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A Bacillus sp. strain isolated from soil was able to completely and rapidly biotransform the triketone herbicide mesotrione.
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ABSTRACT

Dissipation kinetics of mesotrione, a new triketone herbicide, sprayed on soil from Limagne (Puy-de-
Déme, France) showed that the soil microflora were able to biotransform it.

Bacteria from this soil were cultured in mineral salt solution supplemented with mesotrione as sole
source of carbon for the isolation of mesotrione-degrading bacteria. The bacterial community structure of
the enrichment cultures was analyzed by temporal temperature gradient gel electrophoresis (TTGE). The
TTGE fingerprints revealed that mesotrione had an impact on bacterial community structure only at its
highest concentrations and showed mesotrione-sensitive and mesotrione-adapted strains. Two adapted
strains, identified as Bacillus sp. and Arthrobacter sp., were isolated by colony hybridization methods.
Biodegradation assays showed that only the Bacillus sp. strain was able to completely and rapidly bio-
transform mesotrione. Among several metabolites formed, 2-amino-4-methylsulfonylbenzoic acid
(AMBA) accumulated in the medium. Although sulcotrione has a chemical structure closely resembling
that of mesotrione, the isolates were unable to degrade it.

1. Introduction

Mesotrione {2+ 4-methylsulfonyl-2-nitrobenzoyl)1,3-cyclo-
henanedione}, a member of the triketone family, is a new selective
herbicide developed for use in maize culture as a substitute for
atrazine (Mitchell et al., 2001). Agricultural application of this
compound is steadily increasing. It offers pre- and post-emergence
control of all the common broad-leaved weeds together with some
of the annual grass weeds. Mesotrione is a herbicide chemically
derived from a natural phytotoxin produced by the bottlebrush
plant Callistemon citrinus (Mitchell et al., 2001). It was developed to
minimize adverse effects on the environment. However, it may
affect microbial activity and diversity in both soil and aquatic
ecosystems (http://www.dive.afssa.fr/agritox /php/fiches.php).
Indeed, recent work has shown that mesotrione exhibits moderate
retention capacity in different soils { Dyson et al., 2002; Chaabane
et al, 2008) and so may be leached to surface water.

Mesotrione was also classified as toxicologically dangerous for
the environment by the EEC (Agritox data, 29/04/04). However, as it
has not been in use for long (marketed in 2001 in Europe), little
information about its fate and impact in the environment is
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available to date. Two mesotrione biotransformation products,
4-methylsulfonyl-2-nitrobenzoic acid (MNBA) and 2-amino-4-
methylsulfonylbenzoic acid (AMBA), have been described (Alfer-
ness and Wiebe, 2002). Recently, one mesotrione-degrading
bacterial strain was isolated from cloud water (Durand et al., 2006a)
and some new mesotrione metabolites have been identified
(Durand et al., 2006b). It was shown that the AMBA biodegradation
product had a higher toxicity than the parent compound {Bonnet
et al, 2008). However, the fate of mesotrione and its biodegrada-
tion products in the environment have remained incompletely
evaluated. Understanding the impact of mesotrione on the struc-
ture, diversity and function of soil microbial communities is thus of
major environmental concern.

In this study, we report on the isolation and characterization of
a Bacillus-degrading strain from an agricultural soil that permitted
a rapid transformation of mesotrione. Its metabolic pathway was
investigated.

2. Materials and methods
2.1. Sampling site and capacity of soil microbial communities to degrade mesotrione

Soil was collected from 15-year fallow land in Limagne (Puy-de-Dome, France)
that was plowed two years before sampling, planted with maize and never treated
with mesotrione. The surface layer (0-5 cm) of the soil, which had a humidity level
of 20%, was air-dried, sieved (@ =2 mm), homogenized and placed in flasks.



Before isolating bacteria, the Limagne soil was tested for its capacity to biode-
grade 10 times the agronomic dose of mesotrione (4.5 mgkg™! dry soil weight).
Mesotrione powder [ Pestanal, purity 99.9%; Fluka Riedel-de-Haén, Switzerland ) was
dissolved in distilled water and sprayed on 100 g of dry soil to obtain a final humidity
of 20%. The flasks were incubated in the dark at 22 °C. Degradation kinetics was
measured fora42-day incubation period. An abiotic control with autoclaved soil was
also carried out under the same conditions. Two samples of each soil (5 g)were taken
atregular time intervals and placed in a centrifuge tube with distilled water (20 mL).
The tubes were stirred on an orbital shaker at 50 rpm at room temperature for 24 h.
After centrifugation at 12,500 = g for 15 min, the supernatant was filtered on PVDF
filters and analyzed by HPLC. Noadsorption of mesotrione was observed on centrifuge
tube and PVDF filters. The mesotrione recovery rate of the extraction procedure after
incubation in the Limagne soil was 95.0 +2.5% after 7 h of contact (10 replicates).

2.2, Enrichment cultures in flasks and bacteria isolation

To estimate the degradation capacity of the bacteria to mesotrione, 60 g of soil
was added to 500 mL {10% dry wjv) of a mineral salt solution (MS) (Rousseaux et al.,
2001). Mesotrione powder, added as the sole source of carbon, was directly dis-
solved in distilled water before adding the components of the MS medium. The final
mesotrione concentration in the enrichment medium was initially 25mgL™" and
was doubled at three-week intervals in subsequent flasks, for a 77-day enrichment
culture, to reach a maximum of 100 mg L=, To realize enrichment culture, 490 mLof
fresh MS was inoculated with 10 mL of the precedent culture. The flasks were
incubated at 28 “C on an orbital shaker at 150 rpm in darkness to avoid photolysis of
mesotrione. The enrichment cultures were realized in duplicate. Cultures were
sampled weekly for molecular analysis and bacteria isolation. A supernatant fraction
and a soil particular fraction (pellet) of the cultures were separated by centrifuging
(10 min, 8000 = g) before molecular analysis, except for the last enrichment step for
which only a supernatant fraction was recovered, no more soil particles being
present owing to the successive dilutions. To isolate the strains able to degrade
mesotrione, MS agar (MSA) plates (10 gL~ agar) were spread with 0.1 mL of
a 20 mg mL~" mesotrione solution in acetone. Other non-seeded MSA plates were
used as negative controls. The acetone was then air-evaporated. Ten-fold serial
dilutions of the weekly enrichment culture samples were spread onto the agar plates
and incubated at 28 “C in the dark for at least eight days.

2.3. PCR amplification and temporml temperature gradient gel electrophoresis (TTGE)

Bacterial genomic DNA was extracted by standard alkaline lysis method from
100 mL of bacterial cultures and was used as template to PCR amplify V6-V8 variable
regions of 165 rDNA gene with the bacterium-specific forward primer GC968f and
the reverse primer 14011 [ MWG, Biotech, Table 1) asdescribed by Pesce et al. (2006).

For cloning (see below), amplificaion was performed with the 968{/1401r
primer as follows: denaturation at 95 °C for 15 min, followed by 30 cydes of 97 °C
for 30 s, 62 °C for 30 s and 72 *C for 45 s percycle, and a final extension step at 72 *C

Table 1
Name and sequence of primers used in this study.
Primer Sequence (5'-3") Fragment References
length (bp)
GC-clamp CGCCCGLCGLGLGLGGLGGGLGG
GGCGGGGGCACGGGGGG
27 AGAGTTTGATCCTGGCTICAG 1484 (Weisburg
et al, 1991)
1492r GGTTACCTTGTTACGACTT (Lane, 1991)
968f AACGCGAAGAACCTTAC 490 (Heuer and
14011 CGGTGTGTACAAGACCC Smalla, 1997)
2F GGACTAGAATGTGAGG 67 This study
2R GCACCTIGTTTTGGGT This study
4F TACCCTTGACATGGCTG 68 This study
4R GCACCTGTGTTCIGGT This study
5F CAGACTTGACATACAGT 65 This study
5R GCACCTGTTCAGCAG This study
11F CTAGAGATAGAGCGTTCC 150 This study
11R GTCACCTTAGAGTGCCC This study
12F AGCCCTTGACATGTCTA 68 This study
12R GCACCTGTGTTCTAGG This study
13F TGGTCTTGACATGCAC 69 This study
13R GCACCTGTGCAAAGC This study
15F CACCTTTGACATGTACG 68 This study
15R GCACCTGTGTTACGGC This study
16F AAGGCTTGACATGGGC 66 This study
16R CCACCTGTGAACCGG This study

The fragment length (bp) obtained after PCR amplification with the forward (F) and
reverse (R) primers is also indicated.

for 10 min. DNA was quantified using the DNA guantitation kit fluorescence assay
(Sigma-Aldrich, France) according to the manufacturer's instructions.

The entire 165 rDNA of isolated bacteria was amplified using the 27f/1492r
primers (Table 1). The program consisted of denaturation at 95 “C for 15 min fol-
lowed by 30 cycles at 94 °C for 45 5, 53 °C for 45 s and 72 °C for 45 s per cycle, and
a final extension step for 10 min at 72 °C.

TIGE analyses were performed using a DCode system (Bio-Rad, France) on
300 ng of PCR products applied directly onto 8% (w/v) polyacrylamide gels con-
taining 7 M urea, 1.25X Tris-acetate-EDTA (TAE). Runswere performed in 125X TAE
at 68 V for 17 h with temperature ranging from 66 °C to 69.7 °C and a ramp rate of
0.2 °C h~ ", After completion of electrophoresis, gels were stained for 1 hin the dark
in a Gel Star nucleic acid gel stain bath (BMA) and photographed using a Versa Doc™
Imaging System (Bio-Rad) under UV transillumination.

24, done library construction of single TTGE bands and sequencing

Each DNA band of interest was excised from the polyacrylamide gel and small
gel pieces were placed in sterilized vials. The samples underwent passive diffusion
(18 hat 37 °C) and the DNA was recovered as described by Batisson et al. (2007 ). Five
pL of eluted DNA was then used as template for a reamplification step using the
GC968f/1401r primers, as described above. Purity of the PCR reamplification product
was checked by rerunning an aliquot on TTGE gel. The purified DNA band was then
amplified with 968f/1401r primers as described above (Table 1) before being cloned
into a pGEM-I-Easy vector (Promega, Charbonniéres, France) to construct clone
libraries. At least four clones were reamplified and rerun on TTGE gel for comparison
with the parent band. A minimum of two cloned fragments that co-migrated with
the original bands were bidirectionally sequenced (MWG - Biotech). Sequences
were submitted to the National Center for Biotechnology Information (NCBI, BLASTn
program {Altschul et al., 1997)) for species assignment and to the CHECK-CHIMERA
program of the Ribosomal Database Project (RDP (Maidak et al,, 1999)) to detect
potential chimeric artifacts (Kopczynski et al., 1994).

Entire 165 rDNA sequences of the isolated strains were deposited in GenBank
under Accession Nos: EUS64320 (Mes11) and EU864321 (Mes1g).

2.5, Synthesis of digoxigenin-labeled DNA probe and colony hybridization

Multiple alignments of partial 165 rDNA sequences performed on ClustalW
software highlighted V6-V8 variable regions and made it possible to design specific
primers for each strain (Table 1). Probes were PCR-labeled with digoxigenin (PCR
DIG labeling mix, Roche Diagnostics, Meylan, France) according to the manu-
facturer's instructions. The PCR program was as follows: 95 °C for 15 min, then 30
cycles at 94 °C for 30 s, 50°C for 30s and 72 °C for 30s per cycle, and a final
extension step at 72 °C for 7 min, except for the 11F/11R primer pair where the
elongation step was carried out at 54 °C for 45 s.

First, to determine the specificity of the probes, the different recombinant
pGEM-T plasmids harboring the partial 165 rDNA fragment were denatured at 95 “C
for 5min and spotted onto positively-charged nylon membranes (Hybond-N=,
Amersham International). DIG-labeled control DNA (Roche Diagnostics) was used as
positive control for the dot-blot detection. The DNA was fixed by sandwiching the
membrane between two pieces of Whatman 3 MM paper and baking for 2h in
avacuum at 80 “C. The membrane was then pre-hybridized, hybridized and revealed
as described elsewhere (Batisson et al., 2007).

For bacteria isolation, colonies from the weekly samples of enrichment cultures
spread on MSA plates were streaked in duplicate onto Luria-Bertani agar (LB-agar)
plates and incubated at 28 °C for 24-48 h. Colonies of one LB-agar plate were
replicated by placing a nylon membrane aseptically on top of the bacteria. The
membranes carrying the colony lifts were treated as described by Heikinheimo etal.
(2004) before being pre-hybridized, hybridized and visualized, as described above.

2.6. Degradation capacity of mesotrione by the isolated strains

To determine mesotrione degradation capacity, isolates were grown in 100 mL
portions of trypcase-soy broth (bioMérieux, Marcy I'Etoile, France) in 500 mL flasks
incubated at 28 *C and 200 rpm. The cells (200 mL of the culture) were harvested
after 24 h of culture and centrifuged at 8000 x g for 15 min at 4 °C. The bacterial
pellet was washed first with an NaCl solution (8 gL™") and then with Volvic®
mineral water. The resting cells were then resuspended in 100 mL of 0.1 mM mes-
otrione solution and were incubated at 28°C in the dark on a rotary shaker
(200 rpm). Samples (1 mL) were regularly taken directly from the incubation
medium and centrifuged at 10,000 = g for 5 min. The supernatants were frozen until
analysis by HPLC. The same procedure was followed for the experiment with 1 mM
mesotrione, except that the volume of the initial culture was 700 mL. The abiotic
controls consisted of preparations incubated under the same conditions with
mesotrione alone or with autoclave-killed bacteria. All the degradation test cultures
were realized in triplicate.

HPLC analyses were performed at 22 “C using an Agilent 1100 chromatograph
equipped with a diode array detector (DAD) and a fluorescent detector (FLD). A
reversed-phase column (C-18 Zorbax Eclipse Plus column, 150 mm = 4.6 mm,
3.5 pm) was used at a flow rate of 1 mL min~". The mobile phase was aqueous HsPO4



(0.01% v(v) (A}CH3CN (B) used with a gradient method: 0-3 min 95%A-5%B,
3-11 min from 5% to 85%B, 11-12 min from 85%B to 95%B, 12-13 min from 95 to 5%B,
and 13-16 min 95%A-5%B. The injection volume was 10 puL and the detectors were
set at 4 =254 nm (DAD), Agee = 220 nm, and Agp = 430 nm (FLD). The DAD-UV and
FLD spectra were compared with those of standards (mesotrione, AMBA, MNBA,
sulcotrione) recorded in the mobile phase pH range.

3. Results

3.1. Capacity of microbial communities from Limagne soil to
degrade mesotrione

To check that the microflora of the soil were able to degrade
mesotrione, dissipation kinetics was measured after a contamina-
tion of 10 times the agronomic dose of the molecule. A similar
experiment was carried out with autoclaved soil (abiotic control)
(Fig. 1). A progressive decrease in mesotrione along the 42-day
incubation time was observed, resulting in the dissipation of
around 50% of the compound by microbial communities. The
dissipation rate in the autoclaved soil was only of 10% for the same
period and corresponded to adsorption process. This evidenced the
capacity of this soil to biotransform mesotrione. Moreover, AMBA,
a known-metabolite of mesotrione, was formed during this
experiment and detected in the soil samples (data not shown).

3.2. Enrichment of a bacterial culture that degrades mesotrione

To monitor bacterial population diversity over time and assess
the impact of mesotrione on these communities, the V6-V8 165
rDNA amplification products from weekly enrichment culture
samples were analyzed by TTGE (Fig. 2). At day 0, numerous bands
were detected in both supernatant and pellet fractions on TTGE
fingerprints (Fig. 2A). Only temporal modifications were detected
during the 21-day experiment with 25 mg L' of mesotrione in the
supernatant and pellet fraction, but no major differences were
observed between the control (C) and mesotrione-treated (M) flasks.

When the cultures were supplemented with 50mgL~! of
mesotrione (Fig. 2B), the TTGE fingerprints showed a lower bacte-
rial diversity compared with the first enrichment step (25 mg L™
mesotrione). Although no major variations were observed in the
pellet fraction, the control flasks were clearly separated from
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Fig. 1. Mean (+s.d.) degradation of the mesotrione by microbial communities of
Limagne soil after application of 10 times the agronomic dose (4.5 mg kg™ dry soil
weight). Degradation assays were performed at 28 “C in the dark. Autoclaved soil was
used as negative control for biodegradation.

mesotrione-treated flasks in the supernatant fractions. A different
band pattern was highlighted from day 28 to day 42, with bands
found only in the mesotrione-treated flasks compared with
controls (e.g. bands 2 and 4, Fig. 2B). Other bands were ubiquitous
and were present equally in all flasks irrespective of the culture
conditions (e.g. band 11).

These differences between environmental conditions of cultures
in flasks (treated versus control) were confirmed when cultures
were supplemented with 100 mgL~" of mesotrione (Fig. 2C). Bands
only found or predominant in mesotrione-treated flasks and absent
in controls (bands 5, 12, 13, 15, 16) and bands only visible or
predominant in untreated flasks ( bands 10, 17, 19, 20) became more
clearly apparent (Fig. 2C).

3.3. Identification and isolation of mesotrione-degrading strains

Bands of interest (Fig. 2) corresponding to ubiquitous (e.g. band
11), mesotrione sensible (e.g. bands 10, 17, 19, 20) or mesotrione-
adapted bands (e.g. bands 2, 4, 5, 12, 13, 15, 16) were excised and
sequenced. The nearest neighbor and phylogenetic group of each
sequence are listed in Table 2.

To isolate mesotrione-degrading bacterial strains, the enrichment
cultures were plated weekly on either mesotrione-supplemented or
control MSA. There were no significant differences between platesin
cell density and colony morphology. Since it was impossible to
distinguish between bacteria in control and contaminated cultures,
a colony hybridization method was used. Sequences obtained from
the different bands of interest were thus aligned to design primers
targeting variable regions of each strain (Table 1) and so generate
probes. The cross-reactivity of the probes against the V6-V8 variable
regions of 165 rDNA clone library obtained in this study was tested
and showed high specificity for each probe. Only two colonies cor-
responding to bands 11 and 16 (Fig. 2) were successfully isolated.
They were named strain Mes11 and Mes16, respectively. Their entire
165 rDNA was then sequenced using the 27f/1492r primer couple
(Table 1) and aligned using the BLASTn program. The results matched
those obtained with the V6-V8 phylogenetic affiliation of these
strains (Table 2) and confirmed that strain Mes11 and Mes16 were
99% similar to Bacillus sp. and Arthrobacter sp., respectively.

34. Capacity of the isolates to degrade mesotrione

We investigated the capacity of each isolate to degrade
0.1-1 mM mesotrione in resting cells. The kinetics of degradation is
illustrated in Fig. 3. After 50 h of incubation, the Arthrobacter sp.
strain (Mes16) did not give rise to 0.1 mM mesotrione degradation
(Fig. 3A). Degradation assays with lower concentrations of meso-
trione (down to 2 mgL~ ! =6 uM) were also unsuccessful (data not
shown). By contrast, the Bacillus sp. isolate (Mes11) completely
degraded the mesotrione after 50 h and 24 h of incubation with
0.1 mM and 1 mM, respectively (Fig. 3A and B). Furthermore, in the
experiment with 1 mM of mesotrione, several metabolites were
detected by HPLC during the biodegradation. One was particularly
interesting as it accumulated in the medium. This metabolite was
identified as AMBA by comparison with the standard. The AMBA
metabolite appeared clearly after 3 h of incubation and reached
a concentration of about 0.1 mM at the plateau phase that persisted
up to 60 h (Fig. 3B). From 60 h to the end of the experiment {120 h),
a new increase of AMBA up to a maximum of 0.3 mM was observed.
No disappearance of mesotrione was observed with controls con-
taining the pesticide alone (data not shown) or autoclave-killed
bacteria (Fig. 3B). Two other metabolites were identified by
comparison with metabolites previously described with another
Bacillus strain (Durand et al., 2006b): the hydroxylamino derivative
of mesotrione 1 and the benzisoxazol-3-ol 2 (Fig. 4).
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zopfii, Stenotrophomonas maltophilic and Flovobacterium aquatile.

The capacity of Bacillus sp. and Arthrobacter sp. to degrade
0.1 mM of sulcotrione, another triketone family member, was also
tested under the same conditions, but no degradation was observed
(data not shown).

4. Discussion
4.1. Enrichment cultures with mesotrione

Although the MS medium used for enrichment cultures did
not contain a carbon source (Rousseaux et al., 2001), bacterial

growth was observed in control flasks similar to that of the
mesotrione-treated flasks (data not shown). The same observation
has already been made for the isolation of other pesticide-
degradation bacteria (Turnbull et al., 2001; Batisson et al.,, 2007).
In our study, the bacterial growth in the control flask could be
explained by the supply of some organic matter and nutrient
sources in the initial soil inocula and could also explain the
bacterial background observed on MSA plates. Carbon sources
could also be supplied by impurities in the agar (Cullington and
Walker, 1999; El Fantroussi, 2000; Turnbull et al., 2001; Dejonghe
et al., 2003).

Table 2
Similarity to nearest neighbors and closest phylogenetic affiliation of TTGE band sequences detected in enrichment cultures based on BLASTn comparison with the GenBank
database.
Band Nearest neighbor Phylogenetic group, Class — Family References
Similarity (%) Species Accession number

2 99 [Uncultured soil bacterium done DS-249] AY289362.1 Acidobacteria - Acidobacteriaceae Zhou et al. (2003)
4 a7 [Herbaspirillum sp. YM23 ] EU418729 G-Proteobacteria — Oxalobacteraceae Sun, Unpublished
&l 91 [Uncultured bacterium clone OTU289] DOB84283.1 Chlamydia - Parachlamydiaceae LeBlanc et al. (2007)
11 99 [Bacillus sp. HNL20] EU373361.1 Bacilli - Bacillaceae Cho et al., Unpublished

99 {Bacillus sp. G3DM-48} EU037283.1 Bacilli - Bacillaceae Desai et al., Unpublished
12 99 [Uncultured eubacterium OCGSH| AB047120.1 a-Proteobacteria — unclassified Rhizobiales Watanabe et al. (2001)
13 96 [Uncultured Verrucomicrobia bacterium AY922120 Verrucomicrobiae - Verrucomicrobiaceae Tringe et al. (2005)

clone AKYH1486)

15 89 [Acidovorax sp. NO-1] EU521706.1 -Proteobacteria - Comamonadaceae Fan et al., Unpublished
16 100 [Uncultured bacterium clone OTU506] DO684500.1 Actinobacteria — Micrococcaceae LeBlanc et al. (2007)

99 {Arthrobacter sp.} DQ158001.1 Actinobacteria — Micrococcaceae Nakatsu and Beasley,

Unpublished

10 a9 [Unidentified bacterium wb1_A01] AF317740 ¥ Proteobacteria — Pseudomonadaceae Holmes et al. (2001)
17 g7 [Uncultured bacterium clone OTUOO1] D0683995.1 Chlamydiae - Parachlamydiaceae LeBlanc et al. (2007)
19 94 [Uncultured bacterium clone L3B_344] EF551894.1 a-Proteobacteria — Phyllobacteriaceae Hiibel et al., Unpublished
20 99 |Acidovorax facilis strain LMG 2193 EU024133.1 G-Proteobacteria - Comamonadaceae Ait Tayeb et al. (2008)

[ ]: Alignment of V6-V8 165 rDNA sequences; { }: alignment of entire 165 rDNA sequen

ces.
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Fig. 3. Degradation assays with resting cells. (A) Degradation of 0.1 mM mesotrione by
Bacillus sp. and Arthrobacter sp. (B) Time courses of mesotrione (1 mM) and AMBA
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dissipation observed with autoclaved bacteria. Assays were performed at 28 °C in the
dark. Errors bars represent the mean (+s.d.) of three independent experiments

4.2. Bacterial culture response to mesotrione exposure

Unlike the spreading of bacteria on agar plates, the TTGE
approach highlighted some differences in bacterial populations of
control and mesotrione-treated cultures. We were able to reveal
shifts in the dominant bacterial community with regard to natural
populations (day 0) and between control and mesotrione-treated
flasks (Fig. 2).

After only seven days of enrichment culture, the shift of the
bacterial community observed in both treated and control flasks
compared with the initial bacterial community was probably due to
the phase of acclimatization to the experimental conditions and/or
the unculturability of some bacteria. These observations were
confirmed after the second week of enrichment culture (Fig. 2).
Effects of mesotrione on the bacterial community were only
detected seven days after treatment with 50mgL~" of herbicide
(day 28), suggesting that a latency phase was required to allow
induction of specific enzyme systems in response to the organic
pollution pressure (Cetkauskaité et al., 1998). Thereafter and for
higher concentrations of mesotrione, bands that were maintained,
changed in intensity or appeared only in the mesotrione exposure

flasks were interpreted as corresponding to bacterial species
potentially able to use this molecule for their growth as observed in
previous studies (El Fantroussi et al., 1999; El Fantroussi, 2000;
Crecchio et al., 2001; Bending et al., 2003; Pesce et al, 2006;
Batisson et al., 2007).

4.3. Identification and isolation of bacteria adapted to mesotrione

TTGE bands of interest were sequenced and affiliated to diverse
phylogenetic groups (Table 2). Strains corresponding to bands 2 and
13 were affiliated to bacteria isolated from natural soil or water
environmental samples (Zhou et al.,, 2003; Tringe et al.,, 2005).
However, band 13 also showed 95% similarity with an uncultured
Verrucomicrobia bacterium encountered in diuron-contaminated
microcosms (Pesce et al., 2008) suggesting that the Verrucomicrobia
bacterial group might play an important role in the ecosystem after
chemical pollutant exposure. Nearest neighbors of strains corre-
sponding to bands 5 and 12 were uncultured bacteria found in soil
rhizosphere communities altered by the culture of genetically
modified plants (LeBlanc et al., 2007) and oil-contaminated water
(Watanabe et al., 2001), respectively, emphasizing the capacity of
Chlamydia and o-Proteobacteria to adapt to modifications of their
environment. Furthermore, 16S rDNA corresponding to band 5 was
also 90% similar to that of Chlamydia found in phenylurea herbi-
cide-contaminated water (Pesce et al., 2008), likewise showing the
capacity of these strains to acclimatize to organic compound
pollution. Bands 4 and 15 sequences showed high similarity with
bacteria isolated from a copper mine (Sun, unpublished data;
Accession No. EU418729) and from a gold mine contaminated with
arsenite (Fan et al., unpublished data; Accession No. EU521706).
Two strains, showing 99% similarities to Arthrobacter sp. (band 16)
and Bacillus sp. (band 11), were successfully isolated from our
enrichment cultures with mesotrione. They were also encountered
in soil microcosms contaminated with xylene and chromate
(Nakatsu and Beasley, unpublished data; Accession No. DQ158001)
and in long-term chromium-contaminated sediments (Desai et al.,
unpublished data; Accession No. EU037283), respectively. Arthro-
bacter sp. and Bacillus sp. were also isolated from a microcosm-
enrichment cultures supplemented with chloropicrin and metam
sodium (Ibekwe et al., 2004), suggesting a resistance and/or
degradation capacity of these strains for numerous xenobiotics.

Despite many attempts, no other strains adapted to mesotrione
were isolated from the MSA plates. This could be due to a loss of
degradation capacity on solid media (El Fantroussi, 2000).

4.4. Biodegradation of mesotrione

Pure-culture mesotrione degradation experiments in resting
cells indicated that the strain Mes16, although responsible for
a clearly visible band specific to treated flasks (Fig. 2C), was not able
to degrade mesotrione (Fig. 3A). This result denotes that meso-
trione had no toxic effect on this strain and suggests that the Mes16
isolate may require a synergistic interaction with other bacteria to
degrade mesotrione. When isolate Mes11 was tested, we observed
that within the first 24 h of incubation, 1 mM mesotrione was
completely degraded (Fig. 3B). It was not surprising to find meso-
trione-degrading bacteria in our soil since the presence of specific
microflora able to degrade triketone had been already found in soil
free of mesotrione treatment (Chaabane et al., 2008). However,
a difference in percentage and rate of mesotrione degradation was
observed between native soil and liquid culture that reflects the
different environmental conditions of the bacteria (no mesotrione-
adapted microbial communities in soil with complex organic
matter available versus mesotrione-adapted bacteria in pure liquid
culture with only mesotrione as the sole carbon source).



AMBA

Fig. 4. Proposed scheme of mesotrione biodegradation by Badllus sp.

This biodegradation of mesotrione with Mes11 led to the
formation of several detected metabolites. The concentration of
some of these reached a maximum and then decreased. Two of
them have already been identified during mesotrione degradation
by the Bacillus sp. 3B6 strain (Durand et al., 2006b) and were
produced in the same order of magnitude by the Mes11 strain: an
hydroxylamino derivative 1 obtained by reduction of the nitro
group of mesotrione and a cyclized compound 2 (isoxazolol),
formed by an intramolecular cyclization of the hydroxyl moiety of
the hydroxylamine on the carbonyl group (Fig. 4). Another
metabolite, which accumulated in the medium, was identified as
AMBA by comparison of its retention time and UV spectrum with
those of a standard. Contrary to what was observed by Alferness
and Wiebe (2002), no MNBA degradation product could be detec-
ted after mesotrione degradation by the Mes11 strain. This result is
in accordance with those obtained with the Bacillus sp. strain 3B6
(Durand et al.,, 2006a). This 3B6 strain was also able to completely
and rapidly degrade mesotrione and led to the formation of five
metabolites, three of them (AMBA, I and 2) being also produced by
the Mes11 strain. This result highlights the important role of these
Bacillus species in triketone degradation. Nevertheless, with both
these Bacillus strains, AMBA accumulated in the medium, indi-
cating that mesotrione was not completely mineralized under the
conditions used. The kinetics of AMBA appearance displayed two
steps: a firstincrease of AMBA concentration to a plateau within the
first hours of incubation followed by a second higher increase after
60 h (Fig. 3B). This could be the result of a two-pathway degrada-
tion mechanism as suggested by the mesotrione degradation model
proposed by Durand et al. (2006b): (i) a minor pathway leading
almost directly to AMBA by an oxidative cleavage of mesotrione
followed by a reduction of the nitro group. This could explain the
almost immediate formation of AMBA; (ii) a major pathway leading
to AMBA via a reductive pathway of the amino group. Several
metabolites were formed before being transformed into AMBA. The
formation of these metabolites and their degradation will delay the
appearance of AMBA. This may explain the increase in AMBA
concentration after 60 h of incubation, this time corresponding to
the disappearance of the two identified metabolites 1 and 2 (data
not shown). Therefore a similar biodegradation pathway of meso-
trione was observed with the two isolated Bacillus strains: 3B6 and
Mes11. Nevertheless, the identification of the last two metabolites
detected with Mes11 is under investigation and would allow
understanding in more details the fate of mesotrione.

As sulcotrione, another member of the triketone family had
a chemical structure closely resembling that of mesotrione, the
capacity of the isolates to degrade this molecule was also tested.
No degradation of sulcotrione was observed with either strain,

underlining the substance-specificity of the Bacillus sp. isolated in
our study. This suggests that the Mes11 strain could attack the
mesotrione at the level of the benzoyl 4-substituent for degrada-
tion, and highlights the importance of this position on the molecule
not only for its herbicidal activity (Lee et al., 1998; Mitchell et al.,
2001) but also for its remanence.

Studies to obtain further data on the mesotrione degradation
pathway with Mes11 and identify the degrading gene involved in
mesotrione biotransformation are in progress in our laboratory.
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