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Abstract

The intensive use of agrochemicals has played an important role in increasing agricultural production. One of the impacts of
agrochemical use has been changes in population structure of soil microbiota. The aim of this work was to analyze the
adaptive strategies that bacteria use to overcome oxidative stress caused by mesotrione, which inhibits 4-
hydroxyphenylpyruvate dioxygenase. We also examined antioxidative stress systems, saturation changes of lipid
membranes, and the capacity of bacteria to degrade mesotrione. Escherichia coli DH5-a was chosen as a non-environmental
strain, which is already a model bacterium for studying metabolism and adaptation. The results showed that this bacterium
was able to tolerate high doses of the herbicide (10 x field rate), and completely degraded mesotrione after 3 h of exposure,
as determined by a High Performance Liquid Chromatography. Growth rates in the presence of mesotrione were lower than
in the control, prior to the period of degradation, showing toxic effects of this herbicide on bacterial cells. Changes in the
saturation of the membrane lipids reduced the damage caused by reactive oxygen species and possibly hindered the entry
of xenobiotics in the cell, while activating glutathione-S-transferase enzyme in the antioxidant system and in the
metabolizing process of the herbicide. Considering that E. coli DH5-a is a non-environmental strain and it had no previous
contact with mesotrione, the defense system found in this strain could be considered non-specific. This bacterium system
response may be a general adaptation mechanism by which bacterial strains resist to damage from the presence of
herbicides in agricultural soils.
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has been identified as harmful to soil functionality, based on the
structural and functional diversity of the soil bacterial community
[9]. Other studies have demonstrated the inhibition of nitrification
and changes in ammonia oxidation in soils by the herbicide
simazine [10]. As regard to the triketone herbicides mesotrione
and sulcotrione, their toxicity level was considered equal to or

Introduction

In recent years, there has been a high demand for increasing
agricultural productivity and the arable land area, accompanied
by the large scale use and discovery of new pesticides and fertilizers
[1-3]. It was estimated that approximately 2.27 million tons of

agrochemicals were released into the environment in 2001, 35% of
which were herbicides [4]. Despite the fact that the use of
pesticides in agriculture has had a positive impact on crop
productivity, concerns have been expressed about the adverse
effects of these chemicals [5], since only 0.1% of them reach their
specific targets. For this reason, there is a large quantity of
herbicide residues remaining in the environment, which can be
metabolized by microbiota [6-8].

Herbicide application has brought damage to the soil micro-
biota, and may have affected the dynamics of biogeochemical
cycles and soil fertility. The herbicide napropamide, for example,
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higher than atrazine in studies with model organisms, such as
Tetralymena pyriformis and Vibrio fischeri [11].

Bioremediation has been the main strategy used to eliminate
xenobiotics, mainly herbicides, from the environment, and this
subject has been the focus of many biotechnological studies [12—
13]. Degradation processes mediated by microorganisms in large
part influence the persistence of herbicides in the soil [14].

Reactive oxygen species (ROS), apart from being part of normal
aerobic metabolism [15], may increase in concentration as a result
of exposure to toxic substances, as for example, when bacteria
come into contact with herbicides [16]. An increase in the rate of
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Figure 1. Molecular structure of mesotrione.
doi:10.1371/journal.pone.0099960.9001

hydrogen peroxide (HyO,), and superoxide (O*7) and hydroxyl
(OH") radicals production can cause damage to DNA, RNA,
proteins and lipids [17-18]. An efficient antioxidant enzyme
system is the primary line of defense for the elimination of excess
ROS, such as the action of catalase, superoxide dismutases,
peroxidases and glutathione reductase [15]. Glutathione-s-trans-
ferase (GST), as well as participating in the system of redox
homeostasis and response to ROS [19-20], catalyzes the
conjugation of glutathione with herbicides, and it can operate to
degrade some herbicides, also being responsible for resistance to
antibiotics [21].

Mesotrione (Fig. 1) is the active ingredient of the herbicide
Callisto; it has a selective action and is recommended for the
systematic control of weeds in maize cultivation, both in pre and
post-planting applications. This molecule is derived from a
phytotoxin that is produced by the plant Callistemon citrinus, and
it inhibits the enzyme 4-hydroxyphenylpyruvate dioxygenase
(HPPD), acting in the conversion of tyrosine to plastoquinone
and o-tocopherol. The inhibition of plastoquinone leads to an
mterruption of the carotenoid synthesis pathway, causing the
death of leaf tissues [22-23]. In mesotrione-tolerant plants, the
metabolism of the herbicide is mainly carried out by the enzyme
P450 [24-25]. A P450-like, synthesized by ¢psy gene, was reported
in reducing paraquat herbicide in bacteria [29]. But glutathione S-
transferase (GST) is also involved in the detoxification of
herbicides of the triketone family [26], and in the metabolism of
herbicides on microorganisms [27-28].

The degradation products of mesotrione by a Bacillus sp. strain
were found to be 4-methylsulfonyl-2-nitrobenzoic acid (MNBA)
and 2-amino-4-methylsulfonylbenzoic acid (AMBA) [30-31].
AMBA has been characterized as being more toxic than the
original molecule [11]. Studies with Pantoea ananatis have
demonstrated the degradation of mesotrione by a different route,
with metabolic products probably less toxic than the original
molecule (C;3H(NO5S, G 1H,;304S and C,,H;,0S) [32]. The
presence of MNBA and AMBA was reported in soils treated with
high concentrations of mesotrione [33].

Strains of E. coli are currently used to determine the toxic effects
of xenobiotics [34]. This model organism [35] has been widely
used in recombinant DNA technology [36]. So far, no studies of
degradation capacity have been carried out without a prior
modification of E. coli strains.

Given the toxic effect of herbicides on bacteria, we aimed to
assess whether a laboratory, non-environmental strain E. coli
(DH5-01) possessed any mechanism of adaptation to mesotrione,
even with no previous contact with this herbicide.
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Materials and Methods

Bacterial strain

The Escherichia coli strain DH5-a. [(genotype: F~ ¢80dlacZAM15
A(lacZYA-argF) U169 deoR, recAl endAl hsdR17 (r,~ my")
phoA supE44A~ thi-1 gyrA96 relAl)] was used to evaluate the
degradation of mesotrione herbicide.

Herbicides

Mesotrione (99% purity) was provided by Syngenta Crop
Protection, Greensboro, NC (USA). For HPLC (High Perfor-
mance Liquid Chromatography) experiments, the analytical
standard Pestanal (99% pure) (Sigma-Aldrich) was used.

Evaluation of herbicide degradation by HPLC

In order to determine the mesotrione degrading ability of . coli,
the strain was grown in 100 mL of LB (Luria Broth: 10 g L™!
tryptone; 5 g L™ " yeast extract; 10 g ™! NaCl) in 250 mL flasks,
and incubated at 37°C, at 200 rpm. The cells were collected after
10 h and centrifuged at 8,000 xg for 10 min. at 4°C. The pellet
was washed twice with PBS (pH 6.8, phosphate buffered saline:
8 g L' NaCl; 0.2 g L™! KCI; 1.44 g L' Na,HPO,; 0.24 g L™!
KH,PO,), and cells were re-suspended in 10 mL. of MMM
(Mineral Medium with Mesotrione: 3 ¢ L' NaNOg; 0.5 g L™
MgSO,; 0.5 ¢ L™ KCI; 0.01 g L' FeSO,; 0.04 g L™ CaCly;
0.001 g L~! MnSO,; 0.4 g L} glucose, 0.04 mM mesotrione;
10 mM potassium phosphate buffer, pH 7.0;). This corresponded
to 1x, or normal field levels according to manufacturer’s
instruction. Cells were placed in mineral medium without carbon
source (-CM), with five repetitions, and incubated at 37°C, at
200 rpm. For analysis of herbicide adsorption by bacteria, cells
were boiled prior to being added to the treatments already
described. As a negative control, a flask with MMM was
incubated, in the same conditions, without E. coli DH5-0.. Aliquots
(1 mL) were collected from the culture medium every hour of
incubation (from 0 to 12 h) and centrifuged at 13,000 g for 5 min.
The supernatant (0.9 mL) was frozen for further HPLC analysis.

Samples were filtered with 0.22 pm syringe filters and HPLC
analysis was performed using a Waters Alliance €2695 and a
photodiode detector (Waters 2998 PDA), adjusted at a wavelength
of 254 nm. An Eclipse XDB-CI18 column was used, with
dimensions of 4.6 mmx150, at 3.5 um for separation, at 20°C.
The gradient of the mobile phase started with 70% water (0.1%
phosphoric acid) (A): 30% acetonitrile (B); 30% B for 3 min.; 55%
B for 15 min.; 100% B for 17 min.; 100% B for 18 min.; 30% B
for 19 min. and 30% B for 29 min., for conditioning the column
to a new injection). The flow rate was 1 mL min~'. The injection
volume of the samples was 50 uL.. The HPLC method was
developed, validated and applied to analysis of mesotrione
degradation rate.

Cell viability

Bacteria were grown for 10 h at 37°C in 1.2 L of LB. Cells were
centrifuged at 8,000 xg for 10 min., washed twice with PBS, and
divided into vials containing 50 mL of MM (control)) MMM
(mineral medium with mesotrione), -C (MM without carbon
source) and -CM (MMM with mesotrione as sole carbon source),
with three repetitions. The flasks were incubated at 37°C (at
200 rpm), and 100 mL aliquots were withdrawn after 30 min., 3 h
and 6 h of incubation. Samples were diluted to 102, plated on LB
medium and incubated at 37°C. After 12 h, the colony forming
units (CFU) counting was determined.
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Lipid peroxidation

Lipid peroxidation was determined by the levels of malondial-
dehyde (MDA) (substances reactive to thiobarbituric acid) [37].
The concentrations of MDA were monitored at 535 and 600 nm,
and their concentrations were calculated using an extinction
coefficient of 155 mM cm ™",

Protein extraction for analysis of oxidative stress

Bacteria were grown for 10 h at 37°C (at 200 rpm) in 3.6 L of
LB, to get enough cells for the following steps of protein extraction.
The cells were centrifuged at 8,000 xg for 10 min., washed twice
with PBS, and divided into vials with 50 mL of MM (control),
MMM, -C (MM without carbon source), and -CM (MMM with
mesotrione as sole carbon source), with three replications. All the
flasks were incubated at 37°C, and extractions were performed at
30 min., 3 h, and 6 h.

For enzyme extraction, the cultures were centrifuged at 8,000 xg
for 10 min., and the pellet was macerated with liquid nitrogen,
and homogenized (10:1 w/v) in 100 mM potassium phosphate
buffer (pH 7.5), containing 1 mM ethylenediaminetetraacetic acid
(EDTA), 3 mM DL-dithiothreitol and 5% (w/v) polyvinylpoly-
pyrrolidone [38], always kept at 4°C. The homogenate was
centrifuged at 10,000 xg for 30 min., and the supernatant was
divided into aliquots, and frozen at —80°C for subsequent enzyme
analysis. The protein concentration was determined by the
Bradford method [39], using BSA as standard.

Protein analysis by polyacrylamide gel electrophoresis
(PAGE)

Electrophoresis was performed in gels containing 12% poly-
acrylamide with 4% stacking gel. For SOD-PAGE, SDS was
climinated. A current of 15 mA gel”' was applied for 3 h (SOD
activity gel) at 4°C or 2 h (protein profile gel) at room temperature.
Equal amounts of protein (20 ug) were applied to the gels. For
SDS-PAGE, the gel was washed with distilled water, and
incubated overnight in 0.05% Coomassie blue R-250 solution, at
a ratio of 40:7:53 of methanol:acetic acid:water (v/v/v), and
decolorized by successive washings with a solution, at a ratio of
40:7:53 of methanol:acetic acid:water (v/v/v) [40].

The SOD-PAGE activity was performed according to Beau-
champ and Fridovich [41] and modified by Medici et al. [42], in
which the gels were washed in distilled water, and incubated in the
dark for 30 min. in 50 mM potassium phosphate buffer (pH 7.8),
containing | mM EDTA, 0.005 mM riboflavin, 0.1 mM nitroblue
tetrazolium, and 0.3% N,N,N,N-tetramethylethylenediamine. To
control the reaction, a unit of bovine liver SOD (Sigma) was used.
The gels were exposed to white light and immersed in water until
the development of the SOD bands.

Catalase (CAT) activity

CAT activity was determined according to Kraus et al. [43] in a
solution containing 1 mL of potassium phosphate buffer 100 mM
(pH 7.5) and 2.5 pL. HoOy (30% solution), and quantified in a
spectrophotometer at 25°Cl. The reaction was initiated with the
addition of 25 uL. of protein extract, and the activity was
determined by following the decomposition of HyOy at 240 nm
for 1 min.

GST activity

GST activity was measured in a solution containing 900 uL of
potassium phosphate buffer 100 mM (pH 6.8), adding 25 pL of 1-
chloro-2,4-dinitrobenzene (CDNB) 40 mM and 50 pL of reduced
glutathione (GSH) 0.1 M, and incubated at 30°C [44]. The
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reaction was initiated with the addition of 25 pL of protein extract,
and was monitored for 2 min. at 340 nm.

Analysis of lipids saturation

Bacterial strain was grown in 800 mL of LB and incubated at
37°C, at 200 rpm. After 12 h, the samples were centrifuged at
8,000 xg for 5 min. at 4°C. The pellet was washed twice with PBS
and divided into vials containing 50 mL with LB and LB plus
0.04 mM mesotrione, in triplicate, and the cultures were
incubated at 37°C, at 200 rpm. After 12 h, lipid extraction was
performed, as described by Bligh and Dyer [45], with modifica-
tions. The membrane lipids were analyzed by FTIR (Fourier
Transform Infrared Spectroscopy) with transmittance at wave-
lengths from 400 to 4,000 cm ™",

Experimental design and statistical analysis

To assess the saturation of lipids, the baseline of spectrums were
corrected, and then processed by PCA (Principal Component
Analyzes) implemented in the Pirouette v. 4.0 software (Infome-
trix, Bothell, WA, USA). PCA was applied to separate the samples
according to their FTIR spectra (1,400 to 3,200 cm-1). Therefore,
the results obtained for each wavelength were plotted as columns
and the samples as rows. Mean-Center was used as pre-treatment
of the results.

Statistical analysis were conducted with three repetitions of each
treatment for cell viability, MDA, GST and CAT experiments,
which were performed in a completely random design. The
significance of the observed differences was verified using a one-
way analysis of variance (P<<0.05). Analysis were made using R
software version 3.0.1.

Results and Discussion

Mesotrione degrading capacity by E. coli DH5-a

E. coli is considered a model bacterium for study the physiology
of prokaryotes [35]. Studies have been using the E. colz DH5-o
strain as a recipient of genetic material, and it is one of the strains
most frequently used as a tool in recombinant DNA technology
[36,46—47]. Thus, we considered this strain as a laboratory, non-
environmental bacterium, with no prior contact with herbicides.
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Figure 2. Degradation kinetics of mesotrione mediated by E£.
coli DH5-0. MMM (mineral medium with mesotrione), -CM (mineral
medium without carbon, with mesotrione), negative control (MMM
without E. coli DH5-a) and boiled cells.
doi:10.1371/journal.pone.0099960.9g002
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The in vitro evaluation of the toxic effects of herbicides revealed
a negative effect on the growth of strains of £. coli, particularly at
higher doses [34], and also served as a model for the identification
of genes and enzymatic activities involved in the antioxidant
system in general [48-50]. Until this date, there are no studies
involving herbicides degrading ability by non-environmental
strains as . coli DH5-o.

According to Batisson et al. [51], in high concentrations,
mesotrione can alter the microbial community, selecting tolerant
or degrading strains. Bacillus sp. 3B6 [52] and P. ananatis CC'T
7673 [32] have been described as capable to degrade mesotrione
in 24h and 18 h, respectively. Similarly, FE. coli DH5-o
biotransformed mesotrione, and after 3 h of exposure to MMM,
no compound was detected in the analyzed samples, and 76% in —
CM (Fig. 2). The boiled cells test showed that mesotrione was not
lost from the culture medium by cell adsorption. In contrast, P.
ananatis CC'T 7673 showed no ability to metabolize the herbicide
without the presence of carbon [32].

In studies of mesotrione degradation in soil, it was observed that
the highest rate of degradation of Callisto occurred with the
application of 10x and 100 x [33]. P. ananatis CCT 7673 (a strain
isolated from water) was able to completely metabolize the
herbicide mesotrione, but could not grow when in contact with the
herbicide at high doses [32]. In our studies, £. coli DH5-o was able
to tolerate and degrade the herbicide in 10X and in a shorter
incubation time. The tolerance exhibited by this bacterium to the
herbicide may be explained by its rapid metabolism, since the
degradation process takes place as soon as the strain is exposed to
the xenobiotic, reducing the time of exposure of the bacterium to
the chemical.

Studies of mesotrione degradation reported difficulty in finding
specific genes for the degradation of this herbicide [23,43].
According to Pileggi et al. [32], the strains E. coli DH5-a, TOP 10,
and K-12 have the ability to metabolize mesotrione. Considering
that they are related to strains developed in the laboratory, with no
prior contact with the herbicide, this fact may indicate low
selective pressure for specific genes to degrade mesotrione.

Characterization of mesotrione herbicide as a stress
agent

In order to determine if mesotrione damaged cells of E. coli
DH5-a, its cellular viability was assessed under the same growth
conditions as for protein extraction (Fig. 3). The data obtained
revealed that the herbicide mesotrione was not detected after 3 h
exposure (Fig. 2) and that the metabolic process was shown to
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mitiate in the first hour of growth; therefore, the E. coli DH5-o
strain was probably in contact with the whole herbicide for at least
the initial growing of 30 min. During this period, a decrease in cell
viability was observed in the treatments with the herbicide (MMM
and -CM), compared with the controls (MM and -C) (Fig. 3),
indicating a toxic effect of the herbicide on the F. coli DH5-01.
During the periods of 3 h and 6 h, similar viability rates were
verified for all treatments, which is probably due to the capacity of
the nutritional support from MM provided to the bacterial cells.

Botelho et al. [34] analyzed many widely used commercial
formulations of herbicides, and only paraquat decreased the
growth of the E. coli ATCC 25922 strain. In the present study, field
doses (1 x) of mesotrione, which is considered less toxic than the
commercial herbicide [22], decreased the viability of E. cols DH5-o
within 30 min. in treatments with the herbicide (MM and -CM)
(Fig. 3).

Balagué et al. [53] used doses of 2 mM, 1 mM, 0.1 mM and
0.01 mM of the herbicide 2,4-D in spectrophotometer analysis,
and verified growing inhibition of E. colt HB101 only at 2 mM,
whilst in the present study, the growth capacity, analyzed by
cellular viability, showed significant differences in E. coli DH5-ou
between control and mesotrione treatments in 30 min. evaluation
(Fig. 3).

The malondialdehyde (MDA) rate has been used as an indicator
of lipid peroxidation in other studies involving oxidative stress,
such as that reported by Lima and Abdalla [54]. In the present
study, E. coli DH5-a0 exhibited lower membrane damage, in the -
CM treatment, within 30 min., while mesotrione still remained in
the culture medium, (Fig. 4). Although cell viability was affected by
the presence of mesotrione (Fig. 3), in the three analyzed times, the
rates of MDA measured did not show an increased lipid
peroxidation, in the -CM treatment. Nevertheless, in the MMM
treatments, during all the periods analyzed, a statistically
significant increase in MDA was observed, suggesting an
imbalance in ROS production/ROS homeostasis, and conse-
quently a toxic effect of the extra ROS was produced.

Influence of mesotrione on the level of lipids

Infrared spectrogram analysis showed changes in the structure
of the membrane lipids of E. coli DH5-00 in the presence of the
herbicide mesotrione (Fig. 5). According to Boger et al. [55], an
increase in the proportion of unsaturated fatty acids in bacterial
cell membranes, makes them more susceptible to attack by ROS,
and induces to higher rates of MDA production. These changes in
membrane lipids occur from chloroacetanilide herbicides. A study

Figure 3. Cellular viability of E£. col/i DH5-a in MM and in the MMM, -C and -CM treatments, during the periods of 30 min., 3 h and

6 h. LSD=0.13 for all pairwise comparison.
doi:10.1371/journal.pone.0099960.g003
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Figure 4. MDA levels in E. coli DH5-0. in MM, and in the MMM, -C and -CM treatments, during periods of 30 min., 3 h and 6 h,

respectively. LSD =0.18 for all pairwise comparison.
doi:10.1371/journal.pone.0099960.g004

by Balangué et al. [53] with F. colt HB101 strain demonstrated
that the toxicity of 2,4-D could reduce the fluidity of bacterial
membrane, and consequently alter MDA results, as a system-wide
response against ROS. Sanchez et al. [56] also reported similar
findings, where the strain Rlebsiella planticola DSZ, when in contact
with ethanol or the herbicide simazine, exhibited a decrease in the
saturation of membrane lipids, altering the rate of selective
permeability, possibly as a defense system.

In the present study, such a change in the composition of the
membrane lipids of E. coli DH5-o0 may explain the lower rate of
MDA in the treatments without the presence of carbon and with
mesotrione (Fig. 4), as shown by data from cell viability (Fig. 3), in
which the presence of mesotrione caused damage to bacteria in a
time of 30 min. Apart from defense against ROS, the change in
selective permeability may have prevented the entrance of
mesotrione, with increased saturation of membrane lipids,
characterizing a defense system against xenobiotics.

Involvement of antioxidant enzymes in the defense and

degradation of mesotrione

By superoxide dismutase gel analysis, up to 6 distinct
isoenzymes (Fig. 6, lane 3) were observed among the treatments
used (Fig. 6). These isoenzymes were not necessarily present in all
treatments, but the majority of the SOD activity detected could be
accounted to SOD I and SOD 1V isoenzymes. A larger number of
bands were always observed when E. coli DH5-00 was in MM

(Fig. 6, lane 3) and MMM (Fig. 6, lane 6), at 6 h of exposure/
growth. The higher SOD activity observed, under such conditions,
and based on the higher intensity of the SOD bands, could be
attributed to the increased number of visible SOD bands, and also
to the higher activity of SOD I and SOD 1V isoenzymes, which
together clearly accounted for the majority of the SOD activity in
E. coli DH5-a.. Yet, it is likely that this difference on band intensity
was due to the incubation time of E. coli DH5-0l, and consequently
occurred an increase of superoxide radical production. As shown
in the treatment with carbon (MM and MMM), as longer the
growing time, the higher was SOD activity. However, this was not
observed in the treatment without carbon (-CM). Ongoing
research is classifying the distinct SOD isoenzymes, as proposed
by Azevedo et al. [57], detecting which shall be important in
future studies, since they may be located in distinct cell
compartments, and consequently allow to link an increase in
superoxide in a specific organelle to an specific increase of one or
another particular SOD isoenzyme.

An increase in CAT activity was observed, depending on the
exposure time in the culture media with the presence of carbon
(MMM and MM) (Fig. 7), which was probably due to the
adaptation and growth of the strain in the mineral medium.
However, there were no differences in relation to the presence of
mesotrione. In strains of E. coli, depending on the growth phase,
different isoforms can act, which have regulatory pathways that
are activated independently [58]. This may have influenced the

Figure 5. Analysis of lipids of E. col/i DH5-a using FTIR and principal component analysis. Points M2 and M5: control without mesotrione
(LB), in duplicate. Points M1, M3 and M4: treatment with mesotrione (LB+0.04 mM mesotrione) in triplicate. Point B2: negative control, Bacillus sp. in

the absence of mesotrione.
doi:10.1371/journal.pone.0099960.g005
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Figure 6. Non-denaturing-PAGE for SOD activity. Patterns
presented by E. coli DH5-a. in MM (lines 1, 2 and 3) and in the MMM
(lines 4, 5 and 6), -C (lines 7, 8 and 9), and -CM (lines 10, 11 and 12)
treatments, at periods of 30 min., 3 h and 6 h, respectively.
doi:10.1371/journal.pone.0099960.9006

CAT activity response and also the potential participation of other
peroxidases in the stress response.

In the culture media without carbon (-C and -CM), despite
showing a significantly lower total CAT enzymatic activity, in
comparison with the media with carbon, the activity of CAT was
higher in the media with mesotrione, except in 3 h exposure
period (Fig. 7). In the period of 30 min., during which the
complete degradation of the herbicide had not yet occurred, and
mesotrione appeared as the only carbon source, the amount of
hydrogen peroxide may have increased in response to the
xenobiotic itself, stimulating CAT activity, which is notable when
compared to the control without carbon source (-C).

In relation to E. coli DH5-0, GST activity was higher in the
30 min. exposure treatments in the presence of mesotrione,
compared to medium without the herbicide. However, in the 3 h
period, no differences occurred in the activities of GST (Fig. 8).
There are reports about metabolization of triketone herbicides
(such as mesotrione) by influence of cytochrome P450 in plants
[24-25]. According to Barrett [24], P450 is essential for the
biodegradation of at least six families of herbicides used in maize
culture. Furthermore, both the P450 as GST are involved in
cellular defense and detoxification of these herbicides in maize and
rice [26].

The involvement of the cytochrome P450 enzyme system in
degradation of atrazine and herbicides EPTC ($-Ethyl Dipro-
pylthiocarbamate) was observed in bacteria [59-60], but at a very
slow rate [61]. A P450 like enzyme,synthesized by the ¢yg gene, is
involved only in the reduction pathway of paraquat in E. colz, not
in the degradation[29], thereby changing the mode of action of
this herbicide [62].

On the other hand, GST enzymes have been characterized in
plants and microorganisms, as mechanisms aiding the metabolism
of herbicides and other toxic products, catalyzing the conjugation
of glutathione with the herbicide and marking the compound to be
degraded [27-28]. However, there is a great diversity in this
enzyme, with various functions still unknown [21,63-64].
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E. coli DH5-a strain exhibited the capacity to transform 100%
of mesotrione in only 3 h of exposure (Fig. 2). Taking into account
the GST activity during the period in which the degradation rate is
high (30 min.), and any other enzyme related to mesotrione
degradation was reported in bacteria, there is a possibility that this
enzyme is involved in the process of degradation of the herbicide,
because during the period of 3 h, when the herbicide was
completely degraded, the GST activity decreased (Fig. 8). Besides,
acting on the first transformation of the herbicide, the GST
enzyme may also be involved in the elimination of ROS and in the
adaptation of the strain to the culture medium [65-67]. The
evaluation of CAT (Fig. 7) and SOD enzymes (Fig. 6) provides
evidence that these enzymes showed no specific changes in activity
in response to the herbicide in £. coli DH5-o.. Such a response may
vary, as shown by Martins et al. [13], who also failed to see specific
changes in SOD activity that could be attributed to the herbicides
(acetochlor and metolachor), but observed specific changes in
CAT activity by the same bacterial isolates and to the same
herbicides. Thus, it appears that GST may be acting directly in
defense against ROS and in the degradation of mesotrione by £
coli DH5-o1.

Conclusions

This is the first report showing that Escherichia coli DH5-o, which
is considered a non environmental strain, was able to degrade
mesotrione without previous exposure to the herbicide The
process of degradation took only 3 h, being the lowest degradation
time reported until now. Previous articles tried to discover a gene
responsible for mesotrione degradation, without success. In this
manuscript, we describe the involvement of GST in herbicide
degradation, as part of a more complex response system to
mesotrione. Nevertheless, it cannot be ruled out that other systems
may also be involved cooperatively or independently, such as other
peroxidases.

Mesotrione was identified as an oxidative stress agent by the
involvement of GST in herbicide degradation, changes in
membrane lipids saturation, preventing membrane cell peroxida-
tion, and differences in cellular viability. In this case, MDA did not
indicate the occurrence of cellular damage by oxidative stress, but
its reduction was related to changes on lipid structure in response
to the herbicide. To our knowledge, this manuscript is the first
report on the characterization of mesotrione as an oxidative stress
agent in bacteria. Nevertheless, we described Fscherichia coli DH5-ou
as a tolerant strain and capable of growing in the presence of the
herbicide at concentrations normally used in the environment by
agricultural management, even without previous contact with the
herbicide. We consider that E. coli strains can manage to adapt to

MMM -C -CM

Figure 7. CAT activity in £. coli DH5-0. in MM, and in the MMM, -C and -CM treatments, at periods of 30 min., 3 h and 6 h,

respectively. LSD =1.17 for all pairwise comparison.
doi:10.1371/journal.pone.0099960.g007

PLOS ONE | www.plosone.org

June 2014 | Volume 9 | Issue 6 | €99960



0.008 +

0.007

0.006

0.005

0.004

0.003

GST activity
(umol/min. mg)

0.002

0.001

0.000

MM

Mesotrione Tolerance and Degradation by Escherichia coli

MMM -C -CM

Figure 8. GST activity of £. col/i DH5-0. in MM, and in the MMM, -C, and -CM treatments, at periods of 30 min. 3 h and 6 h,

respectively. LSD =0.000398 for all pairwise comparison.
doi:10.1371/journal.pone.0099960.9g008

the presence of new synthesized toxic molecules in its environment
through non-specific mechanisms of tolerance, regarding to non-
specific anti stress enzymes involved with degradation, as GST,
and changes in structure of lipid membrane, perhaps preventing
the entrance of the herbicide in the cell in its toxic configuration.
E. coli DH5-0., already a model for different studies in bacterial
metabolism and adaptation, can also be used for the study of other
enzymatic and structural systems related to herbicides tolerance
and adaptation in contaminated environments, through pheno-
typic plasticity of those systems.
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