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Glyphosate-degrading behaviour of five bacterial strains isolated from stream biofilms
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The present study investigates the individual degrading behaviour of bacterial strains isolated from glyphosate-degrading stream biofilms. In this aim, biofilms were subjected to enrichment experiments using glyphosate or its metabolite AMPA (aminomethyl phosphonic acid) as the sole phosphorus source. Five bacterial strains were isolated and taxonomically affiliated to Ensifer sp. CNII15, Acidovorax sp. CNI26, Agrobacterium tumefaciens CNI28, Novosphingobium sp. CNI35 and Ochrobactrum pituitosum CNI52. All strains were capable of completely dissipating glyphosate after 125 to 400 h and AMPA after 30 to 120 h, except for Ensifer sp. CNII15 that was not able to dissipate glyphosate but entirely dissipated AMPA after 200 h. AMPA dissipation was overall faster than glyphosate dissipation. The five strains degraded AMPA completely since formaldehyde and/or glycine accumulation was observed.

During glyphosate degradation, the strain CNI26 used the C-P lyase degradation pathway since sarcosine was quantitatively produced, and C-P lyase gene expression was enhanced 30× compared to the control treatment. However, strains CNI28, CNI35 and CNI52 accumulated both formaldehyde and glycine after glyphosate transformation suggesting that both C-P lyase and/or glyphosate oxidase degradation pathways took place. Our study shows different and complementary glyphosate degradation pathways for bacteria co-existing in stream biofilms.

1.

INTRODUCTION

Streams and rivers account for the most impacted ecosystems on the planet since they have been heavily exploited by humans and often used as final receptors of pollution [START_REF] Meybec | Global analysis of river systems: from Earth system controls to Anthropocene syndromes[END_REF]. Urbanization, industry, land-use changes and watercourse alterations are the main proximate causes at the origin of river ecosystems changes which results in physical habitats and water chemistry alterations, and shifts in aquatic biodiversity, among other consequences [START_REF] Malmqvist | Threats to the running water ecosystems of the world[END_REF]. Alterations in water chemistry have existed for millennia in streams and rivers [START_REF] Meybeck | The quality of rivers: from pristine stage to global pollution[END_REF] and the increasing global chemical pollution of surface waters with largely unknown short and long-term effects on aquatic life and on human health is one of the key problems facing humanity [START_REF] Schwarzenbach | Global water pollution and human health[END_REF].

Therefore, the necessity of limiting threats of problematic chemicals at their source instead of costly remediation processes have been widely proposed in the scientific literature [START_REF] Vörösmarty | Global threats to human water security and river biodiversity[END_REF][START_REF] Schwarzenbach | Global water pollution and human health[END_REF] and suggested in national and international policies (Ecophyto II+ 2018, [START_REF] Lamichhane | Towar a reduced reliance on convetional pesticide in european agriculture[END_REF], Directive 2009/128/EC).

Because biofilms constitute a highly reactive surface area for the sorption and metabolism of contaminants in running waters [START_REF] Araya | Change in the bacterial community of natural river biofilm during biodegradation of aniline-derived compounds determined by denaturing gradient gel electrophoresis[END_REF][START_REF] Lawrence | Sorption and metabolism of selected herbicides in river biofilm communities[END_REF][START_REF] Tien | Biodegradation of carbamate pesticides by natural river biofilms in different seasons and their effects on biofilm community structure[END_REF], their study to alleviate specific water pollution problems becomes a potential solution.

However, few studies have investigated the natural potential of aquatic biofilms for the removal of chemicals (e.g. Wang et al. 2016b[START_REF] Carles | Meta-analysis of glyphosate contamination in surface waters and dissipation by biofilms[END_REF].

Glyphosate (N-[phosphonomethyl] glycine) has become the most commonly used herbicide worldwide (Benbrook 2016, Duke and[START_REF] Duke | Glyphosate: a once-in-a-century herbicide Pest[END_REF] with about 600 to 750 thousand tonnes used annually in the world and an expected 740 to 920 thousand tonnes to be used by 2025 [START_REF] Maggi | The global environmental hazard of glyphosate use[END_REF]. The potential of glyphosate retention in topsoil layers is high due to its strong sorption on clay, iron and aluminium oxide particles [START_REF] Borggaard | Fate of glyphosate in soil and the possibility of leaching to ground and surface waters: a review[END_REF][START_REF] Okada | Adsorption and mobility of glyphosate in different soils under no-till and conventional tillage[END_REF][START_REF] Rampazzo | Adsorption of glyphosate and aminomethylphosphonic acid in soils[END_REF][START_REF] Sidoli | Glyphosate and AMPA adsorption in soils: laboratory experiments and pedotransfer rules[END_REF][START_REF] Vereecken | Mobility and leaching of glyphosate: a review[END_REF].

Consequently, the immediate leaching of aqueous glyphosate residue is relatively low.

However, 98 % of residues adsorbed onto these soil minerals are prone to remobilize if specific agricultural practices are applied (i.e. tillage and ploughing in combination with irrigation and soil pH variations, [START_REF] Maggi | The global environmental hazard of glyphosate use[END_REF]. [START_REF] Yang | Decay characteristics and erosion-related transport of glyphosate in Chinese loess soil under field conditions[END_REF] showed that up to 14 % of applied glyphosate is transported by runoff and suspended load from clay loam soil with a rain intensity of 1 mm/min for 1 h. Therefore, glyphosate and AMPA can reach streams and rivers through chronic and/or peak exposure events, the latter occurring over hours to a few days depending on the intensity and duration of rain events [START_REF] Daouk | Dynamics and environmental risk assessment of the herbicide glyphosate and its metabolite AMPA in a small vineyard river of the Lake Geneva catchment[END_REF]. Glyphosate and AMPA concentrations during peaks can reach up to hundreds of micrograms per litre, although basal concentrations rarely exceed a few micrograms per litre [START_REF] Battaglin | Glyphosate and its degradation product AMPA occur frequently and widely in US soils, surface water, groundwater, and precipitation[END_REF][START_REF] Carles | Meta-analysis of glyphosate contamination in surface waters and dissipation by biofilms[END_REF]. Also, it must be noted that other sources of AMPA such as detergents, fire retardants, anti-corrosives and anti-scaling agents can enter streams and rivers through wastewater treatment plant effluents [START_REF] Grandcoin | AminoMethylPhosphonic acid (AMPA) in natural waters: Its sources, behavior and environmental fate[END_REF][START_REF] Nowack | Environmental chemistry of phosphonates[END_REF][START_REF] Struger | Sources of aminomethylphosphonic acid (AMPA) in urban and rural catchments in Ontario, Canada: Glyphosate or phosphonates in wastewater?[END_REF][START_REF] Studnik | Amino polyphosphonates-chemical features and practical uses, environmental durability and biodegradation[END_REF]. Generalized exposure to glyphosate makes aquatic microbial communities in sediments prone to acquire tolerance (Bonnineau, unpublished data) and develop transformation and/or mineralization capacities in periphyton [START_REF] Carles | Meta-analysis of glyphosate contamination in surface waters and dissipation by biofilms[END_REF][START_REF] Artigas | Dissolved organic matter does not promote glyphosate degradation in auto-heterotrophic aquatic microbial communities[END_REF].

Glyphosate degradation is essentially driven by microorganisms [START_REF] Mallat | Analysis and degradation study of glyphosate and of aminomethylphosphonic acid in natural waters by means of polymeric and ionexchange solid-phase extraction columns followed by ion chromatography-postcolumn derivatization with fluorescence detection[END_REF]. Up to now, two main biodegradation pathways have been described (Figure 1): i) the glyphosate oxidase pathway (or AMPA pathway), which involves the cleavage of the C-N bond of the glyphosate molecule by glyphosate oxidoreductase or glycine oxidase enzymes (+FAD), releasing both AMPA and glyoxylate. Glyoxylate is further metabolized into glycine or via the glyoxylate cycle into microbial biomass and carbon dioxide [START_REF] Borggaard | Fate of glyphosate in soil and the possibility of leaching to ground and surface waters: a review[END_REF], while AMPA can be degraded by C-P lyase enzymes, releasing inorganic phosphorus and methylamine, the latter being degraded into formaldehyde and incorporated into microbial biomass. And ii) the C-P lyase pathway (or sarcosine pathway), which involves the cleavage of the C-P bond of the glyphosate molecule by C-P lyase enzymes (encoded by the phn operon, [START_REF] Hove-Jensen | Utilization of glyphosate as phosphate source: biochemistry and genetics of bacterial carbon-phosphorus lyase[END_REF], releasing both inorganic phosphate and sarcosine.

Sarcosine may further degrade into glycine and formaldehyde by sarcosine oxidase to finally incorporate the microbial biomass. The prevalent glyphosate degradation pathway employed by bacteria is the sarcosine pathway (13 strains) followed by the AMPA pathway (8 strains) and some strains are able to use both AMPA and sarcosine pathways (4 strains) [START_REF] Zhan | Recent advances in glyphosate degradation[END_REF]. In addition, molecular dynamics simulation studies confirmed the stability of the enzyme-substrate complex for glyphosate oxidoreductase and C-P lyase demonstrating that both enzymes could be preferred in glyphosate biodegradation [START_REF] Bhatt | Binding interaction of glyphosate with glyphosate oxidoreductase and C-P lyase: Molecular docking and molecular dynamics simulation studies[END_REF]. The occurrence of either of these pathways in aquatic systems is still unknown, though projections indicate that the oxidative pathway prevails in soils worldwide [START_REF] Maggi | The global environmental hazard of glyphosate use[END_REF]. Up to now, most of the bacterial strains studied are capable to convert glyphosate to AMPA (Pseudomonas sp. SG-1 [START_REF] Talbot | Glyphosate utilization byPseudomonas sp. andAlcaligenes sp. isolated from environmental sources[END_REF], Agrobacterium radiobacter SW9 [START_REF] Mcauliffe | Glyphosate Degradation by Agrobacterium-Radiobacter Isolated from Activated-Sludge[END_REF]) and Ochrobactrum anthropi GPK 3 [START_REF] Sviridov | Distribution of glyphosate and methylphosphonate catabolism systems in soil bacteria Ochrobactrum anthropi and Achromobacter sp[END_REF])), even in bacteria that have never been exposed to glyphosate previously, possibly highlighting widespread detoxification mechanisms [START_REF] Sviridov | Microbial degradation of glyphosate herbicides (Review)[END_REF]. Furthermore, the C-P bond has been reported to be cleaved by several other strains (Achromobacter sp. MPS 12A [START_REF] Sviridov | Distribution of glyphosate and methylphosphonate catabolism systems in soil bacteria Ochrobactrum anthropi and Achromobacter sp[END_REF] and Arthrobacter sp. GLP-1 [START_REF] Pipke | Uptake of glyphosate by an Arthrobacter sp[END_REF]). This highlights the ability of microbes to use both glyphosate and AMPA as a carbon (C) and phosphorus (P) source for their metabolism, although this has been shown to be closely linked with dissolved nutrient availability in water [START_REF] Carles | Meta-analysis of glyphosate contamination in surface waters and dissipation by biofilms[END_REF][START_REF] Hove-Jensen | Utilization of glyphosate as phosphate source: biochemistry and genetics of bacterial carbon-phosphorus lyase[END_REF][START_REF] Sviridov | Glyphosate: safety risks, biodegradation, and bioremediation[END_REF][START_REF] Zhang | Answers to the carbon-phosphorus lyase conundrum[END_REF][START_REF] Bazot | Simultaneous mineralization of glyphosate and diuron by a consortium of three bacteria as free-and/or immobilized-cells formulations[END_REF]. However, it must be noted that most of the knowledge so far comes from bacteria isolated from soils and activated sludge while few studies have investigated glyphosate degradation pathways by bacteria in streams and rivers [START_REF] Zhan | Recent advances in glyphosate degradation[END_REF][START_REF] Jacob | Metabolism of Glyphosate in Pseudomonas Sp Strain Lbr[END_REF].

In order to improve our knowledge on glyphosate and AMPA biodegradation potential in streams, we used glyphosate-degrading biofilms [START_REF] Carles | Meta-analysis of glyphosate contamination in surface waters and dissipation by biofilms[END_REF]) in enrichment cultures using glyphosate as the sole P source. Five bacterial strains were isolated and their ability to use glyphosate and AMPA as P source investigated. Each strain was tested separately for glyphosate and AMPA degradation and compared to a control supplemented with K 2 HPO 4 .

Glyphosate and its metabolites (AMPA, sarcosine, formaldehyde and glycine) were analysed during experiments in order to identify the degradation pathway(s) used by each strain.

Because our study is the first literature report of an Acidovorax sp. strain capable to degrade glyphosate, we focused on the molecular mechanisms of the strain Acidovorax CNI26 responsible for glyphosate/AMPA degradation. We first hypothesize faster degradation of AMPA than glyphosate since AMPA is easier to degrade and less toxic for aquatic microorganisms compared to glyphosate. Accordingly, the biomass growth of strains will also be faster with AMPA than glyphosate. Second, the Acidovorax CNI26 strain is expected to rapidly overexpress the C-P lyase gene in the presence of AMPA, while overexpression on both C-P lyase and glyphosate oxidase genes can be displayed in the presence of glyphosate.

The expression of these two genes will depend on glyphosate and AMPA concentration variation in the media throughout the experiment. The objectives of this study were i) to analyse the glyphosate and AMPA-degrading behaviour of five bacterial strains isolated from stream biofilms and ii) to investigate the pathway employed by the strain Acidovorax CNI26 to degrade glyphosate and AMPA by targeting the C-P lyase and glyphosate oxidase genes. were prepared by adding 1.5 % (w/v) agar into the liquid media.

MATERIALS AND METHODS

Chemicals and media

Enrichment cultures and isolation of bacteria

Glyphosate-and AMPA-enrichment cultures as described by [START_REF] Batisson | Isolation and characterization of mesotrione-degrading Bacillus sp. from soil[END_REF] were run with stream biofilms from [START_REF] Carles | Meta-analysis of glyphosate contamination in surface waters and dissipation by biofilms[END_REF]. From this experiment, we selected river biofilms (namely, Ups_LowP_LowG and Dws_LowP_HighG), having proven their strong capacity to dissipate glyphosate without AMPA accumulation in the media, for subsequent isolation of glyphosate/AMPA-degrading strains. Biofilms were scraped, pooled, and suspended in 2 mL of sterile 0.8 % NaCl solution. Biofilm suspensions were then centrifuged (13,000 g, 10 min at 4 °C), and the pellet was washed three times with 2 mL of sterile 0.8 % NaCl solution in order to remove glyphosate or AMPA residues. Biofilm pellets were suspended in 2 mL of sterile 0.8 % NaCl solution and homogenised. This biofilm suspension was used as the inoculum for enrichment cultures.

A volume of 125 µL of each biofilm suspension was added to 12.5 mL of MOPS CN media supplemented with glyphosate (0.5 mM) in 50 mL flasks. Phosphorus contained in the glyphosate molecule was the only source of P in the culture media. Two additional enrichment steps were carried out every 3 weeks by sub-culturing 125 µL of the culture into 12.5 mL of fresh medium containing 2 and 4 mM of glyphosate, respectively. During the enrichment culture steps, the flasks were incubated at room temperature in an orbital shaker at 100 rpm in the dark. The cultures were sampled at the beginning (day 0) and the end (day 21)

of each enrichment step to determine glyphosate concentration (see details in section 2.4). At the end of the third enrichment step, cultures were spread for bacterial isolation on MOPS CN agar plates containing the same glyphosate concentrations as in liquid MOPS CN (4 mM). Pure colonies were tested separately for their capacity to transform glyphosate and AMPA in liquid MOPS CN media containing 0.5 mM of glyphosate. Liquid cultures were incubated and sampled for glyphosate and AMPA concentration determination at the same incubation conditions described above. Among the isolates, 5 pure strains degrading glyphosate and/or AMPA in MOPS CN medium were selected for further chemical and molecular characterization.

Identification and phylogenetic analysis of bacteria

The identification of the 5 strains degrading glyphosate and/or AMPA was carried out by 16S rDNA gene sequencing as described by [START_REF] Batisson | Isolation and characterization of mesotrione-degrading Bacillus sp. from soil[END_REF]. The sequences were deposited in GenBank under the accession numbers MN017826, MN017827, MN017828, MN017829 and MN017830, corresponding to isolates CNII15, CNI26, CNI28, CNI35 and CNI52, respectively.

Phylogenetic analysis based on 16S rDNA gene sequences was carried out by multiple alignments (Clustal Ω) followed by the construction of a phylogenetic tree (MEGA 6.0 software). In addition to the 16S rDNA sequences of the 5 newly isolated strains (present study), sequences from previously isolated glyphosate-degrading strains were also included in the analysis. Only one sequence per genus was included in the analysis, either the 16S rDNA gene sequence of the glyphosate-degrading strain described, or the sequence of a corresponding genus/species if the 16S rDNA degrading strain sequence was not available.

Biodegradation tests with bacteria

The use of glyphosate, AMPA and K 2 HPO 4 as P sources by the five strains was determined separately. These strains were inoculated at 10 5 cell mL -1 in 120 mL of MOPS CN liquid media supplemented with 0.132 mM of P-equivalents of glyphosate, AMPA or K 2 HPO 4 in 225mL polyethylene flasks. Non-inoculated media served as abiotic controls. Each experiment was carried out in triplicate. The cultures were incubated in the dark at room temperature and 100 rpm agitation for 2 weeks. Six samplings were performed (6 × 1 mL) to monitor strain growth (Optical Density OD λ = 600nm ) and variation in concentrations of glyphosate, AMPA, K 2 HPO 4 , sarcosine, formaldehyde and glycine over time. The same experiment was repeated later on, in the exact same conditions and 5 mL of culture was recovered to assess gene expression kinetics of C-P lyase and glyphosate oxidase in the CNI26 strain. All samples were kept frozen at -20 °C before glyphosate and glyphosate-metabolite concentration analysis.

Bacterial Abundance: Bacterial abundance during biodegradation tests was estimated in triplicate using a conversion factor obtained from the correspondence curves between optical density at 600 nm and cell counting on flow cytometry. For each of the five bacterial strains, correspondence curves were obtained by following the growth of one colony in 10 mL of MOPS CN liquid media supplemented with 0.132 mM of K 2 HPO 4 every 24 hours during one week. Samples were first measured for OD 600 and then fixed with formaldehyde (2 %, final concentration) before flow cytometry analysis. Twenty-five microliters of fixed bacterial suspension was diluted 10-fold in TE buffer (10 mM Tris, 1 mM EDTA) and stained with 2.5 μL of SYBR Green I before counting bacterial cells with a BD FACSCalibur flow cytometer (15 mW at 488 nm, Becton Dickinson, USA). Correspondences obtained were 1 AU = 5 × 10 8 cell mL -1 for CNI15, 2.8 × 10 8 cell mL -1 for CNI26, 4.2 × 10 8 cell mL -1 for CNI28, 5 × 10 8 cell mL -1 for CNI35 and 8,2 × 10 8 cell mL -1 for CNI52.

Glyphosate and metabolites concentration: Glyphosate and AMPA concentrations were determined in triplicate from 1 mL of culture media following the method of Wang et al. ) concentration was determined in triplicate from 1 mL of culture media using a spectrophotometer (890 nm, Genesys TM 20, ThermoSpectronic, NY, USA) according to the protocol of [START_REF] Murphy | A modified single solution method for the determination of phosphate in natural waters[END_REF].

C-P lyase and glyphosate oxidase genes in CNI26:

The genome of the strain CNI26 was sequenced and the diversity of C-P lyase and glyphosate oxidase genes was analysed to design specific primers for further gene expression experiments. The shotgun genomic library of CNI26 was prepared with the Hyper Library construction kit from Kapa Biosystems (Roche). The library was quantified by qPCR and sequenced on one MiSeq Micro flow cell for 251 cycles from each end of the fragments using a MiSeq 500-cycle sequencing kit version 2. The program used to perform de-novo genome assembly was Spades, version 3.11.1. The size of the assembly was 5.75Mb which means that the approx. genome coverage was 270×. The assembly was fragmented in 89 scaffolds. We took the longest scaffold (700 kb) and compared it to the closest sequences retrieved in GenBank database using BLAST.

The top hit was CP003872.1 Acidovorax sp. KKS102. The genome assembly was annotated with Prokka v 1.3. Annotation results reveal the presence of one glycine oxidase gene copy and two C-P lyase pathway-encoding operons including genes for: transport proteins (phnCDE), known enzymatic activity in phosphonate catabolism (phnIJMLN), auxiliary polypeptides involved in phosphonates catabolism (phnGHKL) [START_REF] Hove-Jensen | Utilization of glyphosate as phosphate source: biochemistry and genetics of bacterial carbon-phosphorus lyase[END_REF].

The qPCR primers were specifically designed in this study for the strain Acidovorax sp.

CNI26 using Primer3Plus [START_REF] Untergasser | Primer3Plus, an enhanced web interface to Primer3[END_REF]). The primers used were CP-lyasesF (5'-CCA CCC YTT TGA RGT GCA GC-3') and CP-lyasesR (5'-CCT GGC AAT AGT CSG AG-3') for the C-P lyase gene expression and GlyoxF (5'-CTA CAT CGC GCC CAA ACA AG-3') and GlyoxR (5' ATT GTG TGG CCA GCT CCA G 3') for glycine oxidase expression.

RT-qPCR analysis on glyphosate-degrading genes was performed using total RNA extracted from strain CNI26 exposed to glyphosate, AMPA and K 2 HPO 4 as P source in triplicate. RNA samples were taken at the middle and the end of the exponential decay phases et al. (2009). Briefly, bacteria were mechanically lysed with the PreCellys 24 system (Bertin Technologies, Montigny le Bretonneux, France) at a speed of 6.5 m s -1 for two consecutive cycles of 30 s. After acid phenol and TRIzol® extraction, total RNA was precipitated with isopropanol and treated with 10 units of TURBO DNase. After a second phenol-chloroform extraction and ethanol precipitation, RNA pellets were suspended in DEPC-treated water. The efficiency of the DNase treatment was checked by PCR using the 16S BAC338f/515r primers [START_REF] Borrel | Stratification of Archaea in the Deep Sediments of a Freshwater Meromictic Lake: Vertical Shift from Methanogenic to Uncultured Archaeal Lineages[END_REF]. RNA concentration in the extracts was quantified with the Qubit system (Thermo Fisher Scientific). Extracted RNA was then converted into cDNA with the SuperScript III Reverse Transcriptase kit (Invitrogen, USA) using Random Primers (Invitrogen) and according to the manufacturer's instructions. qPCR was performed in a CFX96 touch Real-Time PCR detection system (BioRad, USA) using the MESA GREEN qPCR Master Mix Plus kit (Eurogentec) coupled with white qPCR96-well plates (Eurogentec) in a final volume of 15 µL and using the C-P lyase and glycine oxidase primers described above. The qPCR conditions were as follows: initial denaturation at 95 ºC for 5 min, 40 cycles of denaturation at 95 ºC for 30 s, primer annealing at 60 ºC for 15 s and elongation at 72 ºC for 20 s. C-P lyase and glycine oxidase gene expressions were normalized using the 16S rRNA (BAC338f/515r) as the housekeeping gene.

Data treatment and statistical analyses

Bacterial growth during biodegradation experiments for each of the 5 isolated strains was fitted to the Gompertz growth model (SGompertz) according to the following equation:

Where Bt is the bacterial density (in cells mL -1 ) at time t, Max is the maximum amplitude of the curve (cells mL -1 ), Max 50 is the time required (hours) for bacterial density to increase 50 % of the initial value and m g is the growth rate coefficient (hours -1 ). Direct comparisons between treatments (glyphosate, AMPA) and control (K 2 HPO 4 ) for the Max All fittings were performed using the OriginPro 2016 software (Origin Lab Corporation, USA).

Statistical differences related to the bacterial growth kinetics parameters (Max, Max 50 and m g ) or glyphosate, AMPA and K 2 HPO 4 dissipation kinetics parameters (DT 50 and m d ) among the five isolated bacterial strains were assessed using multiple Kruskal-Wallis tests followed by separate pairwise comparison tests using the Tukey's contrast. The factors tested were strain (CNII15, CNI26, CNI28, CNI35 and CNI52), P-source (glyphosate, AMPA and K 2 HPO 4 ) and their interaction (strain × P source).

C-P lyase and glyphosate oxidase gene expression was expressed as the relative quantity of copies of genes in each of the P-source treatments (glyphosate, AMPA and K 2 HPO 4 )

following the model of [START_REF] Pfaffl | A new mathematical model for relative quantification in real-time RT-PCR[END_REF]:

where E is the primer efficiency, CqSiGi is the threshold cycle for the gene of interest (i.e. C-P lyase or glycine oxidase) and CqSiGR is the threshold cycle for the housekeeping gene (16S). Statistical differences between sampling times within glyphosate and AMPA treatments were performed for each gene separately using the Kruskal-Wallis test.

All the statistical analyses were computed using the R software Version 4.0.3 at the alpha threshold of 0.05.

RESULTS

Bacterial growth and taxonomic affiliation

Most of the strains were able to grow in the presence of K 2 HPO 4 , glyphosate or AMPA as unique P source, except CNII15 in the presence of glyphosate (Table 1, Figure S1). P treatments had a significant effect on the growth dynamics of bacterial strains; the lowest time required to increase bacterial density by 50 % (Max 50 ) was observed with K 2 HPO 4 (48.3 ± 5.3 days on average for the 5 strains), followed by AMPA (80.3 ± 21.9 days) and glyphosate (168.1 ± 37.9 days) (Kruskal-Wallis test, P < 0.001; 1).

Strain growth also varied within P treatments (Strain × P treatment, Table 2).

According to the Max 50 results, strain CNI28 grew faster in the presence of K 2 HPO 4 , strains CNI26 and CNI28 grew faster in the presence of AMPA, and finally, strain CNI26 grew faster in the presence of glyphosate (Tukey's test, P < 0.05; Table 1). Maximal bacterial density (Max) was not different among P treatments (P = 0.44), although an interaction effect existed between strains and P treatments (Table 2). Comparatively, the highest Max values in the presence of K 2 HPO 4 , AMPA and glyphosate were observed for strains CNI35, CNII15 and CNI52, respectively (Tukey's test, P < 0.05; Table 1). No statistical differences were observed for growth rates (m g ) among P treatments (P = 0.10) but strain x P treatment interaction existed for K 2 HPO 4 and AMPA (P < 0.05 both, Table 2). The highest m g values in the presence of K 2 HPO 4 and AMPA were observed for CNI52 and CNI28, respectively (Table 1). The strong variability of m g values among strains in the presence of glyphosate resulted in non-statistical differences.

Four out of the five isolated strains showed an affiliation with α-proteobacteria: S1). Only one sequence per genus has been included in the present analysis, either the 16S rDNA gene sequence of the glyphosate-degrading strain described, or the sequence of a corresponding genus/species if the degrading strain sequence was not available (NA). The alignment was performed with ClustalW. The tree was constructed with the Neighbor-Joining (N = 1000 bootstrap replicates) using MEGA6. Scale bar = 0.05 substitution per site.

Ensifer sp. ( CNII15 
Bootstrap percentages ≥ 50 % are indicated near tree nodes. For the glyphosate-degrading strains, the metabolism of glyphosate (source of carbon (C), nitrogen (N) and phosphorus (P))

and the main metabolite (AMPA (A), Sarcosine (S), formaldehyde (F), glycine (G) or unknown (U)) are also indicated on the right. 

Phosphorus, glyphosate and AMPA dissipation

Initial concentrations in P-equivalents of K 2 HPO 4 , AMPA and glyphosate averaged 117.1 ± 4.3 µM (C i ) and final concentrations dropped to 0 µM (C f ) for all P treatments and strains (Table 3). Accumulation of glyphosate and/or AMPA in strain biomass at the end of experiments was < 0.5 % of the initial amount of glyphosate and/or AMPA added. All the strains were able to use either of the above-mentioned compounds as sole P source, except CNII15, which was not able to use glyphosate (Figure 3). However, differences in dissipation kinetics between P treatments as well as among strains x P treatments were observed (Table 2). Average DT 50 values for K 2 HPO 4 and AMPA (34.8 ± 5.7 and 67.4 ± 22.1 hours, respectively) were higher compared to that of glyphosate (165.1 ± 46.2 hours; Tukey's test, P < 0.05; Table 3). This was confirmed by DT 50 /DT 50_K2HPO4 ratio calculations which displayed average ratio values ranging from 1.02 to 1.85 for AMPA and 2.22 to 6.60 for glyphosate.

Dissipation rates (m d ) were also higher for K 2 HPO 4 (0.53 ± 0.21 hours -1 ) and AMPA (0.29 ± 0.12 hours -1 ) compared to glyphosate (0.04 ± 0.01 hours -1 ) (Tukey's test, P < 0.05; Table 3).

The CNII15 strain was the only exception for slow AMPA dissipation reaching a DT 50 /DT 50_K2HPO4 ratio of 5.12 and m d of 0.05 ± 0.018 hours -1 .

The strain x P treatment interaction on the DT 50 parameter revealed faster AMPA dissipation by CNI26 and CNI28 strains (Tukey's test, P < 0.05) and faster glyphosate dissipation by CNI26 and CNI52 strains, although not statistically significant (P > 0.05, Table 3). Dissipation rates (m d ) differed between strains in the same manner that DT 50 did. For instance, the highest AMPA dissipation rates were found in CNI26 and CNI28 (0.662 and 0.464 hours -1 , respectively) while the highest glyphosate dissipation rates were found in CNI26 and CNI52 (0.055 and 0.056 hours -1 , respectively) (Tukey's test, P < 0.05). 

Metabolite production

In the glyphosate treatment, no AMPA accumulation was observed but varying concentrations of formaldehyde, glycine and sarcosine were detected depending on the strain tested (Figure 4A). Sarcosine was only detected in strain CNI26 at 19 % and 23 % of mass balance calculations at the intermediate and final sampling times. Accumulation of formaldehyde at intermediate and final sampling times (5.3 % and 14 %, respectively), and glycine in much lower concentrations (2.0 % and 2.4 %, respectively), were also observed in the CNI26 strain.

The metabolite production pattern was rather similar among CNI28, CNI35 and CNI52, accumulating more formaldehyde on average (13.8 % on average for the three strains) than glycine (3.2 %) at the final sampling time. As described above, metabolite production was negligible for CNII15 subjected to glyphosate since no dissipation was observed (Figure 4A).

In the AMPA treatment, all AMPA was transformed and few metabolites accumulated at the end of the experiment. Metabolites, mostly formaldehyde, were detected at the final sampling time in CNI15, CNI26 and CNI52 (1.16 % on average for the three strains, Figure 4B), whereas strains CNI28 and CNI35 accumulated both glycine (2.6 %) and formaldehyde (7.8 %) at the final sampling time. 

Glyphosate/AMPA degradation by Acidovorax sp. CNI26

A detailed analysis on metabolite formation by the CNI26 strain subjected to K 2 HPO 4 and AMPA treatments revealed stable and quite low concentrations of sarcosine and glycine throughout the experiment (< 10 µM, Figure 5A andB). Formaldehyde concentrations were below the limit of detection regardless of the treatment which contradicts the results obtained in section 3.3, where formaldehyde reached 14 % of mass balance calculations at the final sampling time for CNI26 (Figure 4). In the glyphosate treatment (Figure 5C), sarcosine production was observed along with the dissipation of glyphosate to reach a concentration value of 185 ± 0.6 µM after 168 hours of experiment, close to the initial glyphosate concentration supplied. The sarcosine results coincide with those described in section 3.3 for CNI26 and are in keeping with observations made for known -proteobacteria glyphosatedegrading strains in the literature (Figure 2).

The relative quantity of C-P lyase and glyphosate oxidase genes (corrected by the 16S rRNA gene) varied among P treatments. Both C-P lyase and the glyphosate oxidase genes increased their expression between 36 h and 48 h in the K 2 HPO 4 treatment and between 100 h and 124 h in the glyphosate treatment (Kruskal-Wallis test, P < 0.05; Figure 5D and F), although this increase was greater in the presence of glyphosate (30X in average) than in the presence of K 2 HPO 4 (10X in average). The opposite trend was observed in the case of the AMPA treatment. The expression of C-P lyase and glyphosate oxidase was overall greater at 36 h than at 48 h, although this difference was only statistically significant for the glyphosate oxidase gene (P < 0.05). The expression of C-P lyase at 36 h in the AMPA treatment was extremely variable (Figure 5E). 

DISCUSSION

Four out of the five bacterial strains (Acidovorax sp. CNI26, Agrobacterium tumefaciens CNI28, Novosphingobium sp. CNI35 and Ochrobactrum pituitosum CNI52) isolated from stream biofilms were able to completely dissipate AMPA between 30 to 120 hours and glyphosate between 125 to 400 hours when no alternative P source was available. These results are consistent with the literature as the utilization of glyphosate and AMPA as P sources have been reported as the most common metabolic pathway within bacteria in various environments (including soils, rhizosphere, and industrial effluents or activated sludge; Table S1). For instance, 23 out of 29 strains isolated metabolized glyphosate as P source, against 9 strains as C source and 4 strains as N source (Figure 2). Such generalized use of glyphosate and/or AMPA as P source could be explained by the widespread presence of the C-P lyase enzyme system encoded by the phn operon in bacteria (Hove-Jensen et al. 2014) which is responsible for C-P bond cleavage and inorganic phosphorus (Pi) transport and assimilation by cells [START_REF] Chen | Molecular biology of carbon-phosphorus bond cleavage. Cloning and sequencing of the phn (psiD) genes involved in alkylphosphonate uptake and C-P lyase activity in Escherichia coli B[END_REF][START_REF] Stosiek | Carbon-Phosphorus Lyase-the State of the Art[END_REF]. The only exception in our study was strain CNII15 which was not able to degrade glyphosate but completely dissipated AMPA in 200 hours. Indeed, the strain (Ensifer sp.CNII15) was neither capable to dissipate nor to grow on glyphosate suggesting: i) lack of adequate enzymatic machinery to metabolize glyphosate despite being able to metabolize AMPA, or ii) slow growth dynamics in the presence of glyphosate within 330 hours. It must be noted that the start of growth for CNII15 in the glyphosate treatment (OD 600 = 0.18) was observed at 334 hours (Rossi F. personal observation), without glyphosate dissipation, reinforcing the validity of our second hypothesis. When linking the 5 bacterial strains to their environmental origin, four out of the five strains (CNI26, CNI28, CNI35 and CNI52) were isolated from P-poor biofilms from an upstream section of the Artière River, whereas CNII15 was isolated from a P-rich biofilm from the downstream section of the same river [START_REF] Carles | Meta-analysis of glyphosate contamination in surface waters and dissipation by biofilms[END_REF]. Since the Artière River is characterized by a strong gradient of pesticide contamination between its upstream and downstream sections (including glyphosate and AMPA, [START_REF] Rossi | Stimulation or inhibition: Leaf microbial decomposition in streams subjected to complex chemical contamination[END_REF] [START_REF] Pedotti | Glyphosate resistance by engineering the flavoenzyme glycine oxidase[END_REF], or iii) a purely chemical difference between glyphosate and AMPA, the latter being less complex and consequently being much more easily cleaved to release P. The molecular analysis of Acidovorax sp. CNI26 revealed that the highest expression of glycine oxidase and CP-lyase genes was observed before reaching Max 50 in the presence of AMPA suggesting a decoupling between the expression of these genes and the increase of bacterial density. In contrast, the expression of glycine oxidase and CP-lyase genes was higher after reaching Max 50 in the presence of glyphosate, hypothesizing that the degrading gene expression and their activity could be linked to the bacterial cell number. Moreover, the faster dissipation of AMPA is favoured by the lower toxicity for aquatic microorganisms of AMPA compared to glyphosate [START_REF] Bonnet | Assessment of the potential toxicity of herbicides and their degradation products to nontarget cells using two microorganisms, the bacteria Vibrio fischeri and the ciliate Tetrahymena pyriformis[END_REF].

Differences [START_REF] Sviridov | Distribution of glyphosate and methylphosphonate catabolism systems in soil bacteria Ochrobactrum anthropi and Achromobacter sp[END_REF]. Despite the fact that the genetic potential for successful glyphosate/AMPA degradation seems rather generalized among environmental bacteria, the differences found among bacterial strains could be attributed to a range of factors including differences in i) cellular P requirements and P storage or ii) enzyme affinities and/or catalytic efficiencies for glyphosate and/or AMPA.

Metabolite concentration analyses shed some light on degradation pathways used by bacteria to degrade glyphosate and/or AMPA. On the one hand, the AMPA degradation pathway was similar among all the strains. After complete AMPA dissipation, the five strains accumulated very low concentrations of metabolites, mostly formaldehyde. Also, formaldehyde did not accumulate in the media probably because of incorporation in the microbial biomass via the tetrahydrofolate cycle (Wang et al. 2016b). On the other hand, strains CNI28, CNI35 and CNI52 accumulated formaldehyde and glycine after glyphosate transformation. Since no intermediary AMPA or sarcosine metabolites were detected, we can suggest that both C-P lyase and/or glyphosate oxidase degradation pathways could take place.

Very low concentrations of easily degradable metabolites are detected at the end of exponential decay phases for glyphosate in CNI28, CNI35 and CNI52 suggesting the incorporation of these metabolites in the microbial biomass or release in the form of CO 2 .

The glyphosate degradation pathway was different in the strain Acidovorax sp. CNI26, compared to CNI28, CNI35 and CNI52, since it accumulated sarcosine. Sarcosine results from the direct cleavage of the C-P bond by C-P lyases yielding sarcosine and Pi (Figure 1).

The detection of this metabolite proves, at least, the existence of the C-P lyase degradation pathway by CNI26 but does not exclude that both the C-P lyase and oxidative pathways were occurring in parallel. This is especially true when comparing the different accumulations of sarcosine and formaldehyde by CNI26 at the end of experiments I and II (see section 3.3 and 3.4). Unfortunately, not all glyphosate/AMPA metabolites were measured in this experiment (glyoxylate and methylamine were missing) to be able to better refine glyphosate/AMPA degradation pathways employed by the different bacterial strains.

The specific analysis of C-P lyase and glycine oxidase genes in Acidovorax sp. CNI26

revealed different expression patterns depending on P treatments. The increased expression of C-P lyase and glycine oxidase genes at 124 hours in the glyphosate treatment showed that i)

C-P lyase certainly contributed to sarcosine accumulation in the media and ii) glycine oxidase could contribute to parallel oxidation of sarcosine. Indeed, glycine oxidase from Bacillus subtilis [START_REF] Martínez-Martínez | Maximization of Production of His-Tagged Glycine Oxidase and Its M261 Mutant Proteins[END_REF]) and/or other microbial species [START_REF] Sviridov | Microbial degradation of glyphosate herbicides (Review)[END_REF] has been proven to be capable of oxidative deamination of various amines, including sarcosine. Consequently, the differences in sarcosine accumulation between the first and second experiments suggest that oxidation of sarcosine by glycine oxidase may become relevant in later stages of glyphosate decomposition [START_REF] Job | Glycine oxidase from Bacillus subtilis. Characterization of a new protein[END_REF]. In the AMPA treatment, expression levels of both C-P lyase and glycine oxidase were high at 36 hours indicating AMPA degradation by C-P lyase as well as methylamine degradation by glycine oxidase. The expression level of these two enzymes decreased at 48 h when neither AMPA nor metabolites remained in the media.

CONCLUSION

The present study show that stream biofilms can host bacterial species capable to grow and metabolize both glyphosate and AMPA and other species only capable to metabolize AMPA. ) Time (Hours)

A Table S1. Bacterial isolates known for their glyphosate-degrading activity. In addition to the 16S rDNA gene sequences of the 5 newly isolated strains (present study), sequences from previously isolated glyphosate-degrading strains were included in the phylogenetic analysis (Figure 2).

These sequences were taken from the studies listed by the review of [START_REF] Sviridov | Microbial degradation of glyphosate herbicides (Review)[END_REF], as well as from more recent studies. 

Figure 1 .

 1 Figure 1. Glyphosate and AMPA degradation pathways in the environment.

(

  2016a) with some modifications. Briefly, standards of glyphosate and AMPA (0-100 M) prepared on MOPS CN liquid media and culture samples were derivatized with 9-fluorenylmethylchloroformate (FMOC-CI) and analysed by HPLC (Waters Inc., MA, U.S.A) coupled with a Diode Array Detector (DAD) detector set at λ = 265 nm, and a reverse phase column (Phenomenex Kinetex EVO C18, 5 µm, 150 x 4.6 mm) at 22 °C. The mobile phase was made up of 5 mM ammonium acetate pH 9 (Solvent A) and methanol (Solvent B) at a flow rate of 1 mL min -1 , linear gradient 0-5 min: 80 % A; 5-11 min: 80-30 % A; 11-16 min: 30 % A; 16-20 min: 30-80 % A; 20-30 min: 80 % A. Glyphosate and AMPA were detected at 2.8 and 12.4 minutes retention time. Sample taken in triplicate were injected twice.Glyphosate and AMPA quantification in the strain's biomass was measured at the end of experiments following the method described in[START_REF] Carles | Meta-analysis of glyphosate contamination in surface waters and dissipation by biofilms[END_REF].Sarcosine, glycine and formaldehyde (MAK073-1KT, MAK261-1KT and MAK131-1KT, respectively) concentrations were determined fluorometrically in triplicate from 1 mL of culture media using assay kits purchased from Sigma Aldrich and following the manufacturer's recommendations. Measurements were performed on a Spark 10M (Tecan, Switzerland) multimode microplate reader. Excitation/emission wavelengths were set up to 535/587 nm for sarcosine and glycine concentration determination and 370/470 nm for formaldehyde concentration determination. Glycine concentration was also determined in K 2 HPO 4 and AMPA treatments as background control since glycine is a common metabolite produced by bacteria. The orthophosphate (PO 4 3-

  of glyphosate (100 and 124 hours) and AMPA (36 and 48 hours) dissipation curves observed in the previous biodegradation experiment. Five millilitres of the CNI26 bacterial culture were quickly sampled from each experimental condition, mixed with RNAlater® solution (1:1 v:v) and stored at 4 °C until RNA extraction. Before RNA extraction, bacteria were washed twice with 1X PBS. Total RNA was extracted according to the method described by Toledo-Arana

  50 parameter was achieved by the ratio Max 50_ treatment/Max 50_ control calculation. A ratio value < 1 indicates lower Max 50 values in the treatment (faster growth) than in the control, whereas a ratio > 1 indicates higher Max 50 values in the treatment (slower growth) than in the control. Dissipation kinetics of glyphosate, AMPA and K 2 HPO 4 molecules in the media during biodegradation experiments were fitted to a dose-response sigmoidal model (DosResp), according to the following equation: where Ct is the molecule concentration (µM) at time t, Ci the initial concentration of the molecule (µM), Cf the final concentration of the molecule (µM), DT 50 the time required to decrease the concentration of the molecule by 50 % of its initial concentration value (hours) and m d the dissipation rate coefficient (hours -1 ). Direct comparison between treatments (glyphosate and AMPA) and control (K 2 HPO 4 ) for the DT 50 parameter was achieved by the ratio DT 50 _treatment/DT 50_ control calculation. A ratio < 1 indicates lower DT 50 values in the treatment (faster dissipation) than in the control, whereas a ratio > 1 indicates higher DT 50 values in the treatment (slower dissipation) than in the control.

  ), Agrobacterium tumefaciens (CNI28), Novosphingobium sp. (CNI35) and Ochrobactrum pituitosum (CNI52), whereas only one showed affiliation with βproteobacteria: Acidovorax sp. (CNI26) (Figure2). The majority of known glyphosatedegrading strains in α-and β-proteobacteria use glyphosate as the source of P, whereas few exceptions use the herbicide as the source of C (Agrobacterium tumefaciens P5 and Achromobacter sp. CH1, Figure2).

Figure 2 .

 2 Figure 2. Phylogenetic analysis of the five bacterial strains isolated from stream biofilms, together with the known bacterial glyphosate-degrading strains based on 16S gene sequence (TableS1). Only one sequence per genus has been included in the present analysis, either the

Figure 3 .

 3 Figure 3. Dissipation kinetics of K 2 HPO 4 (A), AMPA (B) and glyphosate (C) for the five bacterial strains (CNII15, CNI26, CNI28, CNI35, CNI52). Fittings to the dose-response sigmoidal model (DosResp) are represented. Lines correspond to the model with mean parameters values for each condition. The values are means ± standard errors (n = 3) of the experimental data.

Figure 4 .

 4 Figure 4. Mass balance of glyphosate and metabolites in the glyphosate (A) and AMPA (B) treatments at initial (0 hours; I), intermediate (1/2 dissipation of glyphosate/AMPA; M) and final (complete dissipation of glyphosate/AMPA; F) times for the five bacterial strains.

Figure 5 .

 5 Figure 5. Kinetics of K 2 HPO 4 (A) AMPA (B) or glyphosate (C) dissipation along with metabolites formation (sarcosine, glycine and AMPA) for the CNI26 strain in the culture media exposed to either K 2 HPO 4 , AMPA or glyphosate. The values are means ± standard errors (n = 3) of the experimental data. The black rectangle highlights the times at which C -P lyases (grey filled) and glycine oxidase (white filled) genes relative quantities were measured in the culture media exposed to either K 2 HPO 4 (D), AMPA (E) or glyphosate (F). Asterisks indicate significant differences in genes relative expression (Kruskal-Wallis test, P< 0.05).

  Table 2). DT 50 /DT 50_K2HPO4 ratio calculations confirmed the same trend; AMPA treatment displayed lower ratio values ranging from 0.95 to 1.49 (except CNII15, ratio = 4.32) compared to the glyphosate treatment ranging from 2.22 to 4.61 (Table

Table 1 .

 1 Microbial growth estimated parameters (Max, Max 50 , m g ) and model fitting (R-square) are represented for each microbial strain subjected to glyphosate, AMPA and Phosphorus (control) treatments. Pairwise comparisons tests (Tukey's contrast, P < 0.05) on growth parameters were run between (uppercase letters) and within (lowercase letters) treatments. N.S means not statistically significant and N.D means that data did not fit the dose-response sigmoidal model.

		Strain	Growth model parameters								
			Max (Cell mL -1	)			Max 50 (Hours	-1	)		m g (Hours	-1 )		R²	Max 50 /Max 50_ K 2 HPO 4
		CNII15	6.22E8 ± 7.57E7	(b)		38.50 ± 0.13		(d)		0.075 ± 0.003	(c)	0.992 ± 0.002	1
		CNI26	2.00E8 ± 6.21E6	(e)		45.17 ± 0.78		(c)		0.048 ± 0.003	(d)	0.996 ± 0.001	1
	K 2 HPO 4	CNI28	4.26E8 ± 3.80E6	(d)		36.79 ± 1.21		(e)	(C)	0.107 ± 0.011	(a)	0.993 ± 0.001	1
		CNI35	6.76E8 ± 1.13E7	(a)		63.97 ± 0.72		(a)		0.088 ± 0.002	(b)	0.954 ± 0.011	1
		CNI52	4.95E8 ± 2.30E7	(b)		57.16 ± 0.39		(b)		0.114 ± 0.013	(ab)	0.867 ± 0.017	1
		CNII15	6.59E8 ± 1.50E7	(a)		159.11 ± 1.45	(a)		0.037 ± 0.002	(c)	0.992 ± 0.003	4.32 ± 0.02
		CNI26	2.34E8 ± 1.56E6	(d)		42.91 ± 0.30		(d)		0.050 ± 0.002	(b)	0.993 ± 0.001	0.95 ± 0.02
	AMPA	CNI28	4.20E8 ± 5.59E6	(c)	(N.S)	43.60 ± 0.66		(d)	(B)	0.107 ± 0.011	(a)	(N.S)	0.979 ± 0.006	1.19 ± 0.06
		CNI35	5.14E8 ± 1.14E7	(b)		95.73 ± 1.74		(b)		0.097 ± 0.005	(a)	0.992 ± 0.004	1.49 ± 0.04
		CNI52	5.64E8 ± 3.69E7	(ab)		60.06 ± 0.47		(c)		0.099 ± 0.019	(a)	0.957 ± 0.014	1.05 ± 0.01
		CNII15	N.D				N.D				N.D			N.D	N.D
		CNI26	9.21E7 ± 2.15E6	(c)		116.53 ± 2.62	(c)		0.111 ± 0.017		0.988 ± 0.001	2.58 ± 0.03
	Glyphosate	CNI28 CNI35	3.99E8 ± 4.27E7 5.48E8 ± 2.88E7	(b) (ab)		134.58 ± 10.42 (b) 294.58 ± 25.68 (a)	(A)	0.015 ± 0.002 0.066 ± 0.046	(N.S)	0.973 ± 0.004 0.996 ± 0.002	3.66 ± 0.24 4.61 ± 0.42
		CNI52	5.59E8 ± 7.70E7	(a)		126.65 ± 2.56	(b)		0.041 ± 0.004		0.981 ± 0.001	2.22 ± 0.06

Table 2 .

 2 Results of the Kruskal-Wallis tests performed on bacterial growth model parameters (Max, Max 50 and m g ) and dissipation model parameters (DT 50 and k d ). The tested factors are P treatments (K 2 HPO 4 , AMPA or glyphosate) and the interaction between strains (CNII15, CNI26, CNI28, CNI35, CNI52) and P treatments. X 2 statistic scores, degrees of freedom (Df) and P-values were provided for each source of variation. Bold values indicate significant differences at P < 0.05.

	Kruskal-Wallis		Dissipation model parameters				Growth model paraemters						
	Testedfactors		m d			DT 50			m g			Max 50			Max		
			Χ²	Df	p value	Χ²	Df	p value	Χ²	Df	p value	Χ²	Df	p value	Χ²	Df	p value
	P source		22.88	2	< 0.001	22.19	2	< 0.001	4.54	2	0.10	21.77	2	< 0.001	1.61	2	0.44
		K 2 HPO 4	12	4	< 0.05	12.9	4	< 0.05	12.4	4	< 0.05	13.5	4	< 0.01	13.5	4	< 0.01
	Strain x	AMPA	12.63	4	< 0.05	12.9	4	< 0.05	10.9	4	< 0.05	13.03	4	< 0.05	12.7	4	< 0.05
		Gly	8.64	3	< 0.05	6.58	3	0.08	6.89	3	0.07	9.35	3	< 0.05	8.69	3	< 0.05

Table 3 .

 3 Kinetics of K 2 HPO 4 , AMPA and glyphosate dissipation for each bacterial strain analyzed (CNII15, CNI26, CNI28, CNI35, CNI52).Values of the model parameters are final concentration (Cf), initial concentration (Ci), dissipation time 50% (DT 50 ), dissipation rate (m d ) and

	coefficient of determination (R 2 ) are reported as the mean ± standard error. Statistical differences between P treatments (K 2 HPO 4 , AMPA or
	glyphosate) are indicated by the uppercase letters (A > B > C, Tukey's test, P< 0.05) whereas statistical differences between strains are indicated
	by the lowercase letters (a > b > c > d, Tukey's test, P < 0.05). N.S means not statistically significant and N.D: no fittingto dose-response
	sigmoidal model.										
		Strain	Dissipation model parameters								
			Cf (µM) Ci (µM)	DT 50 (Hours	-1 )			m	d (Hours	-1 )		R²	DT 50 /DT 50 K 2 HPO 4
		CNII15	0 ± 0	109.44 ± 1.34	28.64 ± 2.50	(c)		0.242 ± 0.114	(ab)	0.999 ± 0.001	1
		CNI26	0 ± 0	105.01 ± 0.61	24.65 ± 0.02	(c)		0.486 ± 0.003	(c)	1 ± 0	1
	K 2 HPO 4	CNI28	0 ± 0	100.67 ± 0.70	23.65 ± 0.02	(d)	(B)	0.455 ± 0.002	(b)	(B)	1 ± 0	1
		CNI35	0 ± 0	116.24 ± 0.26	45.93 ± 0.03	(b)		1.342 ± 0.033	(d)	1 ± 0	1
		CNI52	0 ± 0	111.20 ± 2.11	51.03 ± 1.22	(a)		0.139 ± 0.005	(a)	0.994 ± 0.004	1
		CNII15	0 ± 0	125.36 ± 7.71	144.41 ± 1.22	(a)		0.049 ± 0.019	(a)	0.987 ± 0.008	5.12 ± 0.47
		CNI26	0 ± 0	132.55 ± 14.65	29.29 ± 5.17	(d)		0.662 ± 0.196	(c)	0.999 ± 0.001	1.18 ± 0.21
	AMPA	CNI28	0 ± 0	140.37 ± 6.93	24.15 ± 0.15	(d)	(B)	0.464 ± 0.005	(c)	(B)	1 ± 0	1.02 ± 0.01
		CNI35	0 ± 0	122.32 ± 0.76	85.16 ± 5.61	(b)		0.099 ± 0.031	(a)	0.972 ± 0.026	1.85 ± 0.12
		CNI52	0 ± 0	112.19 ± 1.43	53.99 ± 0.39	(c)		0.165 ± 0.018	(b)	0.991 ± 0.001	1.06 ± 0.02
		CNII15	N.D	N.D	N.D				N.D			N.D	N.D
		CNI26	0 ± 0	132.40 ± 16.76	114.14 ± 2.89			0.055 ± 0.009	(b)	0.945 ± 0.024	4.63 ± 0.12
	Glyphosate	CNI28 CNI35	0 ± 0 0 ± 0	142.96 ± 34.15 94.69 ± 6.19	129.76 ± 22.53 303.32 ± 18.56	(N.S)	(A)	0.011 ± 0.001 0.020 ± 0.004	(a) (a)	(A)	0.952 ± 0.014 0.989 ± 0.009	5.49 ± 0.96 6.60 ± 0.40
		CNI52	0 ± 0	93.34 ± 5.85	113.33 ± 1.13			0.056 ± 0.005	(b)	0.985 ± 0.008	2.22 ± 0.04

  , the specific AMPA metabolism of CNII15 may result from site-adaptation mechanisms. For instance, Max 50 ). The AMPA treatment showed lower values of both DT 50 and Max 50 compared to the glyphosate treatment. These results are consistent with the literature, since AMPA was already reported as an easier substrate for degradation compared to glyphosate.The review of Hove-Jensen et al.(2014) reported that among a total of 133 environmental bacterial strains isolated from glyphosate-treated as well as non-treated soil, 26 strains were able to utilize glyphosate as a P source while 55 strains were capable to use AMPA as P source. The remaining 52 strains were able to degrade neither glyphosate nor AMPA. Hence, the faster dissipation of AMPA over glyphosate can likely be explained by i) a greater affinity of C-P lyase enzymes for AMPA than glyphosate molecules(Hove-Jensen et al. 2014), ii) low affinity of glyphosate oxidase for glyphosate

	Ensifer sp. CNII 15 could benefit from AMPA, which may result from glyphosate
	biodegradation by other microorganisms in biofilms such as the four other bacterial strains
	studied.
	Dissipation was faster overall for AMPA than for glyphosate as suggested in our
	initial hypothesis. As expected, the time required for glyphosate/AMPA concentrations to
	decline 50 % (DT 50 ) was closely related to the time required for the bacterial density to reach
	50 % increase (

  in AMPA and glyphosate dissipation were observed among the five tested strains. The fastest AMPA dissipation (DT 50 ) was found for CNI26 and CNI28 (29 and 24 hours, respectively), while the fastest dissipation for glyphosate was found for CNI26 and CNI52 (114 and 113 hours, respectively). To our knowledge, our study describes for the first time the ability of the Acidovorax genus (Acidovorax sp. CNI26) to dissipate both glyphosate and AMPA. The genome sequencing of Acidovorax sp. CNI26 revealed the presence of one glycine oxidase gene copy and two copies of the phn operon. A study reveals that bacterial glycine oxidase is capable to efficiently cleave glyphosate, producing AMPA and glyoxylate[START_REF] Pedotti | Glyphosate resistance by engineering the flavoenzyme glycine oxidase[END_REF].[START_REF] Sviridov | Microbial degradation of glyphosate herbicides (Review)[END_REF] speculate that there exists a whole range of bacterial flavin oxidases differing in structure, substrate specificity, and the extent of mutual homology, which can be generically termed glyphosate oxidoreductases (referring to their ability to oxidize glyphosate). Besides, the phn operon encodes transport proteins, phosphonate catabolism enzymes and auxiliary polypeptides involved in phosphonate catabolism, among others. Within this operon, seven genes(phnG, phnH, phnI, phnJ, phnK, phnL and phnM) are supposed to encode the core components of the membrane-bound C-P lyase, metabolizing phosphonates to phosphate by PhnJ catalyst[START_REF] Metcalf | Evidence for a fourteen-gene, phnC to phnP locus for phosphonate metabolism in Escherichia coli[END_REF].Both glycine oxidase and phnG to M genes confer to Acidovorax sp. CNI26 the potential to metabolize glyphosate either through the C-P lyase or the glyphosate oxidase degradation pathways. The genome analysis of several Agrobacterium species (including Agrobacterium vitis S4, A. tumefaciens strain C58, A. radiobacter K84) revealed identical phn gene orders conferring the potential to use a variety of phosphonates as P sources[START_REF] Hove-Jensen | Utilization of glyphosate as phosphate source: biochemistry and genetics of bacterial carbon-phosphorus lyase[END_REF]. Similarly, Ochrobactrum species (i. e. O. anthropi strain GPK3) phylogenetically close to Ochrobactrum pituitosum CNI52 have also been shown able to grow with glyphosate as P source. Both the C-P lyase and the glyphosate oxidase degradation pathways have been suggested for O. anthropi strain GPK3
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