunn's post-hoc test. Spearman correlation matrices were made using the corrplot package on R (Wei and Simko 2021) and using a P <0.05 for significant correlation. Indicator species from soil and root samples were determined using the TITAN2 package (Baker and King 2010) that allow identifying indicator species and speciesspecific responses to the PHE gradient as well as the threshold PHE concentration having a significant effect. Only the OTUs with purity >0.9 and reliability >0.9 were considered as credible indicator species and kept. Multivariate analysis as principal component analysis (PCA) of 19 soil enzymatic activities were done using the FactoExtra R visualizing package from the FactoMineR package [START_REF] Lê | FactoMineR : An R Package for Multivariate Analysis[END_REF].

Results

Bacterial community diversity

To help us assess the impact of the PAH contamination on soil and root bacterial communities' structure and composition, 16S rDNA sequencing was performed. After quality filtering, a total of 4,429,595 and 1,737,412 paired-end sequences were retrieved from soil and root samples respectively, ranging from 41,243 to 264,365 and 26,818 to 98,758 reads per sample for soil and roots, respectively. The bacterial richness and diversity among samples were compared after rarefaction to 41,243 and 26,818 reads per sample for soil and roots, respectively. This represented 16,739 and 1879 OTUs for soil and roots, respectively, and among them 1255 OTUs were found in both conditions. Rarefaction curves (Supplementary Figure S1) indicated that the sequencing depths were sufficient to reliably describe the bacterial microbiome for each compartment. The estimated bacterial richness (Chao1) and diversity (Shannon and InvSimpson) indices were significantly higher in soil than roots for all PHE concentrations (Table 1). Soil bacterial richness, diversity and evenness indices significantly decreased when the PHE concentration increased. None of the calculated alpha-diversity indices was significantly impacted by the contamination for the root endophytic bacterial community. The PHE concentration translocated and taken up by plants are displayed in Supplementary Table S2. The concentration in both roots and leaves are proportional to initial soil concentrations.

Non-metric multidimensional scaling (NMDS) analysis from Bray-Curtis dissimilarity matrices were performed to compare the bacterial community composition of the two studied compartments (soil and roots) as a function of the PHE concentration (Figure 1). A significant impact of the PHE gradient on community structure was found for soil samples (Figure 1A) (PERMANOVA: P = 0.001; ANOSIM: P = 0.001, R = 0.789) but not for root samples (Figure 1B) (PERMANOVA: P = 0.949, ANOSIM: P=0.998, R = -0.105). The PHE concentration explained 78.9% of the variance in the soil bacterial communities.

Bacterial community diversity in soil and root samples was explored at the phylum, class (Figure 2A & 2B) and genus (Supplementary Figure S2) levels. When considering the classes having a relative abundance (RA) >1%, a total of 25 classes belonging to 12 phyla were identified. In the soil, Proteobacteria and Actinobacteriota accounted for 34.9% and 29.1% of the mean total bacterial abundance over the 8 different PHE concentrations, respectively. Soil samples were dominated by Sphingomonas, Massillia, Mycobacterium and Pseudarthrobacter species at all concentrations (Supplementary Figure S2A). The RA of gamma-and alpha-Proteobacteria increased significantly with the PHE concentrations while most of the remaining diversity (e.g. Acidobacteriota, Firmicutes, Chloroflexi, Planctomycetota) significantly decreased (Figure 2A). Bdellovibrionia and Parcubacteria were mostly present in soil samples at high PHE concentrations (1500-2000 mg PHE kg -1 DW). Roots communities were mostly dominated by Actinobacteriota (48.6%), Proteobacteria (23.9%) and Firmicutes (15.0%). Among Actinobacteria, Streptomyces and Cutibacterium were the most abundant genera in roots samples at all PHE concentrations (Supplementary Figure S2B). In root samples no bacterial phylum, class (Figure 2B) nor genus (Supplementary Figure S2B) was correlated with the PHE concentration.

Indicator species linked to the PHE contamination

The presence of OTUs defined as indicator species (IS), because their relative abundance decreased or increased along the PHE contamination gradient, was investigated in the soil (Figure 2C and 2D, respectively) and root samples (data not shown). No IS could be identified for the root compartment. For soil, out of a total of 709 OTUs identified as IS whose RA were significantly impacted by the PHE contamination, 159 OTUs increased and 550 decreased with the PHE gradient. Soil IS represented 54.3% to 62.6% of the total bacterial diversity. When grouping all IS species based on their taxonomic affiliation, most of the decreasing IS (Figure 2C) belonged to Actinobacteria (from 9.1% to 4.1%, half represented by OTUs affiliated to Nocardioides and Streptomyces genera), Thermoleophilia (7.9% to 3.4%, one third represented by OTUs affiliated to Gaiella and Solirubrobacter genera), gamma-Proteobacteria (7.2% to 2.5%) and Bacteroidia (5.8% to 1.5%). IS affiliated to the Gamma-Proteobacteria and Bacteroidia belonged to a multitude of genera. Most of the increasing IS (Figure 2D) belonged to Gamma-Proteobacteria (from 2.6% to 16.6%, half represented by OTUs affiliated to Polaromonas, Massilia and Ramlibacter genera), alpha-Proteobacteria (from 4.5% to 16.1%, one third represented by OTUs affiliated to Sphingomonas and Phenylobacterium) and Actinobacteria (from 1.1% to 7.8%, mostly represented by OTUs belonging to Mycobacterium, Pseudarthrobacter and Arthrobacter).

Those IS data were confirmed by looking for positive and negative correlations between the PHE contamination levels and the RA of bacterial genera. At the genus level few taxa were positively and negatively correlated to the soil PHE contamination (Figure 3). The highest positive correlations were found for Polaromonas, Peredibacter, Ramlibacter, Sphingopyxis¸ Sphingomonas, Pseudomonas and Dongia. On the other hand, the highest negative correlations were found for Bradhyrhizobium, Gaiella, Nitrospira, Nocardioides, Solirubrobacter, Streptomyces and Gemmata.

Potential functions of the bacterial communities

Metabolic capabilities of the bacterial communities were predicted through functional inference using Tax4Fun.

We explored whether the bacterial communities from soil and root samples had different metabolic capacities depending on the concentration of PHE to which they were exposed (Supplementary Figure S3). In the soil, we observed that metabolic potential of the bacterial community from highly PHE contaminated samples (1000 to 2000 mg PHE kg -1 DW) were distinct (PERMANOVA: P = 0.002) from the communities present in low PHE contaminated samples (0 to 400 mg PHE kg -1 DW). For the roots, no such difference was observed. For the soil bacterial communities, functional inference was further investigated based on KEGG Orthology database (Figure 4, Supplementary Figure S4). Microbial functions associated to the carbon cycle (pentose phosphate pathway (PPP), tricarboxylic acid (TCA) cycle, glycolysis), nitrogen cycle (nitrification, denitrification, nitrogen fixation and assimilatory/dissimilatory nitrate reduction), plant-growth promoting (PGP) activities (indole-3-acetic acid (IAA) synthesis, siderophore production, phosphate solubilisation, 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase activity) and PAH-biodegradation pathways were investigated. Even though some significant correlations were found between the relative proportion of some functions and the PHE concentrations, these variations represent less than 1% of the total relative proportion of all functions. Even if some individual functions were positively correlated with the PHE contamination, we mostly observed negative correlations for most of the functions of the three carbon cycle pathways (PPP, TCA cycle, glycolysis). Regarding the nitrogen cycle, nitrogen fixation (nitrogenase genes) was also negatively correlated to the gradient. Microbial communities associated to nitrification were absent or insufficient in the dataset to allow the identification of genes involved in nitrification all over the PHE gradient conditions, even in the non-spiked control (0 PHE). Assimilatory and dissimilatory nitrate reduction were both globally (when considering all genes of the pathway) positively correlated to the PHE gradient. Concerning potential PGP activities of soil communities, we observed a positive correlation between IAA synthesis pathways and the PHE contamination. Conversely, siderophore production and phosphate solubilization showed both negative correlations to the PHE gradient. However, among phosphate solubilization enzymes, bacteria potentially having 3-phytase and 4-phytase functions highly increased with the contamination.

The potential presence of some genes involved in PAH-biodegradation was strongly correlated to the PHE gradient such as for phenanthrene-monooxygenase, protocatechuate-3,4-dioxygenase and extradiol dioxygenase while others like salicylate hydroxylase and catechol-2,3-dioxygenase were negatively correlated with the contamination level.

Quantification of bacterial functional genes and enzymatic activities

In root samples, neither the PAH-RHDα nor the CYP153 and catechol-dioxygenase genes could be detected from root samples (detection limit < 2 x 10 4 copies g -1 of roots). In soils, along the PHE gradient, the total 16S rRNA gene copy number (Figure 5A) ranged from 1.77 × 10 8 to 2.34 × 10 8 copies g -1 DW soil, with no significant increase of the 16S rRNA gene copy number when the PHE concentration increased. PAH-RHDα GP gene copy number significantly varied across the gradient (Figure 5A) and ranged from 5.5 × 10 4 (± 3.1 × 10 4 ) in the 0 mg PHE kg -1 to 7.5 × 10 5 (± 3.1 × 10 5 ) copies g -1 soil DW in the 1000 mg PHE kg -1 DW. PAH-RHDα GN gene copy number also varied significantly with the gradient and ranged from 2.05 × 10 2 (± 2.40 × 10 2 ) to 2.9 × 10 3 (± 1.2 × 10 3 ) copies g -1 soil DW in the 200 and 2000 mg PHE kg -1 DW, respectively. CYP153 gene copy number was significantly impacted by the contamination and ranged from 4.04 × 10 2 (± 0.84× 10 2 ) in the 0 mg PHE kg -1 to 1.65× 10 3 (± 8.72× 10 2 ) copies g -1 soil DW in the 1500 mg PHE kg -1 DW. For a better comparison of the functional communities among the different PHE conditions, the PAH-RHDα and CYP153 genes copy number were normalized as a percentage to the 16S rRNA gene copy number (Figure 5B). The proportion of PAH-RHDα GN (Spearman correlation R = 0.652, P = 2.9× 10 -7 ) and also CYP153 (Spearman correlation R = 0.787, P = 7.5 × 10 - concentration level. The proportion of PAH-RHDα GP genes copy number was not correlated to the contamination level. Catechol-1,2-and Catechol-2,3-dioxygenase genes (CATA and C23O) were detected at ca. 10 3 gene copies g -1 soil DW in all samples without significant differences (Table S2).

Several other bacterial functional genes were quantified (alkaline-phosphatases (ALPS), 1-aminocyclopropane 1carboxylate deaminase (acdS), nitrogenase (nifH), ammonium monooxygenase (amoA), nitrous-oxide reductase (nosZ) genes). On soil DNA samples, all genes were detected but no significant differences were detected with increasing PHE concentrations (Table S2). nifH genes were detected (3.91 × 10 2 to 4.8 × 10 4 copies g -1 soil DW) only in DNA from soils exposed to low PHE concentrations (0-200 mg PHE kg -1 DW). On root DNA samples, only acdS genes were detected but no significant differences were observed among treatments (Supplementary Table S4).

Soil functionality as a whole was tested by measuring 19 microbial enzymatic activities in the soil samples (Figure 6; Supplementary Table S5). We observed that enzyme activities measured on samples exposed to high PHE concentration (1500 and 2000 mg PHE kg -1 DW) were globally distinct (PERMANOVA: P = 0.029) from activities measured in low PHE contaminated samples (0-100-200 mg PHE kg -1 DW). Six enzymatic activities (arylsulfatase, beta-glucosidase, beta-galactosidase, xilosidase, glucuronidase, phenol oxidase) were negatively correlated (P value > 0.05, Spearman R = -0.511; R = -0.468; R = -0.549; R = -0.566; R = -0.366, R = -0.726 respectively) with the PHE gradient, while two (pyrophosphate-phosphodiesterase and alkaline phosphomonoesterase) were positively correlated (P value > 0.05; Spearman R = 0.685; R = 0.539, respectively) to the contamination level.

Discussion

In the present study, we investigated the impact of a PHE gradient on poplar associated rhizospheric and root endophytic bacterial communities in terms of diversity and functions. We hypothesised that soil microbial community and functions would be impacted by the contamination and since soil microbial communities are the first reservoir of endophytic communities [START_REF] Gaiero | Inside the root microbiome: Bacterial root endophytes and plant growth promotion[END_REF][START_REF] Pascale | Modulation of the Root Microbiome by Plant Molecules: The Basis for Targeted Disease Suppression and Plant Growth Promotion[END_REF], it would lead to a community shift in roots as shown in the literature with petroleum, hydrocarbon or metal stresses [START_REF] Tardif | The Willow Microbiome Is Influenced by Soil Petroleum-Hydrocarbon Concentration with Plant Compartment-Specific Effects[END_REF][START_REF] Iffis | Petroleum Contamination and Plant Identity Influence Soil and Root Microbial Communities While AMF Spores Retrieved from the Same Plants Possess Markedly Different Communities[END_REF][START_REF] Lumactud | Endophytic Bacterial Community Structure and Function of Herbaceous Plants From Petroleum Hydrocarbon Contaminated and Non-contaminated Sites[END_REF][START_REF] Syranidou | Responses of the Endophytic Bacterial Communities of Juncus acutus to Pollution With Metals, Emerging Organic Pollutants and to Bioaugmentation With Indigenous Strains[END_REF]. In a previous study using the same experimental design [START_REF] Gréau | Response of Poplar and Associated Fungal Endophytic Communities to a PAH Contamination Gradient[END_REF], we showed that poplar absorbed PHE in its tissues, at concentrations proportional to initial soil concentrations (see also Supplementary Table S2) and that fungal community structure of both soil and roots shifted due to increasing PHE concentrations. We thus explored the response of the bacterial community in term of taxonomic and functional diversity.

Endophytic communities are preserved from the contamination

The root habitat was dominated by Actinobacteria at every PHE concentration and among them the most represented genera were Streptomyces and Cutibacterium. Streptomyces were previously described as a major genus in poplar root endophytome in uncontaminated environments [START_REF] Wang | Diversity of culture-independent bacteria and antimicrobial activity of culturable endophytic bacteria isolated from different Dendrobium stems[END_REF] or under heavy-metal soil contamination [START_REF] Durand | Bacterial diversity associated with poplar trees grown on a Hg-contaminated site: Community characterization and isolation of Hg-resistant plant growth-promoting bacteria[END_REF]. Moreover, they are frequently isolated as plant beneficial bacteria from roots of various tree species [START_REF] Vurukonda | Plant Growth Promoting and Biocontrol Activity of Streptomyces spp. as Endophytes[END_REF] and some strains are also able to degrade PAHs [START_REF] Balachandran | Petroleum and polycyclic aromatic hydrocarbons (PAHs) degradation and naphthalene metabolism in Streptomyces sp. (ERI-CPDA-1) isolated from oil contaminated soil[END_REF][START_REF] Baoune | Petroleum degradation by endophytic Streptomyces spp. isolated from plants grown in contaminated soil of southern Algeria[END_REF]. Cutibacterium was recently described as endophytes [START_REF] Alibrandi | Diversity and Structure of the Endophytic Bacterial Communities Associated With Three Terrestrial Orchid Species as Revealed by 16S rRNA Gene Metabarcoding[END_REF][START_REF] Faddetta | The endophytic microbiota of Citrus limon is transmitted from seed to shoot highlighting differences of bacterial and fungal community structures[END_REF] but never associated to hydrocarbon contamination.

In this study and based on NGS data, the taxonomic diversity, richness and structure of root bacterial communities were not impacted as soil bacterial communities were. Several studies investigating the impact of contamination on bacterial endophytic communities showed an effect on diversity and community structure. [START_REF] Tardif | The Willow Microbiome Is Influenced by Soil Petroleum-Hydrocarbon Concentration with Plant Compartment-Specific Effects[END_REF] observed an increase in alpha-and gamma-proteobacteria in root communities with hydrocarbon contamination.

Another study, investigated the bacterial diversity in three plants (Achillea millefolium, Solidago Canadensis, and Daucus carota) on a hydrocarbon contaminated and a non-contaminated site. They observed a relative increase of the endophyte diversity and also a modification of the endophytic community structure in presence of contamination [START_REF] Lumactud | Endophytic Bacterial Community Structure and Function of Herbaceous Plants From Petroleum Hydrocarbon Contaminated and Non-contaminated Sites[END_REF]. However, differences in hydrocarbon content, availability and time of exposure but also in other edaphic parameters (texture, pH, metals and nutrient content) could potentially explain those observed differences.

We showed in a previous study on the same samples [START_REF] Gréau | Response of Poplar and Associated Fungal Endophytic Communities to a PAH Contamination Gradient[END_REF]) that fungal endophytic community structure was impacted in the roots. Therefore, different responses of fungal and bacterial endophytes to the phenanthrene contamination seem to occur. This was shown previously in Populus trichocarpa under drought stress [START_REF] Veach | Plant Hosts Modify Belowground Microbial Community Response to Extreme Drought[END_REF] where fungal endophytic communities were more affected by the stress than bacterial communities. It was suggested that fungi could be more responsive to the plant response to the stress and metabolic shift than bacteria. Plants could also act as a physical protective barrier against xenobiotics, buffering their adverse effects on microbial communities [START_REF] Tardif | The Willow Microbiome Is Influenced by Soil Petroleum-Hydrocarbon Concentration with Plant Compartment-Specific Effects[END_REF].

Endophytic bacterial functions linked to PGP and PAH biodegradation were also investigated by predictive 16S rRNA metagenomic analyses and qPCR in this study. The predictive analysis did not highlight any functional differences between PHE conditions because diversity and community structure were not impacted. However, those functions were also investigated though qPCR but low endophytic abundance prevent gene amplification and detection due to qPCR inerrant detection limit. In situ studies have previously been able to amplify such genes in endophytic communities and showed functional differences due to sampling site and plant species between contaminated and non-contaminated sites [START_REF] Blain | Endophytic root bacteria associated with the natural vegetation growing at the hydrocarbon-contaminated Bitumount Provincial Historic site[END_REF]. However, such studies focusing on endophyte functions are still scarce and would require more focus.

Bacterial communities positively impacted by the PHE gradient

The present study used a very unique experimental design with a PHE gradient allowing the study of the microbial dynamics adapting to the contamination (as dose-response). Overall, this study highlighted that the structure of the bacterial community was highly modified in the soil in response to an increase in PHE concentration. Indeed, certain bacteria were favoured at higher concentrations while others were sensitive. An acute increase of PHE concentrations could explain the significant decrease of the alpha-diversity indicators as observed in our soil samples and also showed the proliferation of microorganisms such as hydrocarbonoclastic ones [START_REF] Andreoni | Bacterial communities and enzyme activities of PAHs polluted soils[END_REF]Yrjälä et al. 2010;[START_REF] Jeanbille | Chronic Polyaromatic Hydrocarbon (PAH) Contamination Is a Marginal Driver for Community Diversity and Prokaryotic Predicted Functioning in Coastal Sediments[END_REF]. However, the total bacterial abundance was not significantly impacted over the PHE contamination gradient. This is consistent with the literature, where hydrocarbon contamination usually impacts bacterial diversity but not necessarily abundance [START_REF] Bell | Hydrocarbon substrate richness impacts microbial abundance, microbiome composition, and hydrocarbon loss[END_REF][START_REF] Cébron | Taxonomic and functional trait-based approaches suggest that aerobic and anaerobic soil microorganisms allow the natural attenuation of oil from natural seeps[END_REF].

The presence of an organic contaminant as PHE will favour the development of PHE-degrading bacteria that will use PHE as a new carbon source and will be able to develop. The abundance of some bacteria will also increase because of their higher tolerance to PHE and its transformation products toxicity and better adaptation to the newly imbalanced C:N:P ratios consequently to PHE degradation. Finally, as many sensitive taxa will disappear the new ecological niche/habitat could also favour the development of invasive bacterial taxa having high colonization capabilities. The hydrocarbonoclastic bacteria and their degradation pathways are fairly well known and therefore relatively easy to identify, however for the other two types of taxa that may be favoured (tolerant and invasive) it is much more complicated to identify them based on our taxonomic and functional data, it would be necessary to define and target specific functional traits of those two groups in the future.

At the class level, the relative abundance of gamma-Proteobacteria, alpha-Proteobacteria and Actinobacteria increased with the contamination gradient. Those three classes are often greatly present in PAH contaminatedenvironments [START_REF] Cébron | Root exudates modify bacterial diversity of phenanthrene degraders in PAH-polluted soil but not phenanthrene degradation rates[END_REF][START_REF] Sawulski | Effects of polycyclic aromatic hydrocarbons on microbial community structure and PAH ring hydroxylating dioxygenase gene abundance in soil[END_REF][START_REF] Storey | Opportunistic Bacteria Dominate the Soil Microbiome Response to Phenanthrene in a Microcosm-Based Study[END_REF]. Parcubacteria (unknown genus) and Bdellovibrionia (Peredibacter sp.) representing up to 1.4% and 1.1% of the total bacterial abundance at 2000 mg PHE kg -1 DW were positively correlated to the gradient. Much less present in the environment or poorly described, those organisms can sometimes be identified as rare organisms with an abundance increasing in presence of PAHs [START_REF] Martirani-Von Abercron | Polycyclic Aromatic Hydrocarbon-Induced Changes in Bacterial Community Structure under Anoxic Nitrate Reducing Conditions[END_REF][START_REF] Dell'anno | Highly Contaminated Marine Sediments Can Host Rare Bacterial Taxa Potentially Useful for Bioremediation[END_REF]. This is not the first time that Peredibacter species (known as predatory bacteriovorious species) are strongly correlated to PAH contamination in the plant rhizosphere [START_REF] Cavé-Radet | Phenanthrene contamination and ploidy level affect the rhizosphere bacterial communities of Spartina spp[END_REF]) and would in the future require more attention. In total, 44.3% of the bacterial diversity detected at 2000 mg PHE kg -1 DW is represented by taxa positively correlated to the PHE concentration. Among those taxa, few genera came out as strongly correlated to the contamination -e.g.

Polaromonas, Sphingopyxis, Peredibacter, Phenylobacterium, Ramlibacter, Sphingomonas, Pseudomonas. Those genera have been described as potential PAH degraders often in association with plants [START_REF] Cébron | Root exudates modify bacterial diversity of phenanthrene degraders in PAH-polluted soil but not phenanthrene degradation rates[END_REF][START_REF] Ding | Dynamics of Bacterial Communities in Two Unpolluted Soils after Spiking with Phenanthrene: Soil Type Specific and Common Responders[END_REF][START_REF] Piubeli | The Emergence of Different Functionally Equivalent PAH Degrading Microbial Communities from a Single Soil in Liquid PAH Enrichment Cultures and Soil Microcosms Receiving PAHs with and without Bioaugmentation[END_REF][START_REF] Li | Combination of plant-growth-promoting and fluoranthene-degrading microbes enhances phytoremediation efficiency in the ryegrass rhizosphere[END_REF]) and also able to degrade PAHs as unique source of carbon [START_REF] Jeon | The Naphthalene Catabolic ( nag ) Genes of Polaromonas naphthalenivorans CJ2: Evolutionary Implications for Two Gene Clusters and Novel Regulatory Control[END_REF][START_REF] Sopeña | Phenanthrene Biodegradation by Pseudomonas xanthomarina Isolated from an Aged Contaminated Soil: Phenanthrene Biodegradation by Pseudomonas xanthomarina Isolated[END_REF].

There have been a number of reports on PHE degradation by various Gram-negative and Gram-positive bacterial species, involving diverse mechanisms [START_REF] Peng | Microbial biodegradation of polyaromatic hydrocarbons[END_REF][START_REF] Ghosal | Current State of Knowledge in Microbial Degradation of Polycyclic Aromatic Hydrocarbons (PAHs): A Review[END_REF]. PHE degraders are diverse in soil and can act as consortia where different taxa achieve consecutive metabolic steps [START_REF] Thomas | Stable isotope probing and metagenomics highlight the effect of plants on uncultured phenanthrene-degrading bacterial consortium in polluted soil[END_REF]. Based on predicted functional diversity and gene quantification through qPCR, we confirmed that genes linked to PHE-degradation pathways, such as PHE monooxygenase and CYP450 monooxygenase, PAH dioxygenases, and protocatechuate-3,4-dioxygenase were enriched in the bacterial community developing at high PHE concentration. This result indicates a large diversity of metabolisms and potentially taxa, involved in the PHE degradation. Concerning PAH degraders using PAH-RHD for the initial hydroxylation of PAH compounds, a higher proportion of Actinobacteria (PAH-RHDα GP genes) than Proteobacteria (PAH-RHDα GN) was detected in our study on the Homécourt soil naturally harbouring PAH degraders [START_REF] Cébron | Real-Time PCR quantification of PAH-ring hydroxylating dioxygenase (PAH-RHDα) genes from Gram positive and Gram negative bacteria in soil and sediment samples[END_REF]. Gram positive PAH degraders dominate in older PAH polluted sites [START_REF] Uyttebroek | Distribution of the Mycobacterium community and polycyclic aromatic hydrocarbons (PAHs) among different size fractions of a long-term PAH-contaminated soil[END_REF] and could be more responsive to acute PHE contamination than Gram negative ones [START_REF] Sawulski | Effects of polycyclic aromatic hydrocarbons on microbial community structure and PAH ring hydroxylating dioxygenase gene abundance in soil[END_REF].

Bacterial communities negatively impacted by the PHE gradient

PAHs are also known to induce toxicity which results in a decrease of bacterial richness and evenness [START_REF] Quero | Patterns of benthic bacterial diversity in coastal areas contaminated by heavy metals, polycyclic aromatic hydrocarbons (PAHs) and polychlorinated biphenyls (PCBs)[END_REF][START_REF] Martirani-Von Abercron | Polycyclic Aromatic Hydrocarbon-Induced Changes in Bacterial Community Structure under Anoxic Nitrate Reducing Conditions[END_REF]. Although, our study was conducted on an aged PAH-contaminated soil with potentially bacterial communities adapted to PAHs, the PHE spiking nevertheless perturbated the ecosystem by reducing the abundance of some taxa. A more diverse part of the bacterial community was negatively impacted by the PHE gradient compared to favoured taxa. Almost 46% of the bacterial community (representing 550 OTUs) detected at 0 mg PHE kg -1 DW was negatively correlated to the PHE contamination with the decrease of their relative abundance along the contamination gradient. Note that as our data are expressed in relative abundance, the decrease in relative abundance of these taxa could also be due solely to the increase in relative abundance of PHE-degrader and PHE-tolerant taxa. Nevertheless, OTUs belonging to Thermoleophilia, Acidimicrobiia, Bacteroidia, and Bacilli were negatively impacted by the gradient. While Thermoleophilia members were previously described as declining populations in oil-polluted environment [START_REF] Borowik | The Role of Dactylis Glomerata and Diesel Oil in the Formation of Microbiome and Soil Enzyme Activity[END_REF], species belonging to the three other classes were found in hydrocarbon contaminated environments [START_REF] Hunter | Bacillus subtilis is a Potential Degrader of Pyrene and Benzo[a]pyrene[END_REF][START_REF] Martirani-Von Abercron | Polycyclic Aromatic Hydrocarbon-Induced Changes in Bacterial Community Structure under Anoxic Nitrate Reducing Conditions[END_REF][START_REF] Mukherjee | Bioinformatic Approaches Including Predictive Metagenomic Profiling Reveal Characteristics of Bacterial Response to Petroleum Hydrocarbon Contamination in Diverse Environments[END_REF]. Thermoleophilia and Acidimicrobiia are both belonging to Actinobacteria a phylum known as positively correlated with soil carbon and nitrogen content and considered as copiotrophic bacteria [START_REF] Fierer | Comparative metagenomic, phylogenetic and physiological analyses of soil microbial communities across nitrogen gradients[END_REF]) but some Actinobacteria seems to be specific to oligotrophic environments such as desert soils [START_REF] Zhang | Variation in Actinobacterial Community Composition and Potential Function in Different Soil Ecosystems Belonging to the Arid Heihe River Basin of Northwest China[END_REF]. Those properties could explain the decrease of those taxa in our experiment when the PHE concentration increased due to imbalanced nutrient ratio during PHE biodegradation.

At the genera level, four taxa belonging to Actinobacteria (Nocardioides, Streptomyces, Gaiella, Solirubrobacter), one alpha-Proteobacteria (Bradyrhizobium), and one Nitrospirae (Nitrospira) were negatively correlated to the PHE contamination. Nocardioides could decompose a wide variety of organic contaminants and were found to be correlated to degradation of high molecular weight PAHs, potentially explaining why they were present in the aged contaminated soil, but not favoured after PHE spiking that is a low-molecular weight PAH [START_REF] Zhao | Microbial diversity and activity of an aged soil contaminated by polycyclic aromatic hydrocarbons[END_REF][START_REF] Lu | A PAH-degrading bacterial community enriched with contaminated agricultural soil and its utility for microbial bioremediation[END_REF]. Solirubrobacter and Gaiella are mostly described as rhizospheric microorganisms often associated and correlated with plant growth [START_REF] Franke-Whittle | Rhizosphere bacteria and fungi associated with plant growth in soils of three replanted apple orchards[END_REF][START_REF] Zhang | Variation in Actinobacterial Community Composition and Potential Function in Different Soil Ecosystems Belonging to the Arid Heihe River Basin of Northwest China[END_REF][START_REF] Ma | Distribution characteristics and ecological function predictions of soil bacterial communities in rainfed alfalfa fields on the Loess Plateau[END_REF]. Solirubrobacter was also detected in Medicago nodules [START_REF] Tkacz | Influence of Plant Fraction, Soil, and Plant Species on Microbiota: a Multikingdom Comparison[END_REF] suggesting its potential as beneficial agent but without knowing its exact role. Gaiella and Nocardioides may play an important role in the inhibition of certain fungal pathogens such as Fusarium oxysporum by producing antibiotics or by niche overlap [START_REF] Zhao | Vermicompost can suppress Fusarium oxysporum f. sp. lycopersici via generation of beneficial bacteria in a long-term tomato monoculture soil[END_REF]. If those potential biocontrol agents disappear when the PHE contamination increase this could leave the door open for the development of plant pathogens. Similarly, Streptomyces, whose abundance decreased, were found as highly abundant in disease-suppressive soils and known to produce volatile organic compounds with antifungal and antibacterial activities [START_REF] Cordovez | Diversity and functions of volatile organic compounds produced by Streptomyces from a disease-suppressive soil[END_REF]. Streptomyces, Bradyrhizobium and Nitrospira are soil taxa responsible for important soil functions when associated to plants such as plant growth promotion, biocontrol and key drivers in nitrogen cycle [START_REF] Seneviratne | Plant growth promotion by Bradyrhizobium japonicum under heavy metal stress[END_REF][START_REF] Xu | Ubiquity, diversity, and activity of comammox Nitrospira in agricultural soils[END_REF]. The deleterious influence of PAHs on important plant-associated taxa could explain negative impact of PAHs on plant development [START_REF] Maliszewska-Kordybach | Habitat function of agricultural soils as affected by heavy metals and polycyclic aromatic hydrocarbons contamination[END_REF].

Functional prediction confirmed that some PGP properties such as siderophores production, nitrogen fixation and phosphate solubilization that facilitate plant growth by directly assisting in nutrient acquisition [START_REF] Ahemad | Mechanisms and applications of plant growth promoting rhizobacteria: Current perspective[END_REF], were negatively correlated to contamination level. A decrease in the copy number of nitrogen fixation genes was confirmed using qPCR. The reduction in those functions along the PHE gradient could lead to deleterious effects on plant development as observed here with a decrease in plant biomass at high PHE concentrations (Supplementary Table S2; [START_REF] Gréau | Response of Poplar and Associated Fungal Endophytic Communities to a PAH Contamination Gradient[END_REF], that was first attributed to a direct phytotoxicity of PHE to plants. A decrease in nitrogen fixation may explain partly the decrease in plant biomass considering the low nitrogen amount of aged PAH-contaminated sites [START_REF] Deni | Nitrification and Autotrophic Nitrifying Bacteria in a Hydrocarbon-Polluted Soil[END_REF].

The results suggested that PHE contamination had also a negative impact on soil functionality, particularly in the carbon cycle, maybe du to increase in functions linked to the PHE-degradation that induce a decrease in relative proportion of other C-cycle functions. In fact, xilosidase, beta-glucosidase, beta-galactosidase, glucuronidase activities were negatively correlated to the contamination. The first three enzymes are involved in the degradation of cellulose and hemicellulose, which represent the major C input to soil and the major source for microbial energy production. This variation was paralleled by reduction of numerous carbon cycle associated predicted bacterial functions (i.e. major steps of the pentose phosphate pathway, tricarboxylic acid cycle and glycolysis). The carbon cycle was therefore slightly disturbed by the PHE contamination, from initial hydrolysis of macromolecules to the final steps of degradation. A reduction of SOM mineralization along the PHE gradient would result in SOM accumulation, as previously observed in metal [START_REF] Valsecchi | Microbial biomass, activity, and organic matter accumulation in soils contaminated with heavy metals[END_REF][START_REF] Dai | Influence of heavy metals on C and N mineralisation and microbial biomass in Zn-, Pb-, Cu-, and Cd-contaminated soils[END_REF][START_REF] Giller | Heavy metals and soil microbes[END_REF] and hydrocarbon [START_REF] Stelmach | Suppression of soil organic matter decomposition by gasoline and diesel as assessed by 13C natural abundance[END_REF]) contaminated sites. Moreover, enzymatic activities related to PAH biodegradation in soils like peroxidases and phenol oxidases [START_REF] Kadri | Biodegradation of polycyclic aromatic hydrocarbons (PAHs) by fungal enzymes: A review[END_REF] were not impacted or decreased with the PAH concentration indicating that other mechanisms were involved. Nevertheless, the positive correlation of PHE gradient with alkaline phosphatase, and enzyme produced by microorganisms only and not by plants, indicate that microbial activity as a whole was not inhibited by PHE, but was simply shifted to different microbial groups, as indicated by the corresponding variation in microbial composition.

Conclusion

In this study, we used an original design to explore the response of bacterial communities in soil and poplar roots exposed to a phenanthrene gradient. This allowed the identification of soil bacterial taxa affected or favoured by the contamination and their dynamics in response to the gradient. Bacterial communities responded differently to the contamination in soil and roots. Soil communities were affected in terms of structure, diversity and evenness while roots communities were not impacted. Further, we explored soil bacterial functions through predictive methods and direct functional measurements (qPCR and enzymatic activities). We observed an increase in microbial functions linked to PHE degradation. Taken all together, enzymatic measurements data suggested that carbon and nitrogen cycles related functions were slightly altered in a concordance pattern that could ultimately be detrimental to soil functioning. 

Table and Figures

  Alpha-diversity indices of the bacterial communities from the rhizosphere soil (A) and the roots (B) associated with poplar grown along a phenanthrene (PHE) contamination gradient (8 nominal concentrations from 0 to 2000 mg.kg -1 soil DW). Data represent the means of 4 replicates. Standard deviations to the mean are also represented and significative statistical differences are represented by different letters after Kruskal Wallis and Dunn post hoc tests.

Figure 1 :

 1 NMDS ordination of bacterial community composition associated with the rhizosphere soil (A) and the roots (B) of poplar grown along a phenanthrene (PHE) contamination gradient (from light yellow for controls to dark red for samples contaminated with 2000 mg.kg -1 soil DW). Each point represents the bacterial community of a given sample (4 replicates per PHE concentration).

Figure 2 :

 2 Figure 2: Taxonomic composition of the whole bacterial communities and indicator species (IS) grouped at class level. Whole diversity of rhizospheric soil (A) and root (B) samples of poplar grown along a phenanthrene (PHE) contamination gradient, and soil IS whose distribution decreased (C) and increased (D) with the PHE gradient. Classes categorized as 'Others' are the ones represented by low relative abundance (<1% for soil and root samples) and 'Unknown class' are non-affiliated OTUs. Values are means of 4 replicate samples.

Figure 3 :

 3 Figure 3: Top 15 most abundant genera from the soil community that are positively (A) or negatively (B) correlated to the phenanthrene (PHE) contamination gradient. Colour change and dot size, represent the log fold change (LogFC) of relative abundance of each genus along the gradient compared to the 0 mg PHE kg -1 soil DW. Pearson correlation of the relative abundance to the gradient are indicated.

Figure 4 :

 4 Figure 4: Heatmap showing the relative proportion of the potential soil bacterial community functions based on Tax4Fun analysis and KEGG Orthology. Only enzymes significantly correlated (p-value<0.05) to the nominal PHE concentration of exposure are shown and corresponding Spearman correlation coefficient are provided. The entire panel of functions detected in the bacterial communities is available in Supplementary Figure S4. Relative proportion of each function were normalized and expressed as row Z-score: calculated by subtracting the overall average variable abundance from the raw abundance for each variable, and dividing this result by the standard deviation (SD) of all of the measured counts across all samples. For every function, variations between highest and lowest PHE concentration represented less than 1% of the total relative proportion. Bold items represent the sums of every significant function among the pathway. Abbreviations: P: Phosphate; PPP: Pentose Phosphate Pathway; NADP: Nicotinamide adenine dinucleotide phosphate; ADH: Alcohol dehydrogenase; TCA: Tricarboxylic acid; NO: Nitrous oxide; NADH: Nicotinamide adenine dinucleotide; IAA: Indole-3-acetic acid.

Figure 5 :

 5 Figure 5: Quantification of genes involved in the PAH-degradation pathway through Real-Time PCR on soil samples. 16S rRNA, CYP153, PAH-RHD α GP and GN gene copy number (A) and ratio of CYP153, PAH-RHDα GP and GN gene copy numbers relative to 16S rRNA gene copy numbers (B) for each phenanthrene concentration studied. Error bars indicate standard deviation of the 4 independent soil replicates for each phenanthrene concentration. Significative statistical differences are represented by different letters after Kruskal Wallis and Dunn posthoc tests.

Figure 6 :

 6 Figure6: PCA plot of soil enzymatic activities. 21 enzymatic activities were measured: arylsulfatase (aryS), alpha-glucosidase, beta-glucosidase (betaG), alpha-galactosidase, betagalactosidase (betaGAL), glucuronidase (uroni), cellobiohydrolase, xilosidase (xilo), chitinase, serine-protease, leucine-aminopeptidase, arginine-aminopeptidase, acid phosphomonoesterase, phosphodiesterase, pyrophosphate-phosphodiesterase (pyroP), alkaline phosphomonoesterase (alkP), inositol-phosphatase, butyrate-esterase, nonanoate-esterase, phenol oxidase (PO), peroxidase.

Table 1 :

 1 

α-diversity indices Nominal PHE concentration (mg.kg -1 soil DW)

  

			0	100	200	400	700	1000	1500	2000
		Chao1	5858 ± 400 abc 6015 ± 499 abc 6248 ± 275 a	6097 ± 359 ab	5004 ± 673 c	5625 ± 268 abc	4947 ± 969 bc	5099 ± 279 c
	Soil	Shannon InvSimpson	7.22 ± 0.03 a 496.6 ± 22.6 a 376.3 ± 34.4 ab 265.3 ± 33.8 ab 204.3 ± 37.4 bc 146.1 ± 20.8 cd 129.9 ± 29.3 cd 7.10 ± 0.06 b 6.98 ± 0.05 c 6.83 ± 0.08 d 6.64 ± 0.07 e 6.56 ± 0.03 e	6.44 ± 0.08 f 141.8 ± 6.7 d	6.25 ± 0.20 f 117.2 ± 37.5 d
		Species evenness								
			0.87 ± 0.00 a	0.85 ± 0.01 b	0.84 ± 0.01 c	0.82 ± 0.01 d	0.81 ± 0.00 e	0.8 ± 0.01 f	0.79 ± 0.00 f	0.77 ± 0.02 g
		Chao1								
			214 ± 36	234 ± 46	280 ± 53	283 ± 93	224 ± 54	240 ± 42	247 ± 24	258 ± 39
	Roots	Shannon InvSimpson	3.67 ± 0.38	3.26 ± 0.48	3.50 ± 0.37	3.51 ± 0.43	3.66 ± 0.22	3.34 ± 0.27	3.76 ± 0.19	3.30 ± 0.95
			20.2 ± 9.3	13.3 ± 6.2	16.2 ± 7.3	15.9 ± 7.8	19.5 ± 4.1	13.6 ± 4.4	23.1 ± 7.8	17.3 ± 9.3
		Species evenness								
			0.7 ± 0.07	0.63 ± 0.09	0.65 ±0.07	0.67 ± 0.08	0.7 ± 0.04	0.65 ± 0.06	0.71 ± 0.03	0.63 ± 0.18

) genes copy number among the entire bacterial community were significantly correlated with the PHE
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