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Introduction

Extensive use of chlorinated ethenes (CEs) as solvents has resulted in their accumulation and persistence in polluted aquifers worldwide, representing serious risks for human health and the environment. Among remediation strategies for CEs, natural attenuation and bio-stimulation are two promising options as organohalide-respiring bacteria (OHRB) can reduce tetrachloroethene (PCE) and trichloroethene (TCE) to harmless ethene. However, this is often accompanied by an accumulation of toxic dichloroethene (DCE) and vinyl chloride (VC) under reducing conditions. A first step in polluted site management is effective assessment of pollutant fate. Operational protocols, such as the 1998 US-EPA protocol [START_REF] Wiedemeier | US Environmental Protection Agency: Technical protocol for evaluating naturel attenuation of chlorinated solvents in ground water[END_REF], provide a framework to characterize pollutant dynamics and transformation based on chemical data analysis and modelling to determine the occurrence of biodegradation in groundwater. In addition, ongoing research on OHRB may help develop and implement integrative approaches to assess in situ natural attenuation of CEs (Adrien and Löffler, 2016).

Microbial and molecular methods to study bacterial populations in polluted aquifers include culturing approaches, DNA-based methods, analytical chemistry and compound-specific stable isotope analysis (CSIA). Microbial and molecular approaches for characterization of polluted sites have been reviewed [START_REF] Weiss | Biodegradation in contaminated aquifers: incorporating microbial/molecular methods[END_REF], as well as techniques to elucidate halogenated compounds in anoxic environments [START_REF] Ding | Molecular techniques in the biotechnological fight against halogenated compounds in anoxic environments[END_REF]. Detection of genes involved in degradation pathways or targeting OHRB, such as Dehalococcoides spp., has been used to examine the relationships between gene abundance and degradation rates or potentials [START_REF] Clark | Normalized quantitative PCR measurements as predictors for ethene formation at sites impacted with chlorinated ethenes[END_REF][START_REF] Hermon | Functional genes and bacterial communities during organohalide respiration of chloroethenes in microcosms of multi-contaminated groundwater[END_REF][START_REF] Lu | Relationship between Dehalococcoides DNA in ground water and rates of reductive dechlorination at field scale[END_REF]Rahm and Richardson, 2008a;Rahm and Richardson, 2008b). Bacterial diversity in polluted sites has been studied to assess pollutant impact using fingerprinting approaches, such as DGGE [START_REF] Dennis | Phylogenetic analysis of bacterial populations in an anaerobic microbial consortium capable of degrading saturation concentrations of tetrachloroethylene[END_REF][START_REF] Govender | Dehalogenase gene detection and microbial diversity of a chlorinated hydrocarbon contaminated site[END_REF], T-RFLP [START_REF] Tarnawski | Validation of an integrative methodology to assess and monitor reductive dechlorination of chlorinated ethenes in contaminated aquifers[END_REF], and DNA sequencing [START_REF] Brisson | Metagenomic analysis of a stable trichloroethene-degrading microbial community[END_REF][START_REF] David | Microbial ecology of chlorinated solvent biodegradation[END_REF][START_REF] Imfeld | Characterization of groundwater microbial communities, dechlorinating bacteria, and in situ biodegradation of chloroethenes along a vertical gradient[END_REF][START_REF] Jin | Diversity of bacteria and archaea in the groundwater contaminated by chlorinated solvents undergoing natural attenuation[END_REF][START_REF] Kao | The change of microbial community from chlorinated solvent-contaminated groundwater after biostimulation using the metagenome analysis[END_REF][START_REF] Lowe | Geochemistry and microbial diversity of a trichloroethene-contaminated Superfund site undergoing intrinsic in situ reductive dechlorination[END_REF][START_REF] Kotik | Bacterial communities in tetrachloroethene-polluted groundwaters: a case study[END_REF][START_REF] Wright | Bacterial community dynamics in dichloromethane-contaminated groundwater undergoing natural attenuation[END_REF]. However, interpretation of microbial diversity datasets in relation to complex pollutant and hydrochemical dynamics remains challenging, and often neglects interactions between taxa and their environment. In this context, compound-specific isotope analysis (CSIA) can directly evidence in situ biodegradation of CEs, and can be coupled to diversity data. In particular, CSIA can help to evaluate pollutant degradation with respect to non-degradative dissipative processes, including sorption or dilution (e.g., [START_REF] Carreón-Diazconti | Assessment of in situ reductive dechlorination using compound-specific stable isotopes, functional gene PCR, and geochemical data[END_REF][START_REF] Courbet | Complementing approaches to demonstrate chlorinated solvent biodegradation in a complex pollution plume: Mass balance, PCR and compound-specific stable isotope analysis[END_REF][START_REF] Hunkeler | Use of compound-specific isotope analysis (CSIA) to assess the origin and fate of chlorinated hydrocarbons[END_REF][START_REF] Kaown | Characterization of a site contaminated by chlorinated ethenes and ethanes using multi-analysis[END_REF][START_REF] Kuntze | Compound-specific stable isotope analysis (CSIA) for evaluating degradation of organic pollutants: an overview of field case studies[END_REF][START_REF] Thullner | Quantification of organic pollutant degradation in contaminated aquifers using compound specific stable isotope analysis -Review of recent developments[END_REF].

It is promising to couple these approaches to better evaluate and predict the degradation of chlorinated solvents by OHR in situ (Carréon-Diazconti et al., 2009;[START_REF] Courbet | Complementing approaches to demonstrate chlorinated solvent biodegradation in a complex pollution plume: Mass balance, PCR and compound-specific stable isotope analysis[END_REF][START_REF] Hunkeler | Assessing chlorinated ethene degradation in a large scale contaminant plume by dual carbon-chlorine isotope analysis and quantitative PCR[END_REF][START_REF] Hermon | Dichloromethane biodegradation in multi-contaminated groundwater: Insights from biomolecular and compound-specific isotope analyses[END_REF][START_REF] Imfeld | Characterization of groundwater microbial communities, dechlorinating bacteria, and in situ biodegradation of chloroethenes along a vertical gradient[END_REF][START_REF] Kaown | Characterization of a site contaminated by chlorinated ethenes and ethanes using multi-analysis[END_REF]. This can be extended by specific follow-up of OHRB biomarkers selected for their specificity and relevance to identified questions [START_REF] Maphosa | Exploiting the ecogenomics toolbox for environmental diagnostics of organohalide-respiring bacteria[END_REF]. For example, [START_REF] Lee | A data mining approach to predict in situ detoxification potential of chlorinated ethenes[END_REF] have proposed a data-mining approach that uses a predictive model coupling geochemical data and gene abundances that could be used as a decision-making tool. Similarly, [START_REF] Tarnawski | Validation of an integrative methodology to assess and monitor reductive dechlorination of chlorinated ethenes in contaminated aquifers[END_REF] validated an integrative method to follow-up reductive dechlorination of CEs in polluted aquifers based on the occurrence and potential of reductive dechlorination as well as the identification of reasons for incomplete reductive dechlorination.

Recent work is moving towards more integrative approaches to assess in situ biodegradation of CEs and establishing generic protocols including biomarkers for polluted site assessment [START_REF] Clark | Normalized quantitative PCR measurements as predictors for ethene formation at sites impacted with chlorinated ethenes[END_REF][START_REF] Kaown | Characterization of a site contaminated by chlorinated ethenes and ethanes using multi-analysis[END_REF][START_REF] Tarnawski | Validation of an integrative methodology to assess and monitor reductive dechlorination of chlorinated ethenes in contaminated aquifers[END_REF][START_REF] Lee | A data mining approach to predict in situ detoxification potential of chlorinated ethenes[END_REF][START_REF] Weiss | Biodegradation in contaminated aquifers: incorporating microbial/molecular methods[END_REF]. This brought up new and as yet unresolved questions: What are the biological and/or geochemical drivers of diversity and distribution of OHRB? How do degradation of organohalide pollutants and the abundance of bacterial taxa associated with dehalogenation vary in relation to in situ environmental conditions? To date, few studies have combined high-throughput sequencing methods with CSIA, geochemical and gene abundance assessment to address these questions.

The purpose of our study was to examine degradation potential of CEs in a multi-polluted aquifer in situ, by integrating hydrogeochemical, CSIA and DNA sequence data (16S rRNA taxonomy and selected dehalogenase genes relevant to OHR of PCE) obtained over a period of two years on a multi-contaminated former industrial site. This integrative approach enables to identify zones of the groundwater aquifer where natural attenuation of CEs actively occurs, as well as the main factors driving the distribution and activity of OHRB in situ, for improvement of site assessment and future remediation.

Materials and Methods

Study site, groundwater sampling and water parameter analyses

Groundwater samples were taken from the former industrial site of Themeroil (Varennes-le-Grand, France, GPS coordinates, 46.701141 N, 4.843919 E), characterized by intensive oil and solvent processing activities from 1971 until it was liquidated in 2009. Halogenated solvents and BTEX were released into the aquifer due to improper storage [START_REF] Brgm | Synthèse des connaissances sur l'hydrogéologie des sites de l'entreprise Themeroil et des aires de service de l'autoroute A6 sur les communes de Saint-Ambreuil et de Varennes-le-Grand[END_REF]. Monitoring of the site showed high concentrations of VOCs (mainly CEs) and BTEX, accumulated within DNAPL in the groundwater of the site, and a pollutant plume extending over an area of about 300 m 2 to the South-South-East (BRGM, 2011). The DNAPL plume is confined to a small, well-characterized, captive sandy-clayey aquifer with low permeability (K sat <10 -5 m s -1 ).

Figure 1

Groundwater from the site was sampled at 12 previously installed monitoring wells, in September 2015 and 2016, and in February 2016 and 2017 (Figure 1). Groundwater was pumped from an average depth of 6 m using Twister pumps (Proactive, Bradenton, USA) and collected after well purging and stabilization of hydrogeochemical parameters. Water temperature, electrical conductivity (standardized to 25°C), pH and redox potential (Eh) were measured on site using IDS multiparameter probes (WTW, Germany) according to recommendations of the French standard FD X31-615. Well depths and water level data are provided in SM-E.

Groundwater samples were also collected for chemical analysis of total dissolved organic (DOC), inorganic carbon (DIC), total organic carbon (TOC), cations (NH 4 + ) and anions

(NO 3 - , NO 2 - , HS -, SO 4 2- 
) and Fe 2+ , as described previously [START_REF] Hermon | Dichloromethane biodegradation in multi-contaminated groundwater: Insights from biomolecular and compound-specific isotope analyses[END_REF]. Samples for chlorinated ethenes were stored in Teflon-capped glass vials according to recommendations of Weissling, the Cofracaccredited private laboratory in charge of analyses on-site. Collected BTEX and hydrocarbon concentration data, although beyond the scope of the present study, were also considered in data analysis. Samples for CSIA were collected in 20 mL glass vials (Interchim, Montluçon, France), filled with 13 mL of groundwater, immediately stabilized by adding 2 mL of a saturated salt solution, and capped with a Teflon septum. Samples were conserved at 4°C and analyzed within a week, as described below. Finally, groundwater samples for DNA extraction and molecular analyses were collected in two sterile 2L PE bottles and conserved at 4°C. Samples were filtered in the laboratory within 24 h, and filters frozen at -20°C until further analysis.

Carbon stable isotope analysis of CEs

Carbon isotope composition of CEs was analyzed using a GC-C-IRMS system consisting of a TRACE™ Ultra Gas Chromatograph (ThermoFisher Scientific) coupled via a GC IsoLink/Conflow IV interface to an isotope ratio mass spectrometer (DeltaV Plus, ThermoFisher Scientific), as described previously [START_REF] Hermon | Dichloromethane biodegradation in multi-contaminated groundwater: Insights from biomolecular and compound-specific isotope analyses[END_REF]. The procedure for CSIA is detailed in SM-A. Isotope signatures of PCE, TCE, DCE, and VC were calculated as an isotope balance, as previously described [START_REF] Imfeld | Characterization of groundwater microbial communities, dechlorinating bacteria, and in situ biodegradation of chloroethenes along a vertical gradient[END_REF][START_REF] Stelzer | Integrative approach to delineate natural attenuation of chlorinated benzenes in anoxic aquifers[END_REF]. For all samples, standard deviation of isotope balance was ≤1‰ (SM-A).

DNA analysis

DNA extraction, qPCR analysis of 16S rrs and dehalogenase coding genes

Total DNA was extracted from membrane filters after groundwater filtration, as described in [START_REF] Hermon | Dichloromethane biodegradation in multi-contaminated groundwater: Insights from biomolecular and compound-specific isotope analyses[END_REF]. Quantification of bacterial 16S rrs, pceA(Dhc), pceA(Dsb), vcrA, tceA and bvcA genes in groundwater was achieved using a CFX Connect™ Real-Time PCR Detection System (Bio-Rad, France). Primers and PCR conditions, no-template controls and calibration curves were as described in [START_REF] Hermon | Functional genes and bacterial communities during organohalide respiration of chloroethenes in microcosms of multi-contaminated groundwater[END_REF]. Gene pceA(Dhb) is involved in the organohalide respiration of PCE to cis-DCE by strains of the Dehalobacter and Desulfitobacterium genera [START_REF] Regeard | Development of degenerate and specific PCR primers for the detection and isolation of known and putative chloroethene reductive dehalogenase genes[END_REF] whereas pceA(Dhc) is involved in the organohalide respiration of PCE to cis-DCE by strains of the Dehalococcoides genera. Genes vcrA, tceA and bvcA are dehalogenase genes known only to be carried by strains of the Dehalococcoides genera that code for dehalogenases that degrade TCE, cis-DCE and VC to ethane.

Illumina Miseq sequencing and bioinformatics

Sequences of the V4-V5 hypervariable region of the 16S rrs gene [START_REF] Claesson | Comparison of two next-generation sequencing technologies for resolving highly complex microbiota composition using tandem variable 16S rRNA gene regions[END_REF] were PCR amplified using an optimized and standardized amplicon library preparation protocol (Meta-biote®, GenoScreen, Lille, France), as described in SM-B. Denoising, chimera checking, generation of operational taxonomic units (OTUs) and taxonomic classification were performed using the custom-scripted bioinformatics pipeline of GenoScreen, also described in SI section J in [START_REF] Hermon | Dichloromethane biodegradation in multi-contaminated groundwater: Insights from biomolecular and compound-specific isotope analyses[END_REF].

Analysis of bacterial diversity for the 12 monitoring wells and across the four sampling campaigns yielded a total of 2,710,996 sequences. SChao1 diversity indices for the entire bacterial community reached asymptotes with increasing sequencing depth (SM-C), indicating sufficient sampling. The OTU database generated across the 12 wells and 4 sampling campaigns was interrogated for sequences of interest by BLAST, applying a genus-level cut-off of 97% identity for taxonomic assignment.

Data analysis

To compare relative abundances of 16S rrs, pceA, vcrA, tceA and bvcA genes, Kruskal-Wallis tests Datasets obtained from Illumina sequencing were also used to compute α-diversity indices and for rarefaction analysis. Shannon's diversity index ( ), calculated as ln , provides an estimate of community heterogeneity, and increases with increasing heterogeneity. H' is maximal when sequences are equally distributed across all OTUs. The inverse Simpson diversity index ( ) was computed as , with and p i the relative abundance of OTU i. Simpson's index gives the probability that two individual sequences picked at random do not belong to the same OTU.

Thus, S also increases with increasing diversity. The Chao1 richness estimate was calculated as

, where is total number of OTUs in a sample, f 1 is the number of OTUs with only one sequence (i.e., "singletons"), and f 2 is the number of OTUs with only two sequences (i.e., "doubletons"). Chao1 provides an estimate of the number of total OTUs in the sample, based on the number of detected OTUs represented by singletons and doubletons.

Results

CEs and hydrogeochemical conditions on site

Patterns of distribution of CEs and hydrogeochemical conditions varied widely along the plume, but did not fluctuate much over time. PCE and TCE concentrations were high only in the source zone.

Concentrations of cis-1,2-DCE and VC remained high over time in wells of the source and plume zones but did not increase in the boundary wells. This suggests that the plume is not expanding over time, although residual pollutants continuously feed it from the source area. Accordingly, the twelve monitored wells were assigned to three zones: source (Pz26, Pz27, Pz28 and Pz29), plume (Pz3, Pz6(10), Pz5 and Pz20) and boundary (Pz15, Pz17, Pz18 and Pz11) (Figure 1 and SM-E).

Although PCE was the main CE initially used on site, it was only found in high concentrations (up to 33 mg•L -1 ) in the source zone (Pz26 and Pz27), as was TCE (up to 76 mg•L -1 ). The highest concentration of cis-1,2-DCE was also detected in the source zone, in Pz29, reaching 260 mg•L -1 in Pz29 in September 2016 (Figure 1; SM-E). However, high VC and cis-1,2-DCE concentrations (up to 27 mg•L -1 ) were also monitored in the plume (Figure 1, SM-E). In boundary wells, concentrations of cis-1,2-DCE were always below 0.7 mg•L -1 . While detection of VC clearly suggests that OHR takes place, persistence of less chlorinated transformation products of PCE suggests that conditions are not optimal for OHRB to complete full degradation of CEs to ethene.

Hydrogeochemical conditions did not differ significantly between February and September campaigns, although groundwater temperatures were systematically higher in September. The presence of ferrous iron (Fe 2+ ) and sulfide in the source and plume zones down to Pz6(10) was consistent with anoxic conditions. In contrast, wells in the boundary zone all featured aerobic conditions (see SM-E). Analysis of hydrogeochemical data and pollutant concentrations (SM-F), including CEs, BTEX and hydrocarbons, revealed distinctive features for some wells within the source, plume and boundary zones. For example, conditions at Pz20 were similar to those of the boundary zone despite the high concentrations of CEs detected. In contrast, Pz3, within the plume, clustered with Pz28 and 29 from the source area, whereas Pz26 (source zone) grouped with Pz5 and Pz6(10) from the plume zone. Finally, Pz27, while clustering with the other wells from the source zone, was characterized by higher DOC and TOC concentrations due to the presence of hydrocarbons (data not shown).

δ 13 C of CEs in groundwater

Overall, isotopic data suggest important spatial variability in the degradation of CEs across the plume, with preferential zones of degradation. Indeed, isotopic signatures of CEs at the source (δ 13 C source ) differed significantly from those of the plume, which were themselves distinct from those of the boundary zone. Differences in isotopic composition between the source and the plume (Δδ 13 C source-plume ) ranged from to 1 ‰ depending on the compound (data not shown). This suggests the occurrence of in situ biodegradation of CEs, as their degradation by acid-or base-catalyzed hydrolysis is unlikely under the conditions encountered in the aquifer [START_REF] Washington | Hydrolysis rates of dissolved volatile organic compounds: principles, Temperature Effects and Literature Review[END_REF]. For example, cis-1,2-DCE was enriched in 13 C from 1 to 10 ‰ between the source zone and the boundary. With regard to cis-1,2-DCE concentrations and isotopic values, it appears that Pz26, Pz28 and Pz29 represent potential source wells for cis-1,2-DCE. Judging by isotopic mass balance [START_REF] Stelzer | Integrative approach to delineate natural attenuation of chlorinated benzenes in anoxic aquifers[END_REF], the average signature of the source was estimated at -30.5 ‰. On the other hand, cis-1,2-DCE was enriched in 13 C in Pz27, suggesting that the area of this well, although located in the source zone, was not a contributing source of CEs.

The lowest δ 13 C CE value (well Pz26) was considered as the isotopic composition of the source, under the reasonable assumption that CEs were less degraded at this location. Change in isotopic ratios of total CEs (Δδ 13 C CE > ‰) relative to the source (Pz 6) indicated that biodegradation occurred in wells Pz27, Pz28, Pz6(10) and Pz3, but not in Pz29 and Pz5. Biodegradation varied little over time for all the wells (SM-G). The isotopic mass balance of CEs accounted for the reductive dechlorination chain from PCE to VC (SM-G), assuming that under prevailing physicochemical conditions, reductive dehalogenation of CEs to VC was the dominant process. Overall, isotopic mass balance analysis allowed to identify preferential zones of biological degradation, and appeared most pronounced in well Pz6(10). However, this analysis could not be performed for wells in the boundary because of the low concentrations of CEs in this zone.

Bacterial diversity

Bacterial diversity was higher in the boundary zone than in the source and plume (SM-H). Up to seven times less OTUs were found in source wells (Pz26, 27, 28 and 29) compared to boundary wells. Thus, diversity was lowest in the more polluted wells, where several OTUs were highly abundant and dominated, as indicated by the low inverse Simpson index (between 4 and 20) in the source and plume areas compared to the boundary zone (up to 120). The Shannon index also indicated a more homogeneous distribution of OTU abundance in the boundary zone than in the source zone (Figure 2, SM-H). Indeed, taxa with high relative abundance generally dominated in the source and plume zones, while rare taxa prevailed in Pz18 and Pz11.

Analysis of OTUs shared between different zones showed that for the 29516 total OTUs that were defined, only 7.5% were found in all zones of the plume (SM-I). The boundary zone comprised the highest number of specific OTUs, followed by the plume and the source. The boundary and plume shared more OTUs than with the source.

Figure 2

Proteobacteria represented up to 60% of obtained sequences in Pz11, and up to 80% in Pz20. They generally dominated in boundary wells (Figure 3), as previously observed in both pristine [START_REF] Shirokova | Microbial diversity and biogeochemistry of a shallow pristine Canadian shield groundwater system[END_REF] and PCE-polluted groundwaters [START_REF] Kotik | Bacterial communities in tetrachloroethene-polluted groundwaters: a case study[END_REF]. Other dominant phyla in the boundary zone were Nitrospirae OP3 and OP11. Upstream of Pz20, Proteobacteria were significantly less abundant, with Firmicutes, Tenericutes, Spirochaetes and Chloroflexi detected at high levels in the plume (i.e. Pz6(10), Pz5 and Pz3). These phyla were also found in source wells Pz27, Pz28 and Pz29, although in variable proportions, together with Bacteroidetes in Pz27 and Pz28. Pz26 differed from the other source wells, with 40% Proteobacteria and proportionally more Spirochaetes.

Figure 3

Changes in bacterial diversity over time and across wells, analyzed using NMDS ordination of relative sequence abundances for each OTU (Figure 4), showed that bacterial diversity mainly varied according to zones (boundary, plume and source). This is consistent with the Venn diagram (SM-I)

and histogram of phyla (Figure 3). Worthy of note, the bacterial diversity in Pz27 was similar to other source wells, although hydrogeochemical characteristics of Pz27 clearly differed (SM-E). In addition and as mentioned above for hydrogeochemical parameters (SM-H), the Pz20 bacterial diversity profile clustered with that of boundary rather than plume wells. Pz11 differed from other boundary wells. Again, this demonstrated that bacterial diversity can differ although hydrochemical characteristics are similar.

A posteriori fitting of hydrogeochemical variables onto the NMDS ordination showed that bacterial composition correlated best with changes in pollutant concentration (CEs, BTEX and other hydrocarbons) (Figure 4). Pollutant concentrations may thus exert a strong selective pressure on bacterial diversity, whereas changes in redox potential, ammonium/nitrate and ferrous iron may have a lesser effect. As already noted above, total groundwater bacterial diversity did not change significantly across the four sampling campaigns. These results showed that bacterial diversity was stable in a hydrogeochemically stable polluted aquifer, and that similar conditions did not systematically imply similar bacterial communities. This highlights the necessity to extend analysis to bacterial parameters for correct assessment of the site.

Figure 4

Only a small proportion of sequences could not be affiliated at the phylum level, whereas this proportion was higher at the genus level. The five most abundant genus-level OTUs represented up to 45% of sequences in the source and plume zones, but only 20% in the boundary zone (SM-J).

Treponema and Geobacter genera dominated groundwater bacterial communities of Pz26 with 25 and 23% relative abundance, respectively. Sphaerochaeta, a genus previously identified in dechlorinating microbial consortia [START_REF] Chung | Bioreduction of trichloroethene using a hydrogen-based membrane biofilm reactor[END_REF][START_REF] Gu | Analysis and comparison of the microbial community structures of two enrichment cultures capable of reductively dechlorinating TCE and cis-DCE[END_REF] was the most abundant genus in Pz27, with 15% relative abundance. In Pz28, dominant OTUs were affiliated to Treponema and Paludibacter (25 and 22%, respectively). Although previously found at polluted sites [START_REF] Kotik | Bacterial communities in tetrachloroethene-polluted groundwaters: a case study[END_REF][START_REF] Lee | Evaluation of the fate and transport of chlorinated ethenes in a complex groundwater system discharging to a stream in Wonju, Korea[END_REF], Treponema is not known to be involved in chlorinated ethene degradation.

Paludibacter features strictly anaerobic chemo-organotrophic strains, and was detected in TCEpolluted groundwater [START_REF] Dong | Impacts of microbial community composition on isotope fractionation during reductive dechlorination of tetrachloroethylene[END_REF], and in an aquifer contaminated with chloroform [START_REF] Kim | Changes in microbial community associated with dechlorination of leftover chloroform in two-stage anaerobic co-fermentation (H 2 +CH 4 ) of lipid-extracted microalgae waste with food waste leachate[END_REF]. The dominant OTU in wells Pz29 and Pz5 was assigned to Desulfosporosinus, with 11 and 20% relative abundance, respectively. Dehalococcoides, the only genus with strains known to fully reduce PCE and TCE to ethene, represented 45 and 24% of relative sequence abundance on average in plume wells Pz3 and Pz6(10), respectively. Hydrogenophaga, a facultative anaerobe with representatives capable of co-metabolically degrading TCE [START_REF] Kuo | Application of emulsified substrate biobarrier to remediate TCE-contaminated groundwater: pilot-scale study[END_REF][START_REF] Liang | Use of specific gene analysis to assess the effectiveness of surfactant-enhanced trichloroethylene cometabolism[END_REF], was the dominant genus in wells Pz20, Pz17 and Pz15, representing 28, 21 and 15% total relative abundance, respectively. In Pz18, 88% of sequences could not be affiliated to a genus. Among these, a Proteobacteria affiliated to the Nitrospirales order was the most abundant (7% of total sequences).

In Pz11, the most abundant genus was Gallionella, representing 7% of total sequences (see SM-J).

Taken together, bacterial diversity analysis showed that genera associated with CE degradation (i.e.

OTUs with >97% identity in 16S rrs gene sequence) were particularly abundant in wells Pz26, Pz3, Pz5 and Pz6(10). This warranted a more detailed study of their distribution.

Genera associated with organohalide respiration

The relative abundances of bacterial genera associated with OHR in the source zone clearly differed from those of the plume and boundary (p<0.05), but did not change significantly on a seasonal or yearly basis (p<0.05) (Figure 5). Variations in relative abundance correlated best with concentrations of CEs (p<0.05; see SM-K). More specifically, OTUs related to Geobacter were particularly abundant in source wells. Geobacter features several strains of G. lovleyi that possess gene pceA(Dsb) and reduce PCE to cDCE [START_REF] Atashgahi | Overview of known organohalide-respiring bacteriaphylogenetic diversity and environmental distribution[END_REF]. In contrast, OTUs most closely related to Dehalococcoides were mainly found in the plume zone (wells Pz3 and Pz6( 10)), where DCE and VC were also found. Several strains of Dehalococcoides belonging to D. mccartyi or other species have been found to possess one or several dehalogenases that dechlorinate PCE to ethene (i.e. pceA, vcrA, tceA or bvcA) [START_REF] Dolinová | Dynamics of organohalide-respiring bacteria and their genes following in-situ chemical oxidation of chlorinated ethenes and biostimulation[END_REF][START_REF] Zinder | The genus Dehalococcoides[END_REF]. Sulfurospirillum, known to reduce PCE and TCE [START_REF] Maillard | Reductive dechlorination of tetrachloroethene by a stepwise catalysis of different organohalide respiring bacteria and reductive dehalogenases[END_REF], was found in low abundance in Pz26. Strains of Clostridium and Acetobacterium were also shown to dechlorinate CEs in either pure or mixed cultures [START_REF] Dolinová | Dynamics of organohalide-respiring bacteria and their genes following in-situ chemical oxidation of chlorinated ethenes and biostimulation[END_REF]. Sequences assigned to Clostridium were found in low abundance in all wells of the source and plume, while Acetobacterium was detected as one of the most abundant OHR-associated genera in Pz27 and Pz28 (Figure 5).

Figure 5 3.5 Distribution of CE dehalogenases

Four reductive dehalogenase genes were chosen as key biomarkers for this study [START_REF] Liang | Relationships between the abundance and expression of functional genes from vinyl chloride (VC)-degrading bacteria and geochemical parameters at VC-contaminated Sites[END_REF][START_REF] Hermon | Functional genes and bacterial communities during organohalide respiration of chloroethenes in microcosms of multi-contaminated groundwater[END_REF]. Figure 6 shows a synthetic representation of the mean log gene copies/ng DNA in the four sampling campaigns. Gene copy numbers are presented in SM-L. Overall, dehalogenase gene abundances were comparable to those in other CE-contaminated groundwaters (Lee et al., 2006[START_REF] Matturro | Field distribution and activity of chlorinated solvents degrading bacteria by combining CARD-FISH and real time PCR[END_REF]. Relative abundance of the pceA(Dsb) dehalogenase gene was highest in Pz5 and Pz26 (Figure 6), and correlated with occurrence of Geobacter. NMDS analysis of bacterial taxa associated with OHR showed that gene pceA(Dsb) correlated with Pz26, where Geobacter dominated (see SM-M). In contrast, relative abundance of pceA(Dhc) and vcrA genes, specific to Dehalococcoides, was up to two orders of magnitude higher in wells Pz5, Pz3 and Pz6(10) compared to other wells. Analysis showed that typical Dehalococcoides dehalogenase genes (pceA(Dhc), vcrA, tceA and bvcA) correlated with dehalogenation-associated taxa in wells Pz6(10), Pz3 and Pz29 where

Dehalococcoides was dominant (SM-M). On the other hand, gene bvcA was only detected in Pz3, while tceA was only detected in Pz3 and Pz28, and at relative abundances lower than for the other dehalogenase genes that were investigated. These results suggest that the Pz3 area in the plume shows the highest genetic potential for dehalogenation of VC and DCE.

Figure 6 4 Discussion

In this study, potential for in situ reductive dechlorination of chlorinated ethenes (CEs) at an emblematic contaminated site in France was newly evaluated by combining (i) hydrogeochemical parameters, (ii) CSIA data, (iii) bacterial diversity (Illumina MiSeq) and (iv) dehalogenase gene abundances (pceA, vcrA, tceA and bvcA). This integrative approach enabled us to identify potential drivers of the diversity and distribution of bacterial taxa associated with dechlorination of CEs. It also demonstrated the benefit of combining these methods to evaluate the potential for in situ degradation of CEs.

Contamination as the main driver of total bacterial diversity at the Themeroil site

Pollutant concentration was the main driver of bacterial diversity and the taxa associated with CE degradation, while CE dehalogenase distribution was related to OHRB abundance. These relationships were confirmed by multiple factor analysis (MFA) of bacterial diversity and hydrogeochemical data (SM-N). MFA showed that groundwater samples were mainly discriminated by contamination level, with source and plume samples clearly distinct from boundary samples (SM-K). Overall, our results suggest that pollutant level exerts a significant selective pressure on bacterial diversity, as previously seen in similar highly polluted environments [START_REF] Lowe | Geochemistry and microbial diversity of a trichloroethene-contaminated Superfund site undergoing intrinsic in situ reductive dechlorination[END_REF][START_REF] Imfeld | Characterization of groundwater microbial communities, dechlorinating bacteria, and in situ biodegradation of chloroethenes along a vertical gradient[END_REF]. Correlation analysis between bacterial diversity, specific OHRB and hydrogeochemical data clearly shows a similar overall response of both OHRB and non-OHRB taxa to hydrogeochemical variations across the pollution plume (Figure 4, SM-K, SM-O). Although pollutant pressure was indeed suspected to be a major driver of microbial diversity, OHRB might be more specifically correlated with the presence of electron donors, redox conditions or available carbon sources. In the NMDS ordination of bacterial taxa associated with OHR (SM-K), parameters such as ferrous iron (Fe 2+ ) and Eh were significantly associated with differences in OHR between wells. For instance, Fe 2+ was particularly high in Pz3 and Pz6(10), characterized by high pollutant concentrations and highest OHR activity and degradation potential as assessed by CSIA (SM-K). Our observation contrasts with the recent report by [START_REF] Jin | Diversity of bacteria and archaea in the groundwater contaminated by chlorinated solvents undergoing natural attenuation[END_REF] who showed that redox potential, dissolved oxygen, temperature and methane concentration were major drivers of bacterial and archaeal diversity, whereas concentration of chlorinated solvents had no significant impact. In that study, however, selective pressure on bacterial diversity from CE toxicity may have been much less pronounced, since maximal concentrations of cis-1,2-DCE and VC were significantly lower than in our study (0.27 and 8.6 mg•L -1 , compared to 260 and 27 mg•L -1 for cis-1,2-DCE and VC, respectively).

Also worthy of note in this context, the number of OTUs increased along the plume, and were inversely correlated with pollutant concentrations. For instance, the number of OTUs was one order of magnitude higher in Pz18 (boundary) than in Pz27 and Pz28 (source), paralleling values of inverse Simpson index (SM-H). Shannon index also remained low in both source and plume zones, with an uneven distribution of sequences among OTUs in these zones presumably due to predominance of pollutant-resistant taxa. Indeed, the source zone shared the least OTUs with other zones (see SM-I, Venn diagram). Taken together, our observations all support the idea that high pollutant concentrations negatively affect bacterial diversity in aquifers, as found in previous studies, e.g. by [START_REF] Lowe | Geochemistry and microbial diversity of a trichloroethene-contaminated Superfund site undergoing intrinsic in situ reductive dechlorination[END_REF] at a TCE-polluted Superfund site.

Taxa associated with organohalide respiration as indicators of biodegradation

That variations in bacterial diversity and pollutant concentrations were correlated was not unexpected. Beyond that, we also explored whether abundance data of specific OHRB taxa could be used as biomarkers to evaluate CE biodegradation potential in the investigated aquifer.

Sequences associated with OTUs affiliated to known OHRB were extracted from the sequence database (Figure 5). They were affiliated to Dehalococcoides, Geobacter, Acetobacterium, Sulfurospirillum, Clostridium and Desulfomonile. Most represented were Dehalococcoides and

Geobacter. The genus Dehalococcoides includes strict anaerobes that use H 2 as electron donor and organohalides as respiratory terminal electron acceptors [START_REF] Zinder | The genus Dehalococcoides[END_REF]. So far, only one known species of Geobacter, G. lovleyi, has ability for OHR [START_REF] Atashgahi | Overview of known organohalide-respiring bacteriaphylogenetic diversity and environmental distribution[END_REF]. The presence of Dehalococcoides in organohalide-polluted sites worldwide makes it one of the most important players for natural attenuation of CEs to date [START_REF] Zinder | The genus Dehalococcoides[END_REF], and reflects its frequent use as a biomarker in this context [START_REF] Lu | Relationship between Dehalococcoides DNA in ground water and rates of reductive dechlorination at field scale[END_REF][START_REF] Rouzeau-Szynalski | Frequent concomitant presence of Desulfitobacterium spp. and "Dehalococcoides" spp. in chloroethene-dechlorinating microbial communities[END_REF][START_REF] Saiyari | A review in the current developments of genus Dehalococcoides, its consortia and kinetics for bioremediation options of contaminated groundwater[END_REF].

Interestingly, the 16S rRNA amplicon sequence analysis performed here also highlights the presence of genera that can degrade organohalides co-metabolically, such as Acidovorax and Hydrogenophaga [START_REF] Kuo | Application of emulsified substrate biobarrier to remediate TCE-contaminated groundwater: pilot-scale study[END_REF][START_REF] Liang | Use of specific gene analysis to assess the effectiveness of surfactant-enhanced trichloroethylene cometabolism[END_REF].

A wider knowledge of OHRB as well as of global bacterial distribution and diversity in contamination plumes may provide a better-informed view for efficient bioremediation strategies, that also includes other associated, non-OHRB populations. Indeed, focusing on OHRB and their diversity and metabolic capacities may overlook the potential effect and importance of other taxa for organohalide respiration activity at a given contaminated site, since activities of interest rely on interactions between bacteria with different metabolic regimes within complex overall energy-flow pathways [START_REF] David | Microbial ecology of chlorinated solvent biodegradation[END_REF][START_REF] Miura | The impact of injections of different nutrients on the bacterial community and its dechlorination activity in chloroethene-contaminated groundwater[END_REF]. For example, anaerobes that provide OHRB with electron donors could be just as important to the process of OHR as OHRB themselves. Conversely, some types of metabolism may actually be detrimental to OHR, and taking the occurrence of corresponding taxa may also help in implementing efficient bioremediation. In the present study, for instance, sulfate-reducing bacteria and methanogens, which can compete with Dehalococcoides [START_REF] Futagami | Enrichment and characterization of a trichloroethene-dechlorinating consortium containing multiple "Dehalococcoides" strains[END_REF], were also found in varying relative abundance in Themeroil groundwater.

Specifically, a Spearman's similarity coefficient matrix from relative abundances showed that Dehaloccocoides significantly correlated with occurrence of Dehalobacterium and Desulfosporosinus sp. in our study (p<0.001) (SM-N). Notably in this context, Rouzeau-Szynalski et al. (2011) found frequent co-occurrence of Dehalococcoides with Desulfitobacterium, but not with these two genera. Systematic co-occurrence of known OHR-associated taxa also suggests potential synergies between OHRB involved at different stages of the dechlorination sequence of PCE to ethene. While further data on co-occurrence will be needed to confirm positive metabolic interactions, our data show that analysis of overall bacterial diversity could provide additional insights for prediction of dechlorination efficiency in situ. This is of particular interest in a context where stalling of CE dehalogenation, with concomitant accumulation of DCE and VC, is frequently observed [START_REF] Daprato | Comparative analysis of three tetrachloroethene to ethene halorespiring consortia suggests functional redundancy[END_REF][START_REF] Ding | Molecular techniques in the biotechnological fight against halogenated compounds in anoxic environments[END_REF][START_REF] Maphosa | Exploiting the ecogenomics toolbox for environmental diagnostics of organohalide-respiring bacteria[END_REF].

Key dehalogenases and dehalogenation-associated taxa: an imperfect correlation

Our results also showed that relative abundance of dehalogenase genes and OHRB did not systematically correlate (SM-L). Based on relative abundances of known OHRB, Pz26, Pz3 and Pz6(10) had highest dehalogenation potential. In Pz3 in particular, 45% of obtained 16S rRNA sequences were affiliated to Dehalococcoides (Figure 5). In a complementary analysis, we analyzed the abundance of four key reductive dehalogenase genes of the dehalogenation sequence for PCE (pceA, tceA, vcrA, bvcA,), that are all frequently used as biomarkers in bioremediation assessment at sites polluted with CEs [START_REF] Carreón-Diazconti | Assessment of in situ reductive dechlorination using compound-specific stable isotopes, functional gene PCR, and geochemical data[END_REF][START_REF] Clark | Normalized quantitative PCR measurements as predictors for ethene formation at sites impacted with chlorinated ethenes[END_REF][START_REF] Liang | Relationships between the abundance and expression of functional genes from vinyl chloride (VC)-degrading bacteria and geochemical parameters at VC-contaminated Sites[END_REF][START_REF] Matturro | Field distribution and activity of chlorinated solvents degrading bacteria by combining CARD-FISH and real time PCR[END_REF][START_REF] Lee | Quantifying genes and transcripts to assess the in situ physiology of "Dehalococcoides" spp. in a trichloroethene-contaminated groundwater site[END_REF]. Pz3 was the only well where tceA and bvcA were found in addition to Dehalococcoides (Figure 6). Also worthy of note, the highest abundance of pceA(Dsb)

was observed in Pz26 and Pz5, while pceA(Dhc) and vcrA were most abundant in wells Pz3, Pz6(10) and Pz5 (Figure 6).

Hydrogeochemical data and biomarkers suggest but do not prove dehalogenation

Although the presence of OHRB in the ground waters of the source and plume zones, along with high abundances of key dehalogenase genes, suggests that the potential is present for CE reduction, they do not prove that dehalogenation is actively occurring.

At the onset of our study, hydrogeochemical data already suggested that OHR was occurring on site, as PCE and TCE were found in the source zone in residual concentrations only, whereas DCE and VC were the dominant CEs. However, the nature and concentrations of CEs alone did not pinpoint wells where OHR was active. Dehalogenase gene abundance and diversity of known OHRB taxa suggested areas aroun Pz28, Pz29, Pz3, Pz5 and Pz6(10) as key DCE degradation hotspots.

Moreover, Pz3 and Pz6(10) had the highest relative abundance of Dehalococcoides-associated sequences. Nevertheless, inhibition processes may be occurring on-site that limit OHR. For example, in wells Pz28, Pz29, Pz3, Pz5 and Pz6(10), high DCE concentrations might inhibit VC organohalide respiration, as shown in previous reports (e.g. [START_REF] Lai | Compounded effects of chlorinated ethene inhibition on ecological interactions and population abundance in a Dehalococcoides -Dehalobacter coculture[END_REF]. These authors suggested that concentrations as low as 17 mg•L -1 DCE could have an impact. In our study, this could contribute to explain the accumulation of VC on-site, although degradation potential was present.

In summary, integration of hydrogeochemical and biomarker data is suggestive of synergistic and antagonistic interactions on the site of Themeroil. Yet, without actual confirmation of occurrence and extent of OHR, it remains difficult to conclude on the range of conditions for OHRB to operate successfully. This is where stable isotope analysis (CSIA) shows it utility, by allowing evaluation of the occurrence of biodegradation in situ.

CSIA as key approach to evidence biodegradation of chlorinated ethenes at the Themeroil site

While occurrence of OHRB and dehalogenases may underline OHR potential, a strong asset of CSIA is the in situ confirmation of OHRB activity. Changes in carbon isotope composition (δ 13 C) indicated biodegradation in wells Pz27, Pz28, Pz3 and Pz6(10), and appeared particularly significant in well Pz6(10). On the one hand, our results are consistent with biomarker data for Pz3 and Pz6(10), which showed the highest proportions of sequences affiliated to Dehalococcoides and the highest abundancies of genes vcrA and pceA(Dhc) (Figures 5 and6). In addition, Pz3 was the only well where bvcA and tceA genes were also found in significant abundance, and the Pz3 area was thus expected to be the most actively degrading DCE and VC. However, degradation of DCE and VC may actually be limited in Pz3 compared to Pz6(10), due to concentration-dependent inhibition, with DCE concentration higher in Pz3 (130 mg•L -1 compared to 30 mg•L -1 in Pz6(10), SM-E). Alternatively, it is also possible that degradation rate in Pz3 was highest, but that steady inflow of DCE reduced the degraded fraction, thereby leading to underestimating degradation rate. On the other hand, molecular biomarkers did not identify Pz27 as a well with degradation activity, whereas CSIA clearly identified the occurrence of biodegradation in this well. Thus, occurrence of OHR may be overlooked if several complementary approaches are not combined and jointly interpreted. It should also be mentioned that the relatively high intrinsic quantification threshold of CSIA for CEs limited integration of CSIA and biomolecular data in wells with low concentrations of CEs, or in which extensive in situ biodegradation had likely occurred, such as those in the boundary zone. In addition, CSIA of CEs based on carbon alone may not be sufficient to distinguish different pathways of transformation of CEs, such as dehalogenation under aerobic and/or co-metabolic conditions and OHR. In the future, multi-element CSIA of CEs (δ 2 H, δ 13 C and δ 37 Cl) could be applied for this purpose [START_REF] Hunkeler | Use of compound-specific isotope analysis (CSIA) to assess the origin and fate of chlorinated hydrocarbons[END_REF][START_REF] Vogt | Multi-element isotope fractionation concepts to characterize the biodegradation of hydrocarbonsfrom enzymes to the environment[END_REF].

Conclusion: the case for integrative approaches in assessment of organohalidecontaminated sites

Current research issues in the field of in situ degradation of organohalides include (i) how interactions of dechlorinating taxa with their environment modulate their activity and (ii) identification of factors that prevent complete degradation of CEs to ethene, resulting in accumulation of DCE and VC. It is our contention that integrative studies such as ours may help to address these questions, and enable increasingly precise assessment of complex polluted sites over time. Specifically, our study has highlighted that bacterial biomarkers of CE dehalogenation are best used in combination, and that their occurrence in groundwater is only partly correlated with observed changes in CE concentrations. Thus, combination of bacterial biomarkers with hydrochemistry and CSIA data can reinforce the evaluation of in situ CE degradation at site scale, and help identify hotspots of in situ biodegradation for practical application. Here, we could identify areas of the contamination plume where natural attenuation was actively occurring, thereby allowing to better focus bioremediation efforts on these areas, and also to try to establish similar conditions at other areas of the site. Our results also provide new insights on factors driving distribution and activity of organohalide-respiring bacteria as well as of potentially useful co-occurring taxa on-site. Overall, our study illustrates the usefulness of integrating different analytical chemical and biomolecular approaches for more robust assessment and remediation of sites polluted with organohalides.
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