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Importance of Rhodococcus strains in a bacterial consortium degrading a mixture of hydrocarbons, gasoline, and diesel oil additives revealed by metatranscriptomic analysis
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A bacterial consortium (Mix3) composed of microorganisms originating from different environments (soils and wastewater) was obtained after enrichment in the presence of a mixture of 16 hydrocarbons, gasoline, and diesel oil additives. After addition of the mixture, the development of the microbial composition of Mix3 was monitored at three different times (35, 113, and 222 days) using fingerprinting method and dominant bacterial species were identified. In parallel, 14 bacteria were isolated after 113 days and identified. Degradation capacities for Mix3 and the isolated bacterial strains were characterized and compared. At day 113, we induced the expression of catabolic genes in Mix3 by adding the substrate mixture to resting cells and the metatranscriptome was analyzed. After addition of the substrate mixture, the relative abundance of Actinobacteria increased at day 222 while a shift between Rhodococcus and Mycobacterium was observed after 113 days. Mix3 was able to degrade 13 compounds completely, with partial degradation of isooctane and 2-ethylhexyl nitrate, but tert-butyl alcohol was not degraded. Rhodococcus wratislaviensis strain IFP 2016 isolated from Mix3 showed almost the same degradation capacities as Mix3: these results were not observed with the other isolated strains. Transcriptomic results revealed that Actinobacteria and in particular, Rhodococcus species, were major contributors in terms of total and catabolic gene transcripts while other species were involved in cyclohexane degradation. Not all the microorganisms identified at day 113 were active except R. wratislaviensis IFP 2016 that appeared to be a major player in the degradation activity observed in Mix3.

Introduction

In terrestrial ecosystems, petroleum hydrocarbons are the most widespread contaminants, and biodegradation of these compounds is of great concern. The contamination can be generated by diesel oil and/or gasoline leaks from storage tanks, resulting in the release of a complex mixture of compounds with different water solubilities and different biodegradation potentials. Interactions between the different compounds present in fuel mixtures can lead to detrimental or beneficial effects on biodegradation [START_REF] Auffret | Degradation of a mixture of hydrocarbons, gasoline, and diesel oil additives by Rhodococcus aetherivorans and Rhodococcus wratislaviensis[END_REF].

Degradation of petroleum pollution by a broad spectrum of microorganisms is considered to be an effective and economic method for environmental remediation and has been studied extensively for some classes of chemical compounds [START_REF] Eaton | Bacterial metabolism of naphthalene: construction and use of recombinant bacteria to study ring cleavage of 1,2-dihydroxynaphthalene and subsequent reactions[END_REF][START_REF] Solano-Serena | Biodegradation of aliphatic and alicyclic hydrocarbons. Petroleum microbiology: concepts. environmental implications. industrial applications[END_REF][START_REF] Vandecasteele | Biodegradation of monoaromatic and chloroaromatic hydrocarbons[END_REF]. Several aspects have been studied to evaluate the impact of petroleum pollution on the bacterial community composition and the relative abundance of bacterial species and the identity of genes expressed, including catabolic genes. Successional changes in microbial populations exposed to a complex mixture of hydrocarbons could be observed. The changes may be due to the toxicity of some compounds, such as benzene, whereas temporal compositional changes within mixtures resulted from microbial processes, such as preferential degradation of some of the components [START_REF] Auffret | Degradation of a mixture of hydrocarbons, gasoline, and diesel oil additives by Rhodococcus aetherivorans and Rhodococcus wratislaviensis[END_REF][START_REF] Röling | Robust hydrocarbon degradation and dynamics of bacterial communities during nutrient-enhanced oil spill bioremediation[END_REF][START_REF] Hamamura | Microbial population dynamics associated with crude-oil biodegradation in diverse soils[END_REF].

Although hydrocarbon-degrading microorganisms inhabit many ecosystems, their abundance is relatively low in pristine environments [START_REF] Greer | Microbial communities in hydrocarbon-contaminated temperate, tropical, alpine, and polar soils[END_REF]. Addition of previously cultivated microorganisms degrading hydrocarbons is considered as a possible method to enhance biodegradation [START_REF] Thompson | Bioaugmentation for bioremediation: the challenge of strain selection[END_REF]. Moreover, the use of a bacterial consortium as an inoculum provides advantages during bioremediation [START_REF] Chandran | Degradation of diesel oil by immobilized Candida tropicalis and biofilm formed on gravels[END_REF];W ue ta l .2013)a n d certain advantages during biodegradation of recalcitrant compounds [START_REF] Auffret | Degradation of a mixture of hydrocarbons, gasoline, and diesel oil additives by Rhodococcus aetherivorans and Rhodococcus wratislaviensis[END_REF];F o r t i ne ta l .2001). It is known that complex interactions such as cooperation and competition occur within bacterial populations, influencing the consortium composition and biodegradation capacity [START_REF] Mariano | Biodegradability of commercial and weathered diesel oils[END_REF][START_REF] Vinas | Bacterial community dynamics and polycyclic aromatic hydrocarbon degradation during bioremediation of heavily creosote-contaminated soil[END_REF]. For example, cooperative interactions could be explained by co-metabolism of hydrocarbon compounds or production of biosurfactants [START_REF] Bouchez-Naitali | Biosurfactants, an help in the biodegradation of hexadecane? The case of Rhodococcus and Pseudomonas strains[END_REF][START_REF] Ciric | Hydrocarbon utilization within a diesel-degrading bacterial consortium[END_REF][START_REF] Digabel | Ethyl tert-butyl ether (ETBE) biodegradation by a syntrophic association of Rhodococcus sp. IFP 2042 and Bradyrhizobium sp. IFP 2049 isolated from a polluted aquifer[END_REF].

The role of the generalist microbial species, that degrade alkanes and/or PAHs, is often overlooked, yet they may constitute a significant proportion of the hydrocarbondegrading community. Many microorganisms may not contribute substantially to hydrocarbon metabolism under standard bioremediation conditions [START_REF] Bell | Predictable bacterial composition and hydrocarbon degradation in Arctic soils following diesel and nutrient disturbance[END_REF][START_REF] Hesselsoe | Method for measuring substrate preferences by individual members of microbial consortia proposed for bioaugmentation[END_REF]. This could lead to the incorrect identification of the most active degraders when studying only the most abundant species in contaminated sites.

The bacterial pathways and genes responsible for alkane and BTEX biodegradation, the major native components of gasoline and diesel oil, are well-known and involve monoand dioxygenases during the first metabolic step [START_REF] Hendrickx | PCR-DGGE method to assess the diversity of BTEX mono-oxygenase genes at contaminated sites[END_REF][START_REF] Van Hamme | Recent advances in petroleun microbiology[END_REF]. Some native fuel components, such as the highly branched isooctane are poorly degraded, but Mycobacterium austroafricanum IFP 2173 that was isolated has this degradation capacity [START_REF] Solano-Serena | A Mycobacterium strain with extended capacities for degradation of gasoline hydrocarbons[END_REF]. Regarding the biodegradability of gasoline additives (methyl tert-butyl ether or MTBE and ethyl tert-butyl ether or ETBE), a variety of microorganisms with specific degradation capacities have been isolated, and some of the genes involved in the biodegradation pathway have been characterized and identified as monooxygenases [START_REF] Jechalke | Linking low-level stable isotope fractionation to expression of the cytochrome P450 monooxygenase-encoding ethB gene for elucidation of methyl tertbutyl ether biodegradation in aerated treatment pond systems[END_REF];C h a u v a u xe ta l .2001; [START_REF] Malandain | Cytochromes P450mediated degradation of fuel oxygenates by environmental isolates[END_REF]. There is little data available regarding the biodegradability of 2-ethyl hexylnitrate (2-EHN), an additive of diesel oil, also mediated by Mycobacterium austroafricanum IFP 2173 [START_REF] Solano-Serena | A Mycobacterium strain with extended capacities for degradation of gasoline hydrocarbons[END_REF][START_REF] Nicolau | Biodegradation of 2-ethylhexyl nitrate by Mycobacterium austroafricanum IFP 2173[END_REF].

Some key genes involved in hydrocarbon degradation are located on mobile elements [START_REF] Whyte | Biodegradation of petroleum hydrocarbons by psychrotrophic Pseudomonas strains possessing both alkane (alk) and naphthalene (nah) catabolic pathways[END_REF]M ae ta l . 2006) and may potentially be exchanged between taxa, enhancing the diversity of bacterial metabolic capabilities [START_REF] Medina-Bellver | Evidence for in situ crude oil biodegradation after the Prestige oil spill[END_REF] and increasing the abundance of catabolic genes in the microbial pool [START_REF] Korotkevych | Functional adaptation of microbial communities from jet fuel-contaminated soil under bioremediation treatment: simulation of pollutant rebound[END_REF]. Functional redundancy was defined by the fact that the relative abundances of genes with similar functions are more highly conserved than are the relative abundance of phylotypes [START_REF] Turnbaugh | A core gut microbiome in obese and lean twins[END_REF].

Despite the identification of many hydrocarbon-degrading taxa from various ecosystems, it is not known which indigenous microorganisms should be promoted to optimize the rate and extent of bioremediation in contaminated environments. Next-generation sequencing techniques may help answer this question. Illumina sequencing technology has been recently applied as a promising method, offering new dimensions in the characterization of the diversity of genes expressed by complex microbial communities in different environments. A limited number of metatranscriptomic studies analyzing gene expression have been conducted [START_REF] Damon | Metatranscriptomics reveals the diversity of genes expressed by eukaryotes in forest soils[END_REF][START_REF] De Menezes | Comparative metatranscriptomics reveals widespread community responses during phenanthrene degradation in soil[END_REF][START_REF] Yu | Metagenomic and metatranscriptomic analysis of microbial community structure and gene expression of activated sludge[END_REF] including a detailed study of the evolution of oil degrading bacteria following the explosion and sinking of the Deepwater Horizon oil production platform in the Gulf of Mexico [START_REF] Mason | Metagenome, metatranscriptome and single-cell sequencing reveal microbial response to Deepwater Horizon oil spill[END_REF]. In spite of these metatranscriptomic studies, data supporting the association of gene expression with biodegradation activities remain scarce.

The main goal of this study was to identify the most active bacterial populations within a consortium degrading a mixture of hydrocarbons and gasoline additives.

One of the major questions was which scenario prevails in this consortium between independent degradation by a limited number of bacterial strains and cooperative interactions for degradation of this hydrocarbon mixture. The second question was whether the dominant bacteria were those involved in the observed degradation activities.

In this study, we used (1) a combination of culturedependent techniques and culture-independent methods like polymerase chain reaction-denaturing gradient gel electrophoresis (PCR-DGGE) (16S ribosomal RNA (rRNA) gene) to characterize the taxonomic composition of dominant bacterial populations within the bacterial consortium (Mix3) in the presence of a mixture of hydrocarbons, gasoline, and diesel oil additives, (2) isolation and physiological characterization of bacterial isolates to determine the physiology of the strains present in the consortium, and 3) transcriptomic sequencing analysis to characterize the most active organisms/degraders and identify major catabolic pathways associated with the degradation of a mixture of petroleum compounds.

Material and methods

Microbial consortium enrichment and sampling

The Mix3 consortium was an enrichment derived from an initial mixture of samples comprising a wastewater treatment plant residue (France), a petroleum-contaminated soil from a gas station (France), and a pristine forest soil (France). Triplicate enrichments were cultivated in mineral medium (MM) as described in [START_REF] Auffret | Degradation of a mixture of hydrocarbons, gasoline, and diesel oil additives by Rhodococcus aetherivorans and Rhodococcus wratislaviensis[END_REF] ) at a final conc e n t r a t i o no f7t o8m gl i t e r -1 for each compound. This enrichment was realized in triplicate. Cells were harvested by centrifugation and washed twice with MM after 35, 113, and 222 days. In addition, at 113 days, duplicate Mix3 enrichments were induced in the presence of the same mixture at the concentration described above and cells were harvested using a similar protocol after 2, 4, 6, 8, 10, and 12 h. Cell pellets were kept frozen at -80 °C until DNA or RNA was extracted.

To isolate bacterial strains, samples of Mix3 at day 113 were serially diluted and plated onto trypticase soy (TS) agar plates. The plates were incubated at 30 °C. Individual colonies were streaked onto TS agar for isolation. Each isolate was checked for purity by restreaking on TS agar. We followed the same procedure described in [START_REF] Auffret | Degradation of a mixture of hydrocarbons, gasoline, and diesel oil additives by Rhodococcus aetherivorans and Rhodococcus wratislaviensis[END_REF]toevaluate the degradation capacities of individual compounds. The calculation of degradation for each compound was as follows: [(residual substrate in control-residual substrate in assay)/ residual substrate in control]×100.

Analytical procedures

All chemicals used in this study were of the highest purity available from the manufacturers. We applied the same procedures described in [START_REF] Auffret | Degradation of a mixture of hydrocarbons, gasoline, and diesel oil additives by Rhodococcus aetherivorans and Rhodococcus wratislaviensis[END_REF] to estimate the degradation capacities of Mix3 and pure bacterial cultures (in triplicate) for the mixture of 16 compounds. Briefly, MTBE, ETBE, TBA, and cyclohexanol were quantified by flame ionization detection on a Varian 3300 gas chromatograph (Varian, France) as previously described [START_REF] François | Biodegradation of methyl tert-butyl ether and other fuel oxygenates by a new strain, Mycobacterium austroafricanum IFP 2012[END_REF]. After extraction with pentane containing 1,1,2-TCA as the internal standard, the 12 other compounds were quantified by FID on a Varian gas chromatograph (Varian, France) equipped with a 0.2-mm by 50-m PONA capillary column with a 0.5-μm stationary phase composed of methylpolysiloxane (J&W Scientific, Chromoptic, Auxerre, France), using a two-step temperature gradient ranging from 35 to 114 °C at 1.1 °C min -1 and then from 114 to 310 °C at 1.7 °C min -1 . Helium (0.8 ml min -1 ) was used as the carrier gas.

Total DNA extraction and PCR-DGGE amplification Total DNA extraction for Mix3 after 35, 113, and 222 days of incubation in the presence of the chemical mixture was performed following the protocol described by [START_REF] Fortin | Soil washing improves the recovery of total community DNA from polluted and high organic content sediments[END_REF]. Briefly, this protocol consists of chemical/enzymatic lysis followed by hexadecyltrimethylammonium bromide (CTAB) incubation and phenol:chloroform extraction. Total DNA from pure cultures was extracted as described in [START_REF] Auffret | Degradation of a mixture of hydrocarbons, gasoline, and diesel oil additives by Rhodococcus aetherivorans and Rhodococcus wratislaviensis[END_REF].

Two different sets of primers (F1-519R and u341f-u758r) with a combination of the bacteria-specific forward and reverse primers were used to obtain fragments of the 16S rRNA gene targeting the V1-V3 and V3-V4 regions for DGGE analysis. This strategy allowed us to further extend bacterial identification. The sequencing and the annealing temperature conditions used in this study are detailed in [START_REF] Yeung | Characterization of the bacterial communitystructure of Sydney Tar Ponds sediment[END_REF]. All bacteria forward primers used for DGGE possessed a GC clamp (5′-GGCGGGGCGGGGGCACGGGG GGCGCGGCGGGCGGGGCGGGGG-3′)a tt h e5 ′ end. Each 50 μl PCR mixture contained 1 μlo ft e m p l a t eD N A (∼2 ng), 25 pmol of each oligonucleotide primer, 200 μmol•l -1 (each) dNTP, 1 mmol•l -1 MgCl 2 , and 2.5 units of Taq polymerase (Amersham) in 10× Taq polymerase buffer (100 mmol•l -1 Tris-HCl, pH 9.0; 500 mmol•l -1 KCl; 15 mmol•l -1 MgCl 2 ). After PCR, the concentration of product was estimated on a 1 % agarose gel with SYBR safe staining (Molecular Probes) and a 100 bp ladder (MBI Fermentas).

DGGE, recognized as a semi-quantitative method, was performed as previously described [START_REF] Muyzer | Profiling of complex microbial populations by denaturing gradient gel electrophoresis analysis of polymerase chain reaction-amplified genes coding for 16S rRNA[END_REF])with some modifications as documented in [START_REF] Yeung | Characterization of the bacterial communitystructure of Sydney Tar Ponds sediment[END_REF]. The majority of visible bands from each lane were excised and eluted with 25 μlofdH 2 O for 48 h at 4 °C before being reamplified with the same set of primers without the GC clamp. One microliter of DNA was re-amplified with the appropriate corresponding primer sets as follows: an initial denaturation for 5 min at 96 °C, followed by 30 cycles at 94 °C for 1 min, 60 °C for 30 s, and 72 °C for 1 min. PCR products for sequencing were purified using Illustra GFX PCR DNA and Gel Band Purification kits (GE Healthcare, Baie d'Urfé, Québec). Sequencing was performed at the Université Laval's "Plate-forme d'analyses biomoléculaires" using a model ABI Prism 3130XL (Applied Biosystems, Foster City, California) with their respective primers. Raw sequence data were assembled in BioEdit. The sequences were manually aligned by comparing forward and reverse sequences. Close relatives of different phylotypes were tentatively identified by NCBI BLASTN search.

RNA extraction and DNase treatment

Prior to RNA extraction, all solutions and glassware were washed as described by [START_REF] Sambrook | Molecular cloning. A laboratory manual[END_REF]. Total RNA was extracted from frozen duplicate Mix3 cell pellets (2 pellets from 50 ml) induced in MM at different times (2, 4, 6, 8, 10, and 12 h). Bacterial lysis was performed by the addition of 600 μloflysozyme(5mg•ml -1 ) and 600 μl of lysostaphin (50 μg•ml -1 ) and incubated at 37 °C for 10 min. After incubation, the cell pellets were dispersed in 10 ml TRI (Ambion), vortexed for 15 s, and transferred into 2-ml tubes containing 250 mg glass beads (0.25-0.50 mm). The cells were disrupted once for 20 s at speed 5.0 with a FastPrep homogenizer (MP Biomedicals {Qbiogene}, Solon, OH, USA) and put on ice. The homogenate was centrifuged for 15 min at 16,060×g.The supernatant was then extracted once with 1-bromo-3chloropropane (BCP, Molecular Research Company) and centrifuged for 15 min at 16,060×g. The supernatant was transferred into 2-ml tubes containing 5 μl of a diluted solution (1:50) of glycogen at 5 mg•ml -1 (Ambion, Austin, TX, USA) and two volumes of isopropanol. Tubes were vortexed at moderate speed and incubated at room temperature for 10 min. After centrifugation at 16,060×g for 15 min, the RNA pellet was washed once with 70 % ethanol, then with 95 % ethanol and dissolved in 50 μl of RNase free water. A DNase treatment was applied on a solution of RNA at a concentration not exceeding 100 μgm l -1 , following the TURBO Dnase™ kit (Ambion, AM2238) protocol. To check for potential DNA contamination in the RNA preparation, a PCR assay using 16S rRNA gene universal primers (u341f-u758r) on 100 ng of RNA was performed for 35 cycles. mRNA enrichment, metatranscriptomic sequencing and bioinformatic analyses It was necessary to enrich the pool of mRNA by removing both 23S and 16S rRNA and small RNAs from the Mix3 replicates. First, small RNAs were removed using the RNeasy® MinElute® Cleanup kit (Qiagen). Then, we used the MICROBExpress kit (Ambion) following the manufacturer's instructions to remove bacterial rRNA. The quality and quantity of the mRNA final product was analyzed in a Bioanalyzer™ (Agilent) using the RNA nano6000 chip. rRNA-depleted RNA was sent to McGill University and Genome Québec Innovation Centre (Montréal, Québec) for library preparation and Illumina HiSeq 2000 sequencing (2× 150 bp). After sequencing, the number of reads per condition gave between 2,657,345 and 3,568,101 reads. Resulting fastq files were analyzed by MG-RAST v 2.0 web service [START_REF] Meyer | The metagenomics RAST server-ap u b l i c resource for the automatic phylogenetic and functional analysis of metagenomes[END_REF] for automated annotation and further analyses. The data were compared to subsystems (MG-RAST) using a maximum e-value of 1e-5, a minimum identity of 80 %, and a minimum alignment length of 20 measured in amino acids for protein and bp for RNA databases. Taxonomic composition of all transcripts as well as the relative abundance of subsystems and catabolic genes were determined and normalized for 100,000 transcripts.

Statistical analyses

One-way ANOVA tests were carried out to determine statistical significance of differences in the relative abundance of catabolic gene transcripts. The obtained p values were corrected for multiple comparisons (Bonferroni corrections). All tests were carried out using SPSS Statistics 21 (IBM, USA).

Data analysis and nucleotide sequence accession numbers

The 16S rRNA gene sequences of 13 isolated strains except R. wratislaviensis IFP 2016 and Rhodococcus aetherivorans IFP 2017 were deposited in GenBank under accession numbers KM047473 to KM047485, respectively. The amplified 16S rRNA genes obtained by DGGE analysis were deposited in GenBank under accession numbers KM047430 to KM047472. Raw data sequences were deposited in Sequence Read Archive (SRA) under the NCBI Bioproject number SRP043628. The experiment number is SRX621352 and run accession number is SRR1482483.

Strains R. wratislaviensis IFP 2016 and R. aetherivorans IFP 2017 were deposited at the CNCM (Pasteur Institute, Paris, France), respectively, as I-4088 and I-4089.

Results

Evolution of the dominant bacterial populations in Mix3

PCR-DGGE analysis was carried out on DNA extracted from Mix3 incubated in the presence of the mixture of 16 compounds for various times (35, 113, and 222 days). DNA extracted from the DGGE bands was sequenced and analyzed. Mix 3 DGGE profiles and the results of band sequencing indicated a change in dominant bacterial populations during the experiment (Fig. S1,Table 1). A switch between different bacterial phyla/classes was observed at each sampling time. β-Proteobacteria were mainly detected at day 35, and then decreased. At day 113, α-Proteobacteria was the dominant class mainly due to the high number of sequences associated with Sphingomonas (7/16). Other Proteobacteria were detected at day 222, especially Pseudomonas,representing14%of total sequences (4/29). Actinobacteria were dominant after 222 days. In this case, the dynamics of the microorganisms belonging to this phylum evolved over time with Rhodococcus strains identified at days 35 and 113, and at day 222, Mycobacterium became the most dominant population identified in the DGGE sequences (6/29). The number of amplicons affiliated with Bacteroidetes was only slightly affected during incubation while the identity of bacterial strains changed over time. Other less abundant bacterial phyla/classes were detected only once in our pool of sequences and mainly at day 222.

Fifteen bacterial strains were isolated from Mix3 at day 113, but only six of them were identified among the DGGE sequences obtained, including R. wratislaviensis IFP 2016 and Sphingomonas species (Table 1). By targeting the 16S rRNA gene in DNA extracted from these pure strains, we confirmed the ability of these primers to amplify this gene in seven other strains (data not shown). Only Micrococcinea sp. and the nitrite-oxidizing bacterium Nitrobacter hamburgensis were not detected using PCR-DGGE.

Degradation capacities of Mix3 and isolated bacterial cultures

Mix3 was tested for its capacity to degrade the mixture of 16 compounds, each provided at a relatively low concentration (7.5 mg liter -1 ). After 113 days of incubation, the residual substrates were measured, and the results are presented in Table 2. Mix3 was able to completely degrade the majority of compounds tested in the mixture (13 compounds). Isooctane and MTBE were partially degraded (below 40 %). TBA was the only compound not degraded and also accumulated from the partial degradation of MTBE and ETBE. Strains that were isolated from Mix3 were similarly tested to determine their biodegradation profiles. R. wratislaviensis IFP 2016 and R. aetherivorans IFP 2017 degradation profiles included in the table for comparison were presented previously (1). Pseudomonas sp. and Mesorhizobium sp. had the capacity to degrade a broad range of compounds including all of the BTEXs, naphthalene, and cyclohexanol. The majority of the other strains showed limited or no degradation capacities (Table 1). A strain of slow-growing Mycobacterium was also isolated but not studied further.

Gene expression of catabolic genes associated with mixture degradation

The kinetics of gene expression in Mix3 during exposure to the mixture of 16 compounds was studied from 2 to 12 h, and the abundance (%) of different categories of transcripts associated with different bacterial phyla was calculated. More than 95 % of transcripts expressed by Mix3 were associated with Actinobacteria (Fig. 1a). Other transcripts were expressed by Proteobacteria (3.09±0.21 %), Firmicutes (0.66±0.46 %) and Bacteroidetes (0.25±0.06 %), and some minor phyla (Fig. 1b). The relative abundance of transcripts associated with nutrient metabolism (nitrogen, phosphorous, or potassium) or metabolism of aromatic compounds was enhanced during induction (Table S1).

Transcripts encoding catabolic activities potentially involved at different stages of the degradation of the different substrates were identified based on KO and subsystem data bases in MG-RAST. The most abundant transcripts, encoding monooxygenases and dioxygenases, were related to alkane, cyclohexane, or aromatic compound degradation (Fig. 2a), including transcripts associated with extradiol/ intradiol aromatic-ring-cleavage (Fig. 2b). A similar analysis was performed to determine the importance of Rhodococcus or other dominant bacteria in transcript abundance for each gene identified in Fig. 2. The majority of these genes were highly expressed after 2 or 4 h of induction in the presence of the mixture. The most abundant transcript encoded a biphenyl 2,3-dioxygenase, representing 1.93 % of total mRNA, the expression of which decreased at 6 h. Generally, Rhodococcus transcripts comprised the majority of total transcripts with at least 98 % being related to biphenyl 2,3-dioxygenase. The relative abundance of catechol 2,3-dioxygenase and protocatechuate 3,4-dioxygenase was significantly higher (p<0.01) than catechol 1,2-dioxygenase and protocatechuate 4,5-dioxygenase. Two peaks of alkB transcripts were observed after 6 and 10 h with a reduction in the relative abundance of alkB transcripts at 8 h. Variability in the transcription level was detected for alkB depending on the induction time. Lower values were found at 2 and 10 h representing at least 73 % of the alkB transcripts. Other populations such as Mycobacterium were more active at these two times. Transcripts associated with cyclohexanone monooxygenase were mainly expressed at 4 h and then decreased. Rhodococcus cyclohexane and cyclohexanol degradation seemed constant with the percentage of cyclohexanone monooxygenase produced between 30.69 and 33.34 %, with a maximum at 6 h. Other cyclohexanone monooxygenase transcripts were expressed by different bacterial populations such as Acidovorax (at least 56 %) and Mycobacterium (at least 5 %) (Fig. 2, Table S2).

Lower degradation pathways were mainly found in Rhodococcus transcripts except for those encoding protocatechuate 4,5-dioxygenase that were rarely expressed in Mix3. 

Discussion

A bacterial consortium (Mix3) obtained after enrichment on a mixture of 16 petroleum hydrocarbon compounds was characterized to determine the presence of dominant bacterial populations, to evaluate the degradation capacities, and to identify the catabolic genes expressed during degradation.

Dynamics of the bacterial population and degradation capacities in Mix3

Although the resolution of the PCR-DGGE technique is commonly accepted as capable of detecting population members that represent 1 % or more of the total population, it remains a valuable technique to screen the dominant members in environmental samples [START_REF] Fromin | Statistical analysis of denaturing gel electrophoresis (DGE) fingerprinting patterns[END_REF][START_REF] Marzorati | How to get more out of molecular fingerprints: practical tools for microbial ecology[END_REF].

In this study, we used two different sets of PCR primers to improve the resolution of the dominant members of the bacterial community during enrichment.

As shown by PCR-DGGE and amplicon sequencing, the community composition was highly diverse and a succession was observed of the dominant bacterial populations including R. wratislaviensis IFP 2016 (day 35), Sphingomonas (day 113), Mycobacterium (day 222), and Pseudomonas (day 222) species. This bacterial succession during degradation was previously reported in contaminated sites with specific populations associated with the different phases of substrate degradation [START_REF] Vinas | Bacterial community dynamics and polycyclic aromatic hydrocarbon degradation during bioremediation of heavily creosote-contaminated soil[END_REF][START_REF] Chaillan | Identification and biodegradation potential of tropical aerobic hydrocarbon degrading microorganisms[END_REF]J o n e s et al. 1983;[START_REF] Kaplan | Bacterial succession in a petroleum land treatment unit[END_REF]. Although bands associated with Sphingomonas, Mycobacterium, and Pseudomonas species were detected by PCR-DGGE as dominant bacteria in Mix3, only Pseudomonas showed degradation capacities in the presence of the mixture of compounds, mainly degrading alkanes and monoaromatic compounds [START_REF] Shim | Kinetics of BTEX biodegradation by a coculture of Pseudomonas putida and Pseudomonas fluorescens under hypoxic conditions[END_REF][START_REF] Van Beilen | Analysis of Pseudomonas putida alkanedegradation gene clusters and flanking insertion sequences: evolution and regulation of the alk genes[END_REF]. The Mycobacterium strain isolated, apparently related to slow-growing mycobacteria (98 % identity with Mycobacterium sp.) was not evaluated in this study, but several fast-growing Mycobacterium strains have been shown to be able to degrade recalcitrant compounds including [START_REF] Nicolau | Biodegradation of 2-ethylhexyl nitrate by Mycobacterium austroafricanum IFP 2173[END_REF][START_REF] Lopes-Ferreira | Genes involved in the methyl tert-butyl ether (MTBE) metabolic pathway of Mycobacterium austroafricanum IFP 2012[END_REF]. The degradation of recalcitrant compounds and the slow growth of Mycobacterium may explain the detection of this genus at the end of this experiment.

The degradation of polycyclic aromatic hydrocarbons by Sphingomonas was reported by [START_REF] Daugulis | Microbial degradation of high and low molecular weight polyaromatic hydrocarbons in a two-phase partitioning bioreactor by two strains of Sphingomonas sp[END_REF]. Although Sphingomonas was also detected by PCR-DGGE in Mix3 at day 113, the isolated strain did not show any degradation capacity even in the presence of naphthalene.

It has been documented that Actinobacteria and Rhodococcus species, in particular, have broad degradation capacities towards the compounds tested in this study, including the more recalcitrant substrates [START_REF] Auffret | Degradation of a mixture of hydrocarbons, gasoline, and diesel oil additives by Rhodococcus aetherivorans and Rhodococcus wratislaviensis[END_REF][START_REF] Nicolau | Biodegradation of 2-ethylhexyl nitrate by Mycobacterium austroafricanum IFP 2173[END_REF]Cho 2008, 2009). Moreover, R. wratislaviensis IFP 2016 was detected in DGGE bands corresponding to one of the dominant bacteria at days 35 and 113 and showed a broad degradation capacity [START_REF] Auffret | Degradation of a mixture of hydrocarbons, gasoline, and diesel oil additives by Rhodococcus aetherivorans and Rhodococcus wratislaviensis[END_REF].

Other bacteria showed interesting degradation capacities, like Mesorhizobium for BTEX and naphthalene and Acidovorax for cyclohexanol degradation. Both strains were isolated but not detected in the DGGE bands during Mix3 enrichment indicating that both are minor populations. As far as we know, there is no information about the hydrocarbon biodegradation capacities of isolated Mesorhizobium species, but some have been shown to be present in PAH-degrading consortia [START_REF] Jiménez | Polyphasic approach for assessing changes in an autochthonous marine bacterial community in the presence of Prestige fuel oil and its biodegradation potential[END_REF]W angetal.2008). It has been shown that the presence of bacterial strains detected in DGGE bands or isolated and showing no degradation capacities towards a chemical could be associated with other bacterial activities like nutrient metabolism (e.g., nitrogen) or amino acids and their derivatives [START_REF] Smith | Determining the metabolic footprints of hydrocarbon degradation using multivariate analysis[END_REF].

The absence of degradation of TBA by Mix3 which had a broad degradation range was unexpected and showed that this capacity may be rare in soils. This is in agreement with studies showing TBA accumulation in MTBE- [START_REF] Martienssen | Determination of naturally occurring MTBE biodegradation by analysing metabolites and biodegradation byproducts[END_REF] or ETBE-contaminated sites [START_REF] Fayolle-Guichard | Study of an aquifer contaminated by ethyl tert-butyl ether (ETBE): site characterization and on-site bioremediation[END_REF]. Accumulation of TBA in aquifers is of concern due to its potential toxicity and its high aqueous solubility.

Dynamics of transcripts in Mix3

To elucidate the role of each bacterial strain in Mix3 during degradation, metatranscriptomic analysis was performed. After a period of starvation, the majority of total transcripts and transcripts related to catabolic genes were expressed by Actinobacteria,especiallyRhodococcus and Mycobacterium, which were expressed early following the addition of the substrate mixture. Gram-positive Actinobacteria are specifically known to respond quickly to nutrient inputs in a variety of soils [START_REF] Ramirez | Consistent effects of nitrogen amendments on soil microbial communities and processes across biomes[END_REF]. It was reported that a small number of microbial species likely govern the majority of energy flux in hydrocarbon-contaminated soils [START_REF] Dejonghe | Bioaugmentation of soils by increasing microbial richness: missing links[END_REF]. Moreover, the level of transcripts produced by Rhodococcus was high and quite similar from 2 to 12 h, but the diversity of catabolic genes expressed was low. For example, only one possible pathway for the degradation of aromatic compounds was detected as revealed by the presence of biphenyl 2,3-dioxygenase. This enzyme is known to have a broad substrate range that includes naphthalene and BTEX degradation [START_REF] Baldwin | Broad substrate specificity of naphthalene-and biphenyl-utilizing bacteria[END_REF] and has been identified in many Rhodococcus species [START_REF] Takeda | Dual two-component regulatory systems are involved in aromatic compound degradation in a polychlorinated-biphenyl degrader, Rhodococcus jostii RHA1[END_REF]. A second transcript encoding 2,3-dihydroxybiphenyl 1,2-dioxygenase, produced in the lower part of this catabolic pathway, was also detected in Mix3 and mainly produced by Rhodococcus [START_REF] Mckay | Substrate specificity and expression of three 2,3-dihydroxybiphenyl 1,2-dioxygenases from Rhodococcus globerulus strain P6[END_REF].

Two peaks were detected for transcripts related to alkane-1monooxygenase production from Rhodococcus. The degradation of octane and hexadecane may explain the first peak that appeared after 6 h of induction [START_REF] Van Beilen | Analysis of Pseudomonas putida alkanedegradation gene clusters and flanking insertion sequences: evolution and regulation of the alk genes[END_REF]. The second peak could be explained by the presence of more recalcitrant compounds in the mixture like isooctane or 2-EHN. Degradation of both isooctane and 2-EHN by M. austroafricanum IFP 2173 has been reported and the involvement of an alkane-1-monooxygenase was proposed [START_REF] Nicolau | Biodegradation of 2-ethylhexyl nitrate by Mycobacterium austroafricanum IFP 2173[END_REF][START_REF] Solano-Serena | Degradation of isooctane by Mycobacterium austroafricanum IFP 2173: growth and catabolic pathway[END_REF]. Moreover, the level of transcripts encoding alkane-1-monooxygenase and expressed by Mycobacterium increased at 10 h, confirming this hypothesis.

TBA is the direct product of MTBE and ETBE degradation and is considered as a recalcitrant compound, often found as an accumulating intermediate (e.g., Mix3 or R. wratislaviensis IFP 2016). Bacterial strains known to degrade TBA directly or by syntrophy were not detected in Mix3 (Le [START_REF] Digabel | Ethyl tert-butyl ether (ETBE) biodegradation by a syntrophic association of Rhodococcus sp. IFP 2042 and Bradyrhizobium sp. IFP 2049 isolated from a polluted aquifer[END_REF][START_REF] Ferreira | n-Alkane assimilation and tert-butyl alcohol (TBA) oxidation capacity in Mycobacterium austroafricanum strains[END_REF]Mülleretal.2008).

Cyclohexane and cyclohexanol seemed to be degraded by Acidovorax and Rhodococcus and several minor bacterial populations, which were detected by the level of transcripts encoding for cyclohexanone monooxygenase (cyclohexanone degradation step). This result was previously reported in several Rhodococcus strains [START_REF] Auffret | Degradation of a mixture of hydrocarbons, gasoline, and diesel oil additives by Rhodococcus aetherivorans and Rhodococcus wratislaviensis[END_REF];L e ea n dC h o 2009). However, we did not identify the enzymatic activity responsible for the first step of cyclohexane degradation among the transcripts [START_REF] Brzostowicz | Proposed involvement of a soluble methane monooxygenase homologue in the cyclohexane-dependent growth of a new Brachymonas species[END_REF]. It is possible that the degradation of cyclohexane to cyclohexanol in Mix3 was carried out co-metabolically. Cyclohexane degradation by R. wratislaviensis IFP 2016, which was also able to grow on cyclohexanol, has been previously demonstrated [START_REF] Auffret | Degradation of a mixture of hydrocarbons, gasoline, and diesel oil additives by Rhodococcus aetherivorans and Rhodococcus wratislaviensis[END_REF].

Dominant transcripts associated with the lower parts of aromatic catabolic pathways were related to extradiol/ intradiol aromatic-ring-cleavage dioxygenases like catechol 2,3-dioxygenase and catechol 1,2-dioxygenase, which were also produced by Rhodococcus species, confirming the broad degradation capacities and the dominant role of Rhodococcus species. In addition, other dominant bacterial species detected in Mix3, like Sphingomonas, which was not directly involved in hydrocarbon biodegradation, may obtain carbon and energy through cross-feeding [START_REF] Derito | Use of fieldbased stable isotope probing to identify adapted populations and track carbon flow through a phenol-degrading soil microbial community[END_REF].

In conclusion, a bacterial consortium (Mix3) was enriched in the presence of a mixture of 16 hydrocarbons found in gasoline and diesel oil additives. This consortium was able to degrade 15 compounds, with the exception of TBA. This result was comparable to the degradation capacity detected in R. wratislaviensis IFP 2016. The role of other microorganisms may explain why the degradation capacity of Mix3 is higher than that of IFP 2016 alone. We also confirmed the major role of Rhodococcus spp. in the degradation of the mixture by metatranscriptomic analyses focusing on expressed catabolic genes. R. wratislaviensis IFP 2016 was one of the most abundant species in Mix3 and seemed to be the most active bacterial degrader, employing several catabolic pathways to degrade the 15 substrates present in the mixture. The adaptability and competitive capacity of this strain to rapidly respond to the presence of carbon substrates following a starvation period may explain its dominance in terms of the observed degradation activities and confirm the independent degradation scenario for most of the compounds tested in the mixture. Cooperative degradation was observed for cyclohexane, the most recalcitrant compound in the mixture. Our results highlight the fact that transcriptomic analysis is a powerful tool to specifically identify bacterial degraders that are not necessarily the most abundant species in a bacterial consortium.

The genome of R. wratislaviensis IFP 2016 is currently being sequenced, and both Mix3 and this Rhodococcus strain could be used to improve bioremediation processes [START_REF] Fayolle-Guichard | Study of an aquifer contaminated by ethyl tert-butyl ether (ETBE): site characterization and on-site bioremediation[END_REF]).

  isooctane, B benzene, T toluene, EthylB ethylbenzene, o-X o-xylene, p-X p-xylene, m-X m-xylene, Naph naphthalene, CycloX cyclohexane, CycloXol cyclohexanol, O octane, H hexadecane, 2-EHN 2hexylnitrate a The values are the means of triplicate test flasks. The extent of degradation was calculated as described in the "Material and methods" (Auffret et al. 2009) b Production of TBA from MTBE and ETBE degradation c Transformation of cyclohexane to cyclohexanone d Results published in Auffret et al. 2009
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 1 Fig. 1 Dynamics of taxonomic transcripts in Mix3. a Major bacterial phyla transcripts. b Zoom of less abundant transcripts from a. Blue: Actinobacteria, Red: Bacteroidetes, Green: Firmicutes, Purple:

Fig. 2

 2 Fig. 2 Dynamics of catabolic gene transcripts in Mix3. a Most abundant bacterial catabolic gene transcripts normalized to 100,000 reads of total transcripts. Catabolic gene transcripts produced by Rhodococcus spp.: B biphenyl 2,3-dioxygenase; A alkane-1-monooxygenase; P 2,3dihydroxybiphenyl 1,2-dioxygenase; C cyclohexanone monooxygenase. Similar catabolic gene transcripts produced by other bacterial genera: Others B: Polaromonas naphthalenivorans. Others A: Mycobacterium sp., Nocardioides. Others P: Burkholderia xenovorans, Mycobacterium vanbaalenii, Nakamurella multipartita, Pseudomonas putida, Thermomonospora curvata sp. Others C: Burkholderia sp., Marinobacter aquaeolei, Sorangium cellulosum, Novosphingobium aromaticivorans, Parvibaculum lavamentivorans. b Less abundant

Table 1

 1 Identification of bacterial sequences detected in Mix3 by PCR-DGGE Comparison of the degradation capacities of a mixture of 16 compounds by Mix3 and individual bacterial isolates

	Phylum/class	OTUs a identity b /16S ribosomal	Day 35	Day 113	Day 222
		RNA gene			
	Acidobacteria	Unc. Acidobacteria	ND	1	ND
	Actinobacteria	Actinotalea sp.	ND	1	ND
	Actinobacteria	Cryocola antiquus	ND	ND	1
	Actinobacteria	Gordonia sp.	1	ND	ND
	Actinobacteria	Mycobacterium moriokaense	ND	ND	6
	Actinobacteria	Rw strain IFP 2016	21	N D
	Actinobacteria	Unc. Actinobacteria	ND	2	1
	α-Proteobacteria	Kaistobacter sp.	ND	ND	1
	α-Proteobacteria	Rhodopseudomonas faecalis	11	1
	α-Proteobacteria	Sphingomonas sp.	ND	7	3
	Bacteroidetes	Empedobacter sp.	1	ND	ND
	Bacteroidetes	Ferruginibacter sp.	1	1	2
	Bacteroidetes	Flavobacterium sp.	1	ND	ND
	Bacteroidetes	Shewanella sp.	1	ND	ND
	Bacteroidetes	Terrimonas sp.	ND	1	1
	Bacteroidetes	Unc. Chitinophagaceae	ND	ND	1
	β-Proteobacteria	Alcaligenaceae bacteria	1	ND	ND
	β-Proteobacteria	Alicycliphilus sp.	2	ND	ND
	β-Proteobacteria	Burkholderia sp.	1	ND	ND
	β-Proteobacteria	Castellaniella sp.	ND	1	1
	β-Proteobacteria	Comamonas nitrativorans	1N D	N D
	β-Proteobacteria	Pusillimonas sp.	1	ND	1
	δ-Proteobacteria	Byssovorax sp.	ND	ND	1
	ε-Proteobacteria	Unc. ε-Proteobacteria	ND	ND	1
	Gemmatimonadetes	Unc. Gemmatimonadetes	ND	ND	1
	γ-Proteobacteria	Pseudomonas sp.	ND	ND	4
	γ-Proteobacteria	Rhodanobacter lindaniclasticus	ND	ND	1
	Planctomycetes	Unc. Planctomycetacia	ND	ND	1
	Other	Candidate division TM6 bact.	ND	ND	1
	Total of individual sequences		13	16	29

Most of the visible DGGE bands on the gels and corresponding to dominant bacterial populations were analyzed by sequencing. Items set in bold are strains isolated at day 113 OTUs operational taxonomic units, Unc. uncultured, Rw Rhodococcus wratislaviensis, ND not detected a All identical sequences were grouped in the same operational taxonomic unit b Only sequences with a % identity >90 % were considered
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