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Abstract The recommended field dose (RFD) of iso-
proturon induced significant accumulations of H,O, in
the leaves of 10-d-old maize seedlings throughout the
following 20 d; the accumulation increased with time
and also with herbicide dose. Meanwhile, low doses
significantly increased ascorbic acid, glutathione and
thiols while high doses caused diminutions. Superoxide
dismutase (SOD; EC 1.15.1.1) activity was significantly
enhanced up to the 12th d whereas ascorbate peroxidase
(APX; EC 1.11.1.7) activity was significantly reduced
after the fourth d onwards. Catalase (CAT; EC 1.11.1.6)
and guaiacol peroxidase (GPX; EC 1.11.1.7) activities
were similarly increased during the first 4 d but de-
creased from the 12th and the eighth d, respectively.
Low doses increased SOD and GPX activities but high
doses led to diminutions whereas CAT and APX were
reduced by all doses. The activities of y-glutamyl-cys-
teine synthethase (y-GCS; EC 6.3.2.2) and glutathione
synthethase (GSS; EC 6.3.2.3) were enhanced for 4 d;
high doses caused general reductions. Isoproturon sig-
nificantly reduced activities of glutathione S-transferase
(GST; EC 2.5.1.18) isoforms [GST (cpng), GST(aLA), OF
GSTmem)] after the fourth d, however, it had no effect
on GST(arg). Similar reductions in activities of gluta-
thione peroxidase (GSPX; EC 1.15.1.1) and glutathione
reductase (GR; EC 1.6.4.2) were detected up to the 16th
and the 12th d, respectively. The activities of GST iso-
forms, GSPX and GR were reduced by high doses.
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These changes seemed to be related and might point to
an oxidative stress state that exacerbated with pro-
longed time and/or increased isoproturon dose.
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Abbreviations

APX Ascorbate peroxidase

AsA Ascorbate

CAT Catalase

CDNB 1-Chloro-2,4-dinitrobenzene

d Day(s)

DTNB 5,5-dithiobis-(2-nitrobenzoic acid)
DTT Dithiothritol

y-GCS  y-Glutamylcysteine synthetase
GPX Guaiacol peroxidase

GR Glutathione reductase

GSH Reduced glutathione
GSPX  Glutathione peroxidase
GSS Glutathione synthetase
GST Glutathione S-transferase
NBT Nitroblue tetrazolium
PMSF  Phenyl methyl sulphonyl fluoride
PVPP  Polyvinylpolypyrrolidone
RFD Recommended field dose
ROS Reactive oxygen species
SOD Superoxide dismutase
TCA Trichloroacetic acid
Introduction

Isoproturon [arelon, 3-(4-isopropylphenyl)-1,1-dimeth-
ylurea] is widely used in Egypt for pre- and post-emer-
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gence control of weeds from maize. However, the her-
bicide may have unwanted side effects on the non-target
crops. It is a photosynthetic inhibitor exerting its toxic
effect by generating toxic ROS (Pyon et al. 2004). ROS
typically result from the excitation of O, to form singlet
oxygen (*O,) or from the transfer of one, two or three
electrons to O, to form, respectively, superoxide radical
(03°%), hydrogen peroxide (H,O,) or a hydroxyl radical
(HO®). ROS are capable of unrestricted oxidation of
various cellular components and can lead to oxidative
destruction of the cell (Mittler 2002; Hassan and Nemat
Alla 2005; Nemat Alla and Hassan 2006). Plants develop
defense antioxidants (Foyer et al. 2001; Aravind and
Prasad 2005; Nemat Alla and Hassan 2006). Antioxi-
dants are crucial for plant defense against oxidative
stress. AsA and GSH are the most abundant non-
enzymatic antioxidants in plant cells participating in
ROS scavenging through AsA-GSH cycle (Foyer et al.
2001). GSH biosynthesis takes place in two steps. First,
L-cysteine is conjugated to L-glutamate by y-GCS
forming y-glutamylcysteine (Volohonsky et al.2002). In
the second step, glycine is added by GSS (Gupta et al.
2005). Moreover, GR is responsible for maintaining a
high reduction state of the GSH pool (Anderson and
Davis 2004; Murgia et al. 2004). Major ROS-scavenging
mechanisms of plants include SOD, APX, CAT and
GSTs (Nemat Alla 1995, 2000; Polidoros and Scandalios
1999; Mittler 2002; Hassan and Nemat Alla 2005; Nemat
Alla and Hassan 2006). SOD is responsible for the
elimination of O generated in plant cells to H,O,. The
generated H,O, is removed by peroxidases and CAT
(Polidoros and Scandalios 1999; Geoffroy et al. 2002;
Murgia et al. 2004; Hassan and Nemat Alla 2005). GSTs
and GSPX not only detoxify ROS but also enhance the
conjugation of several herbicides with GSH (Dixon
et al. 1995; Anderson and Davis 2004). Some isoforms
of GST show dual activity and can also function as
GSPX (Edwards et al. 2000; Vontas et al. 2002).
Anderson and Davis (2004) stated that GST, GSPX and
GR are enzymes that utilize GSH to play an important
role in plant defense mechanism. Therefore, this work
was aimed to ascertain the changes of antioxidants and
GSH-associated enzymes following the induction of
oxidative stress in maize by isoproturon.

Materials and methods
Plant materials and growth conditions
Maize grains (Zea mays L., hybrid 351) were germinated

in sand/clay soil (1/1, v/v) in pots (25 cm diame-
ter x 20 cm height). Pots, after being left in dark for 3 d,
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were transferred to a 14 h photoperiod with 450-
500 umol m s™' photosynthetic photon flux density,
75-80% RH, and 28/14°C d/night regime. When seed-
lings were 10 d old, the pots were divided into three
groups; one to serve as a control and the second for
isoproturon treatment at RFD (2.5 kg ha™). The rate
per hectare was calculated according to the surface area
per pot and the herbicide was solubilized in a suitable
amount of water enough to spray the surface area of
each pot in one direction and crosswise. Shoots were
collected just before the herbicide application (used for
zero time) and also after 2,4, 8,12, 16 and 20 d, washed
with copious amounts of water and blotted dry. The
changes of most parameters were observed mainly
between first and fourth d, however, a recovery was
detected in some parameters mainly after the 12th d.
Therefore, the third group treated with 0.5-, 1.0-, 1.5-
and 2.0-fold RFD of isoproturon was performed to
study the dose effects on the eighth d after treatment;
after the herbicide had affected the plant and before the
recovery was set in. For the extraction of the following
parameters, leaves were weighed and separately
homogenized with mortars and pestles on ice at about
4°Cin the appropriate extraction buffer. Extraction and
centrifugation were performed under cold condition.

Determination of H,O,

H,0, was extracted in 200 mM perchloric acid, cen-
trifuged at 5,000xg for 10 min and the supernatant was
neutralized with 4 M KOH. After centrifugation at
3,000g for 5 min, the supernatant was loaded onto
Dowex 1X8-100 anion exchange resin and eluted with
distilled water. H,O, was assayed in 12.5 mM 3-dim-
ethylaminobenzoic acid in 375 mM phosphate buffer
(pH 6.5), 1.3 mM 3-methyl-2-benzothiazolinone hy-
drazone and 0.25 units horseradish peroxidase (Okuda
et al. 1991). The increase in absorbance at 590 nm was
monitored for 3 min.

Determination of AsA, GSH and thiol

AsA was extracted in 62.5 mM metaphosphoric acid,
centrifuged at 12,000g for 20 min and filtered through a
0.5 pum FH-type Millipore filter. The filtrate was loaded
onto an aminex HPX-87H ion exclusion column
(300 x 7.8 mm, Bio-rad) connected to analytical HPLC
system, and eluted with 4.5 mM H,SOy, at a flow rate of
0.5 ml min™". The elution of AsA was detected at
245 nm (Ahn et al. 1999).

GSH was extracted in 5% (w/v) TCA containing
10 mM EDTA and centrifuged at 12,000g for 15 min.
GSH was assayed in 100 mM phosphate buffer (pH
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6.8), 10 mM EDTA, 1 mM CDNB and 1 U equine
GST. The absorbance was recorded at 340 nm before
commencing the reaction and after the reaction had
completed (Anderson and Gronwalds 1991).

The extraction of thiol was performed in 20 mM
EDTA. The extracts were centrifuged at 12,000xg for
15 min. Total thiol was measured in 200 mM Tris—HCl
(pH 8.2), 10 mM DTNB and absolute methanol and
the absorbance was read at 412 nm (Sedlak and
Lindsay 1968). The quantity of thiol was calculated
from the extinction coefficient ¢ = 13,100 mM™"' cm™.
Non-protein thiol was measured in 50% (w/v) TCA,
mixed and centrifuged at 10,000xg for 15 min. The
protein-bound thiol was calculated by subtracting the
non-protein from total thiols.

Enzyme assays

SOD was extracted in 50 mM phosphate (pH 7.8), 0.1%
(w/v) BSA, 5.5 mM AsA, and 8 mM f-mercaptoetha-
nol. SOD was assayed in 50 mM phosphate (pH 7.8),
9.9 mM vr-methionine, 0.057 mM NBT, 0.025% (w/v)
Triton x-100 and 0.1 mM riboflavin (Beyer and Frido-
vich 1987). The photoreduction of NBT was measured
at 560 nm. One unit was defined as the quantity that
causes 50% inhibition of NBT photoreduction.

CAT was extracted in 50 mM phosphate buffer (pH
7), and 1 mM DTT. CAT was evaluated spectropho-
tometrically by determining the consumption of H,O,
at 240 nm in 50 mM phosphate buffer (pH 7.5) and
200 mM H,O, (Aebi 1984). One unit was defined as
the decomposition of 1 umol H,O, min~'.

APX was extracted in 0.1 M Tricine-KOH buffer
(pH 8),1 mM DTT, 10 mM MgCl,, 50 mM KCI, 1 mM
EDTA, 0.1% (w/v) Triton x-100 and 0.28 mM PMSF.
APX was evaluated at 270 nm in 50 mM phosphate
buffer (pH 7.5), 40 mM Na ascorbate and 200 mM
H,O, (Nakano and Asada 1981). One unit was equiv-
alent to 1 pmol of AsA oxidized min.

GPX was extracted in 220 mM Tris—-HCI (pH 7.4),
250 mM sucrose, 50 mM KCl, 1 mM MgCl,, 160 mM
p-mercaptoethanol and 0.57 mM PMSF. GPX was as-
sayed in 20 mM Na acetate (pH 5), 30 mM H,0O,, and
2 mM guaiacol. The absorption at 470 nm was re-
corded and the activity was calculated using the
extinction coefficient of 26.6 mM ™ cm™ (Ranieri et al.
1997). The activity was converted to peroxidase units
using horseradish peroxidase.

The extraction of y-GCS and GSS was performed in
50 mM Tris-HCl (pH 7.5) containing 40 mM PMSF
and 2% (w/v) PVPP. The extracts were centrifuged at
15,000xg for 20 min (Aravind and Prasad 2005). The
assay of y-GCS was performed in 20 mM Tris—HCI

(pH 8.2), 20 mM sodium glutamate, 20 mM L-amino
butyrate, 40 mM Na,-EDTA, 0.4% (w/v) BSA, 20 mM
MgCl, and 50 mM Na,-ATP (Nagalakshmi and Prasad
2001). The reaction mixture was incubated at 37°C for
30 min and the reaction was stopped by TCA to esti-
mate phosphate content at 660 nm. y-GCS unit was
expressed as the release of 1 pmol of phosphate min™".

The assay of GSS was carried out in 100 mM Tris—
HCI (pH 8.0) containing 50 mM KCI, 20 mM MgCl,,
2 mM EDTA, 10 mM ATP, 2.5 mM DTT, 5 mM gly-
cine and 5 mM y-glutamylcysteine (Volohonsky et al.
2002). The reaction mixtures were incubated at 37°C
and GSH was determined every 5 min up to 20 min.
GSS unit was expressed as 1 umol of GSH formed
min .
GST was extracted in 100 mM Tris-HCI (pH 7.5),
2 mM EDTA, 14 mM p-mercaptoethanol and 7.5%
PVPP. After centrifugation at 15,000g for 15 min,
ammonium sulfate was added to 80% saturation and
the protein pellets were collected (Dixon et al. 1995).
Routine assay of GST was performed in 100 mM
phosphate (pH 6.5), 5 mM GSH and 1 mM CDNB.
The absorbance at 340 nm was measured and the
activity was calculated by the extinction coefficient
e=9.6mM "' cm™ (Ando et al. 1988). Moreover, a
series of HPLC assays were conducted to measure
GST activities towards the herbicides alachlor, met-
olachlor and atrazine as substrates. The activities were
evaluated from the determination of the residual non-
conjugated herbicide. A sample of about 2 mg of
protein was incubated with 10 pmol of GSH and
160 nmol of the herbicide for 2 h at 35°C. The reaction
was stopped in a dry ice-acetone bath and the mixture
was then lyophilized, extracted in methanol, centri-
fuged at 48,000xg for 10 min and injected into the
HPLC. The following isocratic conditions were em-
ployed: mobile phase, water/acetonitrile (1/9, v/v); flow
rate, 1 ml min~'; detection, 220 nm. Two control tests
were carried out, either GSH or the enzyme was left
out to check possible herbicide losses by either non-
conjugating reactions or the non-enzymatic GSH con-
jugation.

GSPX was extracted in 100 mM Tris—=HCI (pH 7.5),
1 mM EDTA and 2 mM DTT. The extracts were
centrifuged at 15,000xg for 20 min. The reaction mix-
ture constituted of 100 mM phosphate (pH 7.0), 2%
(w/v) Triton x-100, 0.24 U GR, 1 mM GSH, 0.15 mM
NADPH, and 1 mM cumene hydroperoxide. After
incubation at 30°C for 10 min, the rate of NADPH
oxidation was measured by monitoring the absorbance
at 340 nm for 3 min and calculated from the extinction
coefficient ¢ = 6.2 mM~' cm™ (Nagalakshmi and Pra-
sad 2001).
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Extraction of GR was performed in 100 mM phos-
phate (pH 7.5) and 0.5 mM EDTA. The extracts were
centrifuged at 15,000xg for 20 min. The reaction mix-
ture contained 100 mM phosphate (pH 7.5), 0.5 mM
EDTA, 0.75 mM DTNB, 0.1 mM NADPH and 1 mM
oxidized glutathione (Smith et al. 1988). The reaction
mixture was incubated at 35°C meanwhile absorbance
at 412 nm was being measured up to 5 min. GR unit
was expressed as 1 umol of thiobis-2-nitrobenzoic acid
formed min~'.

Protein was determined according to Bradford
(1976). All values are means (+SD) of at least six
replications from two independent experiments. The
full data were statistically analyzed using the least
significant difference (LSD) test at 5% level (Snedecor
and Cochran 1980).

Results and discussion

Figure 1 shows that RFD of isoproturon significantly
accumulated H,O, in maize leaves during the entire
experimental period as compared with control. The
magnitude of accumulation increased with the elapse
of time. Moreover, all doses of isoproturon (0.5-2.0-
fold RFD) caused substantial and consistent increases
ranged from 139 to 383%. Curve fitting equations
indicate that 50% accumulation of H,O, was induced
by about 0.54 RFD of isoproturon.

H,0, leads to a variety of cellular responses that are
dose dependent. A high dosage results in hypersensi-
tive cell death whereas a low dosage blocks cell cycle
progression and functions as a developmental signal for
the onset of secondary wall differentiation (Kurama
et al. 2002). Really, H,O, content increased under

similar stress conditions (Luna et al. 2005). Neverthe-
less, H,O, accumulation in maize by isoproturon might
be due to an increased production and/or decreased
degradation. The present results declare the dose-
dependent influence of isoproturon on H,O, accumu-
lation. The higher the herbicide dose, the greater the
accumulation of H O,. Consequently, the increase in
H,0, production and/or the decrease in its degradation
could be subsequently elevated with the high doses.
The production of H,O; is controlled by SOD while its
degradation depends mainly on CAT, APX and GPX.
Therefore, the greater accumulation of H,O, would
point to an increase in the SOD activity and/or a re-
duced activity of CAT, APX and GPX.

As shown in Fig. 2, SOD activity was significantly
enhanced by isoproturon up to the 12th d of treatment.
Similar inductions of CAT activity were detected only
during the first 4 d, however, the activity was signifi-
cantly reduced from the 12th d. On the other hand,
APX activity was significantly reduced up to the end of
the experiment, nevertheless, no changes were mostly
observed during the first 4 d. On the contrary, GPX
activity was significantly higher in treated samples than
control during the first 4 d, thereafter, the enzyme
activity was significantly reduced from the 12th d. The
dose-dependent curves show enhancements in SOD
and GPX activities by both 0.5- and 1.0-fold RFD of
isoproturon, however, 1.5- and 2.0-fold RFD reduced
the enzyme activities. On the other hand, CAT and
APX activities were diminished by all doses; the
magnitude of diminution was augmented as the her-
bicide dose increased.

SOD is a key enzyme in protecting cells against
oxidative stress. Overproduction of SODs in
plant chloroplasts led to protection against herbicides

Fig. 1 Changes of H;0O; in A) —o- Control (B) —o— Treated
leaves of 10-d-old maize 6 -
seedlings during the following
20 d from treatment with 400
RFD of isoproturon a, b dose- =
St
dependent curve on the a5 £
eighth d after treatment. Data 'g S 300 4
are mean + SD. Vertical bars 3 2
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Fig. 2 Changes of SOD,
CAT, APX and GPX
activities in leaves of 10-d-old
maize seedlings during the
following 20 d from treatment
with RFD of isoproturon a—d.
e-h Dose-dependent curves
on the eighth d after
treatment. Data are

mean + SD. Vertical bars
represent LSD at 5% level
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levels induced by high doses might result from the drop
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in its degradation rather than an increase in its for-
mation. As expected, the activities of H,O,-scavenging
enzymes were reduced by high doses. Under these
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conditions, where CAT, APX and GPX were dimin-
ished, the cell is not fully competent to remove H,O,,
which would accumulate to toxic levels. Therefore, the
deleterious effects of high doses seemed obvious. On
the other hand, there was a correlation between the
resistance of maize to paraquat and the increased
activities of SOD and peroxidases (Iannelli et al. 1999).
In addition, Pyon et al. (2004) reported that the
activities of SOD, CAT and peroxidases were higher in
paraquat-resistant Erigeron canadensis than in sus-
ceptible biotype. The changes in CAT and peroxidases
could be related to their cytochemical localization. De
Felipe et al. (1988) studied the cytochemical localiza-
tion of CAT and peroxidases in the mesophyll of Lo-
lium rigidum treated with isoproturon. They observed
that the number of peroxisomes increased when
growing in the presence of 3.4 x 10~ M isoproturon.
Also, Geoffrey et al. (2002) found that CAT and APX
of Scenedesmus obliquus were significantly stimulated
by oxyfluorfen. Therefore, the decreases in CAT and
peroxidases activities indicate, if any, deficiency in
H,O, detoxification. The detoxification of H,O, and
the other ROS depends moreover on AsA-GSH cycle.

Results presented in Fig. 3 show that isoproturon
resulted in significant increases in AsA and GSH

Fig. 3 Changes of AsA and
GSH in leaves of 10-d-old
maize seedlings during the
following 20 d from treatment

(A) 100

contents only during the first 4 d of treatment. There-
after, the levels retracted and even became lower than
control from the 12th d onward. There were increases
in AsA and GSH by low doses, high doses in contrast
led to great diminutions. On the other hand, different
forms of thiol have roles as detoxicants and antioxi-
dants (Potters et al. 2002). It is obvious from Fig. 4 that
isoproturon treatment led to high increases in protein-
bound, non-protein and total thiol contents in maize.
The magnitude of increase seemed higher at the start.
Protein-bound and total thiol fractions were elevated
by isoproturon during the first 8 d of treatment. Non-
protein thiol was significantly increased only during the
first 4 d. The dose-dependent curves show that 0.5 and
1.0 RFD resulted in significant enhancements in both
protein-bound and total thiol whereas non-protein
thiol was increased only by 0.5 RFD.

AsA and GSH act to detoxify ROS through active
enzymatic pathways. AsA plays an important role in
scavenging free radicals in plants. GSH is regarded as a
key component of antioxidant defenses in most aerobic
organisms and moreover to be limiting for tolerance to
herbicides (Foyer et al. 2001). The inductions of AsA
and GSH by low doses might increase plant defense to
oxidative stress. The reverse is really true; the dimi-
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nutions caused by 1.5- and 2.0-fold RFD would nega-
tively affect the plant defense mechanisms. Therefore,
the incipient increased GSH and AsA levels followed
thereafter by consistent decreases might point to a
malfunction and probably disable the antioxidative
defense mechanism by the elapse of time as well as
high doses. Thiol pool functions as the stress indicator
and plays several roles in oxidative stress control and
protection against xenobiotics and heavy metals
(Nemat Alla and Hassan 1998; Mendoza-Cozatl and
Moreno-Sanchez 2006). Farago et al. (1993) found that
the decreased GSH levels in maize shoot enhance the
susceptibility to metolachlor. The present results

showed that thiol and GSH were induced by isopro-
turon only during the first few d and by low doses. The
induction in thiol and GSH would enhance the detox-
ification of both herbicides and ROS as well as the
formation of any metal-binding protein (Rauser 2000;
Aravind and Prasad 2005).

GSH is synthesized from the combined action of y-
GCS and GSS (Volohonsky et al. 2002; Gupta et al.
2005). Figure 5 shows that the activities of y-GCS and
GSS were significantly increased by isoproturon during
the first 8 and 4 d, respectively. The magnitude of in-
crease was nullified by increasing the herbicide dose so
that 1.5 and 2.0 RFD resulted in significant reductions.
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Fig. 5 Changes of y-GCS and —o— Control —o— Treated
GSS activities in leaves of 10- (A) (C)
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Such trend was most likely related to GSH changes
confirming their essential role for GSH synthesis
which, in turn, would favor the responsibility as anti-
oxidant through GSH-AsA cycle or as detoxicant to
accelerate the detoxification mechanisms of xenobiot-
ics. Nevertheless, high doses decreased GSH and the
connected enzymes causing a failure in detoxification
mechanisms. Of the detoxification enzymes are the
GSTs which are enhanced under certain conditions to
increase plant defense against several biotic and abiotic
agents. GSTs play a role in antioxidant metabolism
(Polidoros and Scandalios 1999; Hassan and Nemat
Alla 2005). Moreover, GSTs catalyze the conjugation
of some xenobiotics with GSH.

Figure 6 shows the activities of GST towards
CDNB, alachlor, metolachlor and atrazine as substrates
[GST(conB), GST(ara), GSTomer) and GST(arr),
respectively]. In general, isoproturon provoked signifi-
cant reductions in activities of GST(cpng), GST(aLa)
and GST(ver) during the experimental period, how-
ever, no variations from control were detected during
the first 4 d of treatment. GST(sTr) activity seemed
unaffected by isoproturon all over the experimental
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period. Curve fitting indicates that activities of GST
isoforms were generally decreased with increasing
isoproturon doses. GST cpng) and GSTvgT) isoforms
seemed more resistant to isoproturon followed by
GST(aTr) Whereas GST(ara) appeared the most sen-
sitive. However, the reductions in GSTs activities by
isoproturon were accompanied by general retractions
of GSH. These findings could point to indicate the
negative effects of isoproturon on antioxidants and
detoxicants. In spite of the incipient increases in GSH
and other thiol forms as well as activities of GST,
»-GCS and GSS, the deleterious effects of high doses
and/or with the elapse of time appeared obvious.
Some isoforms of GST showed dual activity and can
also function as GSPX (Edwards et al. 2000; Volo-
honsky et al. 2002; Vontas et al. 2002). Moreover, Ye
et al. (2000) reported that two distinctly different types
of GSPX activity exist in plants; those types having
only GSPX activity, and those having dual GST/GSPX
activities. GSPX is a part of the arsenal of the pro-
tective enzymes, which respond to stress (Aravind
and Prasad 2005). In addition, GR is responsible for
sustaining the reduced status of GSH (Yoon et al.
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Fig. 6 Changes of GST
activities towards CDNB
[GST(cpnay], alachlor
[GST(aLa)], metolachlor
[GSTmem)] and atrazine
[GST(atr)] as substrates in
leaves of 10-d-old maize
seedlings during the following
20 d from treatment with
RFD of isoproturon a-d. e-h
Dose-dependent curves on
the eighth d after treatment.
Data are mean + SD. Vertical
bars represent LSD at 5%
level
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2005). Thus, GSH production would depend not only
on the activities of y-GCS and GSS but also on GR

activity.
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The activities of GSPX and GR were significantly
reduced by isoproturon during the first 16 and 12 d,
respectively (Fig. 7). Moreover, all doses reduced the
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Fig. 7 Changes of GSPX and —o—- Control —e Treated
GR activities in le.:aves of .10- (A) 60 - © 100 &
d-old maize seedlings during 7
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activity of both enzymes. The greater the dose, the
more the activity reduction was. Therefore, the
reduction of GSPX would retard the detoxification of
xenobiotics and ROS. Although the concentration of
GSH and the enzymes connected with its synthesis rose
in the early phase of the experiment, there was no in-
crease in GST and GSPX activities pointing that the
detoxification of isoproturon follows other metabolic
routes than conjugation with GSH. Indeed, isoprotu-
ron metabolism is catalyzed by cytochrome P450
monooxygenase (Singh et al. 1998; Devine and Preston
2000). The predominant metabolites of isoproturon
were identified as monodesmethyl-isoproturon, 2-hy-
droxy-isoproturon and 2-hydroxy-monodesmethyl-iso-
proturon (Glafgen et al. 1999). On the other hand, the
decrease in GR activity could not preserve enough
GSH level for performing its functionality well. Gehin
et al. (2006) reported that the glyphosate-caused
depletion of GSH was accompanied with GSPX dis-
orders. Moreover, Zabalza et al. (2006) concluded that
the enhancement of the GSH content detected in
imazethapyr-treated pea roots can be related to the
detected increase of GR activity.
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In conclusion, treatment of maize with isoproturon
accumulated H,O, throughout the experimental peri-
od and meanwhile temporarily increased AsA, GSH
and thiol fractions. Such incipient increases were also
detected, to some extent, for activities of SOD, CAT,
APX, GPX, y-GCS and GSS. In contradiction, activi-
ties of GSPX, GR and GSTs [GST(cpng), GST(aLA)
and GST )] were generally reduced by isoproturon
with no changes in GST(arr). High doses greatly
dropped the enzymatic and non-enzymatic antioxi-
dants. These observations confirm the existence of
oxidative stress induced in maize by isoproturon, the
status that appeared less evident in the early phase of
the experiment and by using low doses. High doses
indicated that H,O, accumulation was the result of
delay in its scavenging. On the other hand, there was
no increase in GST and GSPX activities in the early
phase of the experiment although GSH and the activ-
ities of enzymes connected with its synthesis rose.
These findings confirm that the detoxification of iso-
proturon follows other metabolic routes than conju-
gation with GSH. The elevated GSH appeared resulted
from p-GCS and GSS activities rather than GR
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activity. With the elapse of time and/or using high
doses, y-GCS, GSS and GR activities were greatly re-
duced decreasing therefore GSH with a subsequent
lowering in ROS detoxification. Consequently, the
protective mechanism by antioxidant defense system
seemed to be delayed as time of treatment was pro-
longed and/or the herbicide dose was increased.
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