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Abstract: Response of two wheat culiivars (Triticum eestivum cv. YM 158 and NM 9 to the herbicide chlorotoluron and the effect of
two forms of dissolved arganic matter on the chlorotoluron toxicity to the plants were characterized. Treatment with chlorgtoluron at
10—50 pg/ml inhibited the seed germination and a dose-response was observed. The inhibition of seed germination was correlated to
the depression of a-amylase activities. To identify whether chlorotoluron induced oxidative damage to wheat plants, the
malondlaldehyde (MDA} content and clectrolyte leakage were measured. Results showed that both MDA content and clectrolyte
leakage in the chiorotoluron-treated roots significantly increased. Activities of several key enzymes were measured that operate in
citric acid cycle and carbohydrate metabolic pathway. Inhibited activities of citrate synthase and NADP-isecitrate dehydrogenase were
observed in the chlorotoluron-treated roots as compared to control plants. We also examined malate dehydrogenase and
phosphoenolpyruvate carboxylase in wheat roots exposed to 30 wg/ml chlorotoluron. However, none of the enzymes showed
significant changes in activities. Application of 160 pg/ml dissolved organic matter (DOM) extracted from non-trcated sludge(NTS)
and heat-expanded sludge (HES) in the medium with 30 wg/ml chlorotoluron induced an additive inhibition of seed germination and
plant growth. The inhibition of growth duc to the DOM treatment was associated with the depression of activities of a-amylase, citrate
synthase and NADP-isocitrate dchydrogenasc, as well as the increase in malondlaldehyde content and electrolyte leakage. These
results suggested that the presence of DOM might enhance the uptake and accumulation of chlorotoluron, and thus resulted in greater
toxictty in wheat plants. The two forms of DOM exhibited differences in regulation of chlerotoluron toxicity to the wheat plants.
Treatmenis with DOM-NTS induced greater toxicity to plants as compared to those with DOM-HES. In addition to DOM affecting
chlorotoluron-induced toxicity to wheat plants, the cultivars could have also contributed to differences. Generally, NM-9 showed a
higher sensitivity to chlorotoluron than YM 158 either in the absence or in the presence of DOM.
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leaching in soil and is detected in agricultural soils,
rivers, lakes and streams (Deneer, 2000: Ll Sebai,
2004). Ecotoxicological data have demonstrated that
chlorotoluron also readily accumulates in crops and
vegetables and excess accumulation may causc
toxicity to plant growth. Likewise, its existence in

Introduction

Chlorotoluron, a phenylurea herbicide with high
activity and low toxicity is worldwidely used for either
pre-or post-emergence selective controlling of grass
weeds in cereal, cotton and fruit productions (Lechon

et al., 1997). In china alone, more than thousands of
tons of chlorotoluron each year have been applied for
the spring and winter wheat production (Cai, 1999).
Chlorotoluron is normally soil-applied and relatively
soluble in water. It is therefore readily taken up by
plant roots and transported to the leaves to perform the
weeding effect (Sharples et o, 1997). While
chlorotoluron as once of indispensable elements of
modern agriculture is applied to agricultural land to
protect crops and plantation from weeds, it becomes a
significant source of diffuse contaminants causing
health implications on living organisms (Yazgan and
Tanik, 2005). In recent years, there is an increasing
concern about its fate (Waler et of., 2005). Research
indicates that due to its moderate adsorption onto soil
constituents, chlorotoluron is fairly mobile and

environments also has a toxic effect on aquatic
invertebrates, freshwater algae and microbial activity
(Pérés et al., 1996; Ma et al., 2002).

The performance of herbicides as  soil
contarmninants is influenced by a varity of environ-
mental conditions such as soil types, moisture, light,
temperature and soil dissolved organic matter({DOM)
{Sharples et ., 1997). DOM is similar both
structurally and functionally with surfactants and may
influence herbicide mobilization, metabolism and
binding properties in soils(Celis et al., 1998; Zhou and
Wong, 2000a). Therefore, DOM may affect
bioavailability and toxicity of herbicides to plants
{Bejarano et «l., 2005; Li et af., 2005; Yang et aof.,
2005). Several lines of studies show that DOM
reduced the bioavailability to aquatic organisms of
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hydrophobic contaminants (Businelli, 1997; Celis es
al., 1998). The original concentration of DOM in soil
15 20—80 mgC/ml. However, some materials rich in
organic carbon such as crop stalks, organic fertilizers
and residuary roots of plants may produce high DOM
concentrations in a short term (the concentration may
increase from original 20—80 mgC/ml to thousands of
mgC/ml). High DOM concentrations in soils may
exert impact on the migration, biclogical accumu-
lation and toxicity of herbicides to plants (Celis et al.,
1998).

Although it is well documented that the effect of
DOM on herbicides is associated with its sorption,
desorption and leaching in soils (Celis er of., 1998;
Seol and Lee, 2000; Li et «f., 2005), little information
is available regarding the DOM-induced changes in
toxicity of herbicide to plants. In this study, we
characterized the susceptibility of two wheat cultivars
to chlorotoluron toxicity. We also identified the role
of two forms of DOM in regulating chlorotoluron-
imduced toxicity to wheat plants. The purpose of the
investigation 1s to help us to understand how DOM
biologically affects the response of plants to
chlorotoluron.

1 Materials and methods

1.1 Materials

Seeds of wheat (Triticum aestizuem L. cultivars
YM 158 and NM-9) and the herbicide chlorotoluron
[3 - (3-chloro-p-tolyl}-1, 1-dimethylurea] examined in
this study were obtained from the Academy of
Agricultural Sciences in Jiangsu, China. The seeds
were surface-sterilized with 1% NaClO for 10 min,
rinsed several times with distilled water and placed on
moistened filter papers(Whatman No.1) in a petri dish.
The seeds were kept in the dark for germination.
When sceds germinated, they were removed to
another petri dish containing a freshly moistencd filter
paper with treatment solutions. Petri dishes with
germinating seeds or seedlings were placed In a
chamber with temperature at 20 £1°C , a light
intensity of 300 pwmol/(m?-s) and 1[4 h photoperiod.
Usually, during the first 7 d, the plants were not fed
because they contain enough nutrients for their
growth.

Two forms of dissolved organic matter were
used. Ome form of DOM was extracted from
non-treated sludge(NTS) or intact sludge and the other
from heat-expanded sludge (HES). The sludge was
collected from Suzhou, langsu, China. DOM was
prepared according to a previous method described by
Zhou and Wong (2000a). The sludges were extracted

with Milli Q water using a solid:water ratio of 1:10
{w/v, dry weight basis} in a reciprocal shaker at 200
r/min and 4°C for 16 h. The suspensions were centri-
fuged at 10000 g and 4°C for 15 min, and filtered
through a 0.45 wmol/L sterilized membrane (GN-6
Metrice, Gelman Sciences, Ann Arbor, MI). The
filtrates were analyzed for pH and total organic carbon
(TOC-5000A, Shimadzu, Japan). All DOM extracts
were used immediately after preparation. The major
properties are shown in Table 1.

Table 1 Selected properties of disselved organic matter
DOM sample TOC, mgC/L pH
DOM from non-reated sludge(NTS) 337 7.13
DOM from heat-expanded sfudge(HES} 1938 124

1.2 Chlorotoluron treatment and growth analysis

For the experiment of chlorotoluron impact on
germination, seeds were sterilized, rinsed and soaked
in distilled water for | h. This allowed seeds
physically to take up enough water. The water then
was removed and replaced by treatment solutions with
chlorotoluron at 0, 10, 20, 30, 40 and 50 pg/ml
(prepared in [0 mmol/L CaCl,) and/or two forms of
DOM at 160 pg/ml. Each petri dish contained 20
sceds for a treatment. Typically, a result (or an
independent cxperiment) was the mcan of at least
three treatments.

To establish a dose-responsc curve, the roots of
two-day old plants after germination were cxposed to
the various concentrations of chlorotoluron (0, 10, 20,
30, 40 and 50 pg/ml) and/or DOM at 160 mg C/L) for
7 d. The five concentrations of chlorotoluron were
used because within the concentration 5% to 35 %
inhibition of seed germination could be detected as
compared with the control. The plants were sampled
for analysis. Each experiment was repeated three
times with at least 60 plants.

1.3 Measurement of electrolyte leakage of roots

Twenty 30-mm long segments of roots(from tips)
were collected and rinsed three times, dricd with filter
papers and put into a test tube. 20—30¢ ml of deion-
ized water was added to the tube to soak the root
segments. The tubes were shaken at 80 r/min at(25
+1)C for 2 h. Measurement of water conductance
and calculation of clectrolyte leakage percentage were
based on the method described by Gong et ol .(2001).
1.4 Determination of lipid peroxidation

The malondlaldehyde (MDA) content was
determined by a procedure based on the method of
Heath and Packer(1968).

1.5 Assay of enzyme activity
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For a-amylase activity (EC 3.2.1.1) assay, 2
day-old germinating seeds were homogenized in an
ice-old 100 mmol/L Tris-HC] buffer (pH 6.4). The
homogenate was centrifuged at 12000 X g at 4°C for
5 min. The supernatant was used to measure the
activity of a-amylase. The enzyme activity was de-
termined by the procedure of Agitloglu et al.(2000).

Roots of 7 d old of plants were homogenized in
an iced-cold 50 mmol/L HEPES-NaQOH bufter(pH 7.5)
confaining 5 mmol/L. MgCi;, Smmol/L. EDTA, 10%
(v/v) glycerol and 0.1%(v/v) Triton X-100{Yang et ol.,
2004). The homogenate was centrifuged at 15000 X g
at4°C for 5 min. The supematant was used to measure
the activities of following enzymes. Citrate synthase
(€S, EC 4.1.3.7) activity was spectrophotometrically
assayed by monitoring a decrease in acetyl CoA at 412
nm for 4 min. The reaction mixture contained 100
mmol/L. Tris-HCI buffer (pH 8.0}, 5 mmol/L MgCl.,
0.5 mmol/L. 5,5-dithio-bis-2-mitrobenzoic acid, 0.2
mmol/L acetyl CoA, and 1 mmol/L. oxalacetic acid
(Yang et al, 2003). Activity of NADP-isocitrate
dehydrogenase (NADP-ICDH, EC 1.1.1.42) was
assayed according fo the method of Udvardi er &
{1993) by monitoring a reduction of NADH at 340 nm
for 2—3 min with the reaction mixture containing 100
mmol/L. Tris-HCl (pH 8.0}, 5 mmol/L MgCl,, 0.5
mmol/L. NADP*, 2.5 mmol/L DIL-Na; isocitrate. For
malate dehydrogenase (MDH, EC 1.1.1.37) activity
measurement, the reaction mixture contained 350
mmol/LL. HEPES-KOH (pH 7.5), 0.5 mmol/L EDTA,
0.2 mmol/l. NADH, and 1| mmol/L oxaloacetate
{Macnicol and Jacobsen, 1992). The reaction was
started by addition of oxaloacetate and the disap-
pearance of NADH at Ay, in the first minute was
recorded. The phosphoenolpyruvate carboxylase
{PEPCase, EC 4.1.1.31) activity was spectro-

photometrically assayed by monitoring the disap-
pearance of NADH at 340 nm for 3 min(Macnicol and
Jacobsen, 1992). The reaction mixture contained 100
mmol/L. Tris-HC1 (pH 8.4), 5 mmol/L MgCl,, 100
mmol/L NaHCQ;, 25 mmol/L PEP, 0.2 mmol/L
NADH, 2 units of MDH. The protein in the enzyme
extract was quantified by the method of Bradford
{1976).
L.6 Statistical analysis

Ail the experimenis were performed using at
least three repetitive independent treatments. The
values are expressed as means +5D. The significance
of the differences between the means was calculated
by using the Student's ¢ test. Statistical significance
was set at p<(.05.

2 Results

2.1 Response of seed germination to chloroto-
luron in the absence and presence of DOM

Fig.1 shows the seed germination of two wheat
cultivars YM-158 and NM-9 under the treatment of
chlorotoluron at 0, 10, 20, 30 and 50 pg/ml. In the
absence of DOM, the inhibition of germination rates
in both cultivars increased with the chlorotoluron
concentrations applied. There was a linear correlation
between the chlorotoluron concentration and inhu-
bition rate, with correlation coefficients (#*) of 0.9278
and 0.9752 for YM-158 and NM-9 respectively.
However, the two cultivars showed a different
sensitivity to chlorotoluron under the same condition.
For example, if a threshold-value of 20% inhibition
rates was Introduced to calculate the difference, the
chlorotoluron concentration for YM- 158 was 47.73
wg/ml, and the chlorotoluron concentration for NM-9
was only 36.25 wg/ml.

Application of either DOM-HTS or DOM-NTS

OChl ® Chl+DOM-HES & Chl+DOM-NTS
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Fig.t  Effects of chlorotoluron and two types of DOM on the seed germination of wheat YM-158 and NM-9. Dry seeds were sterilized, rinscd and
incubated in the solutions containing 0, 10, 20, 30, 40 and 50 wg/ml chlorotoluren and 160 ppg/ml DOM (HES and NTS). The germinating seeds were
counted and analyzed. Values are the means =50 (n=60). Asterisks indicate that mean values are significantly different between the treatments of

Chl+ DOMs (DOM-HES or DOM-NTS) and Chl alone
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{160 pg/ml) alone to the culture medium caused no
significant changes in germination rate of YM 158 and
NM 9 seeds as compared to controls(data not shown),
however, in the presence of chlorotoluron, both forms
of DOM induced general increases in inhibition of
seed germination (Fig.1). DOM-NTS seemed to be
stronger in inducing chlorotoluron-responsive inhi-
bition of seed germination than that of DOM-HTS.

DOM-induced inhibition of wheat seed
germination was cultivar-specific. The threshold-value
(applied chlorotoluron concentrations) under 20% of
inhibition rate of germination for YM 158 were 35.09
wg/ml (DOM-HES} and 21.97 pg/ml {DOM-NTS),
while those for NM 9 were 22.09 jg/mi{DOM-HES)
and 17.91 pg/ml(DOM-NTS).

Since the activity of a-amylase represents the
capacity of seed germination, it was assayed in
germinating seeds under the chlorotoluron treatment
(Fig.2). Treatment with 30 pg/ml chlorotoluron
significantly caused a decrease in a-amylase activities
in both wheat cultivars. Simultaneous treatments with
two forms of DOM induced slightly additional
suppression of the enzyme activity. Compared to the
a-amylase activity in cultivar YM 158, the activity in
NM 9 was lower under the same treatment condition.
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Fig.2 Response of a-amylase activines of germinating seeds of two
wheat cultivars YM-158 and NM-9 to chlorotoluron and/or DOM. Dry
seeds were sterilized, rinsed and incubated m the treatment solutions
containing 0 (control) and 30 pgml chloroteluron and/or 160 pg/ml
DOM (HES and NTS). The treated plants were sampled for enzyme
activity assays as described in “Materials and Methods”. Values are the
means + S0 (n=60). Astenisks indicate that mean values are
significantly different between the activities of two cultivars

2.2 Growth response to chlorotoluron in the
absence and presence of DOM

Effect of chlorotoluron on the growth of two
wheat cultivars is presented in Fig.3. In general, both
cultivar showed reduced elongation of leaves or roots
after exposure to chlorotoluron at 10—50 pg/mi for 7
d. A concentration-dependent inhibition was observed.

—}— Ch+DOM-HES —— Chl+DOM-NTS

Root ¢longation, <m

Root elongaticn, ¢m

0 10 20 30 40 50 66
Chl concentration, pg/ml

Effects of chlorotoluron and two forms of DOM on the elongation of wheat leaves and reots. Plants afler germination were exposed to the

treatment solutions containing chierotoluron at 0, 10, 20, 30, 40, 50 pg/ml and DOM (HES and NTS) at 160 pg/ml for 7 d and then, the leaf and root
elongation of the treated plants were measured. Values are the means = S0 (r=60). Asterisks indicate that mean values are significamly different
between the reatments ¢f Chi+DOMs{DOM-HES or DOM-NTS) and Chl alone
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Treatment with DOM-HES or DOM-NTS(160 pg/ml)
alone induced a slight increase in leaf and root
elongation in YM 158 and NM 9 cultivars. However,
in the presence of chlorotoluron, both forms of DOM
caused additional inhibition of leaf or root elongation.
To confirm the roles of DOM in regulating the
toxicity of chlorotoluron to wheat plants, we measured
the fresh mass of plants under the combined
treatments with chlorotoluron and DOM. As shown in
Table 2, treatment of plants with 30 pg/ml
chlorotoluron reduced the leaf fresh mass by 10.5%
(YM 158) and 14.8% (NM 9} and root fresh mass by
4.8% (YM 158) and 6.1% (NM 9), respectively. The
reduction in leaf fresh mass of both cultivars was
greater than that of root, suggesting that leaves were
more sensitive to the herbicide than roots. Treatment
with  DOM-HES or DOM-NTS alone slightly
increased the fresh mass of both cultivars. However,
the combined treatments with chlorotoluron and DOM
exerted an additively inhibitory effect on the growth,

Table 2 Growth response of two wheat cultivars YM-158 and
NM--9 to chloretoluron and DOM

YM-158%8 NM-9

Treatment Leaf Root Leaf Root

Fresh mass, mg/plant

Control 35223 3924120 358x2.1" 362+09
Chl 315+14° 373415 305+1.2" 34.0%£32°
DOM-HES 3621010 415E1.5 369F£27 378ELT
DOM-NTS 376128 4024212+ 37.8+310 372415

Chi+DOM-HES 291+ 1.1 368+ 1.0"
ChliDOM-NTS 27.6+2.8" 33.8+1.%

2824260 3031423
252+ 1.7 29617

Notes: Plants after permination were exposed to the treatment solutions
containing chlerotaluron al 0 (Control) and 30 pg/ml andior 160 pg/ml
DOM for 7 d. Then, the treated plants were sampled and fresh lcaf and
root were weighted. Values are the means +802  (n=30), Means with
differcnt superscript letters in columns are significantly dilferent at
p<0.05

2.3 Response of oxidative stress to chloroto—luron
in the absence and presence of DOM

Concentration of lipid peroxides in the growing
plants was measured in terms of MDA content(Table
3). Under the chlorotoluron treatment an elevated
level of lipid peroxides was observed in roots
compared to controls, with an increase from 12% to
19% in the two cultivars. Since lipid peroxides
induced by the herbicide might be associated with
plasma membrane injury, the root electrolyte leakage
was detected. There was a concomitant increase in the
chlorotoluron-treated roots of wheat plants. Addition
of DOM caused a higher accumulation of MDA and
greater leakage root tissues.

Table 3 Lipid peroxidation and root electrolyte leakage of plasma
membrane in roots of the two wheat cultivars to chlorotoluron
and DOM

MDA content, nmol/g FW Electrolyte leakage, %

Treatment
YMI3 NM9 YMI15 NM9

Control 276 +0.11° 2712009 5.01+0.31° 4.30+0.24°
Chi 315021° 3342007 5791023 5224024
DOM-HES 2.73+0.13° 2704012 5112012 4244+0.13°
DOM-NTS  2.66+0.24° 28112035 5021023 425+0.18

hl+DOM-
€ OM 32140012 35540120 547014 5.18+031*
HES

“h14+DXOM- 551 +
N oM 3504018 35940150 5.26+034°
NTS 0.2¢6

Notes: Planis after germination were exposed to the treatment solutions
containing chlorotoluron at 0 (CK) and 30 pg/ml and/or 160 pg/ml
DOM for 7 d. Then, the treated plants were sampled for the
physiological determination as described in “Malterials and Methods”.
Values are the means = 8D (n=3). Means with different superscript
letters in columns are significantly different at p<0,05

2.4 Enzymatic response to chlorotoluron in the
absence and presence of DOM

The inhibited activities of citrate synthase (CS)
and NADP-isocitrate dehydrogenase (NADP-ICDH)
were observed in the chlorotoluren-treated roots as
compared to control plants. Treatment of wheat plants
with combination of DOM and chlorotoluron resulted
in an additional inhibition of CS and NADP-ICDH
activities(Table 4).
Table 4 Responses of activities of CS, NADP+ICDH, MDH and

PEPCase in roots of two wheat cultivars YM~-158 and NM -9 to
chlorotoluron and DOM

CS NADP-ICDH MDH PEPCasc
Treatment
umo! protein/{mg: min}
YM-158

Control 0811007 0762004 5240.2° 021002
Chl 0.65+£0.05" 056£002" 48104 020+002°
DOM-HES 0.78 £0.03* 0.70L£006" 3561204 02440.03
DOM-NTS 0.86+0.02¢ 0.80L£0.01* 58£06" 02210.02°

ChI+DOM-HES 0.61£0.05* 0454004 350205 0.19£0.01"
ChI+DOM-NTS 0.5040.02° 041 +0.03* 49+06* 0.18£0.03¢

NM-9
Control 088004 0.7910.02° 58404 0224000
Chl 0.601£0.03° 0.50+0.02% 52405 0202003
DOM-HES 0.8240.04" 0.78£0.03" 58102 0.23+0.02°
DOM-NTS 081E0.11" 0.79L£0.04 57104 0.23:+0.02¢

ChI+DOM-HES 0.46£0.03° 038£0.02 50102 0202003
ChlI+DOM-NTS 041+0.02° 03310020 48405 0.204+0.02°

Notes: Plants alter germination were exposed 10 the treatment solutions

containing chlorotoluron at 0 (CK) and 30 pg/ml andior 160 wg/ml
DOM for 7 d. Then, the treated plants were sampled for the enzyme
activity assays as described in “Materials and Methods”. Values are the
means t 50 (n=3). Means with different superseript letters in columns
are significantly different at p<0.05
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In contrast, malate dehydrogenase (MDH) and
phosphoenolpyruvate carboxylase (PEPCase) acti-
vities were hardly affected by the treatment with
chlorotoluron. There was also no marked effect of
DOM on the MDH and PEPCase activities in the
chlorotoluron-treated and untreated roots.

3 Discussion

3.1 Response of growth and peroxidation to chl-
oroteluron

It is well known that herbicides like
chlorotoluron are toxic to annual grass weed (Van
QOorscho and Van Leesuwen, 1992; Menendez et al.,
1994; Sharples et al., 1997). However, little
information is available on the toxicity of herbicides
to crops. The first aim of the investigation was to
identify the toxicity of chlorotoluron to wheat plants.
Our results showed that chlorotoluron at 10—50
weg/ml in the medium affected the seed germination of
the two wheat cultivars YM 158 and NM 9 (Fig.1).
This inhibition was dependent on the dosage of
chlorotoluron. The inhibition of seed germination was
supported by the evidence that a-amylase activity was
depressed with the presence of 30 pg/ml
chlorotoluron (Fig.2). These results indicated that the
cffect of the herbicide toxicity to wheat plants
occurred at the very early stage of growth.

The growth response of the two wheat cultivars
to chlorotoluron was also found. Elongation of roots
and lcaves was inhibited by chlorotoluron at the
indicated concentrations (Fig.3). There was a concen-
tration-dependemi change. The inhibitory effect on
growth was further confirmed by mecasuring fresh
weight of plants that were exposed to 30 pg/ml
chlorotoluron for 7 d (Table 2). The leaves seemed to
be more sensitive to chlorotoluron than the roots.

Activation of [ipid peroxidation in plants under
the biotic and abiotic stresses like pathogen attack or
other elicitors has been intensively investigated
{Mittler, 2002). However, to our knowledge there has
been no repert on chlorotoluron-induced oxidative
stress in plants. To understand the possible toxic
mechanism by which chlorotoluron affected the
growth of wheat plants, we measured the root MDA
content ard clectrolyte leakage, two physiological
parameters representative of cell plasma membrane
damage(Wang et al., 2004). The increase in MDA and
electrolyte  leakage of root plasma membrane
suggested that chlorotoluron was able to induce
oxidative stress in wheat plants. However, the reason
why the herbicide induced the oxidation remains to be
elusive.

The interference of herbicides on plant processes
like photosynthesis has been reported {Sharples ez o,
1997). However, information of chloratoluron on the
processes linked to energy and carbohydrate
metabolism in cells is not available. The present study
cxamined the activities of some key enzymes in Krebs
cycle(or citric acid cycle) and carbohydrate metabolic
pathway. The first enzyme examined was the citrate
synthase that catalyzes the condensation of acetyl CoA
with oxaloacetate to form citrate. Our result showed
that the CS activity in the two wheat plants appeared
to be sensitive to chlorotoluron{Table 4). There was a
difference between the cultivars, with more sensitivity
in NM 9 than in YM 158. A similar result was found
in activity of NADP-isocitrate dehydrogenase (Tabie
4). This enzyme catalyzes the oxidative decar-
boxylation of isocitrate to 2-oxglutarate in cytosol
(Kruse et ol., 1998). The depression of CS and
NADP-ICDH activities suggested that the interference
of chlorotoluron with cell energy production possibly
occurred.

Malate dehydrogenase converses of malic acid to
oxalacetate. The latter 15 further converted to citric
acid with CS in the presence of acetyl-CoA.
Phosphoenolpyruvate  carboxylase catalyzes the
p-carboxylation of phosphenolpyruvate to yield
oxaloacetate, the precursor of CS(Moing et al., 1999).
Int contrast to €S and NADP-ICDH, activities of MDH
and PEPCase in wheat plants were not significantly
affected by the chlorotoluron exposure (Table 4).
During the germination of seeds and early stage of
secdling growth, the energy requirements must be
partially or entirely met by respiration. The inhibition
of key enzymes in citric acid cycle by chloroteluron
implied that the energy supply and production of
mctabolic intermediates (precursors for synthesis of
other molecules) might be blocked. The inhibition of
citric acid cycle would limit gencration and supply of
reducing equivalents for operation of the respiratory
chain and this in turn is likely to diminish the capacity
of seeds or seedlings to generate ATP through
mitochondrial respiration, that is essential for the
rapid growth of healthy seedlings(Bansal et ol., 2002).
The effect of chlorotoluron might partly contribute to
its toxicity to seed germination and early seedling
growth.

3.2 Regulation of DOM in chlorotoluron-induced
toxicity to wheat plants

Application of DOM extracted from the two
forms of sludges led to a general reduction in the seed
germination rate(Fig.1) and a-amylase activity(Fig.2).
The inhibition of seed germination was associated
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with decrease in the plant growth (Fig.3, Table 2) and
some key enzymes related to energy metabolism
(Table 4). These results suggested that the presence of
DOM possibly induced an increase in permeability of
the herbicide into germinating seeds and consequently
resuited in greater phytotoxicity in the seediings. It is
reasonable to assume that the DOM with various
chemical structures, composition and even steric
conformations might interact with chlorotoluron and
stimulate more chlorotoluron molecule wanslocation
into the cells. In fact, DOM contains a variety of
ligands, and these will facilitate the binding of organic
contaminants in environments, thus affecting their
biocavailability(Stangroom et al., 2000; Bejarano et al.,
2005).

The two forms of DOM in the study exhibited
differences in regulation of chlorotoluron toxicity to
the wheat plants. In the most cases, treatment with
DOM-NTS induced greater toxicity to plants as
compared to those with the DOM-HES. This
suggested that non-treated sludge might have a
relative greater effect on the uptake of the herbicide
chloratoluron into plants. Although the different
molecular properties or components of DOM might
make the major differences (Zhou and Wong, 2000a),
the mechanism by which the two forms of DOM
affected the chlorotoluron toxicity remained to be
elucidated.

In addition to DOM affecting chlorotoluron-
induced toxicity to wheat plants, the cultivars could
have also contributed to the differences. For example,
the fresh mass and CS and NADP-ICDH activities in
YM 15 under chlorotoluron and DOM treatments
were higher than those in NM 9 (Table 2, 4). Thesc
suggested that with the same DOM, NM 9 was more
sensitive to chloratoluron than ¥YM 15. The greater
inhibition of growth and metabolism in NM 9 plants
in the presence of the herbicide could possibly be
explained by its increased uptake or less cfficient
reduction of toxicity(Table 1). Further rescarch will be
required for characterize the role of DOMs in
regulating the herbicide uptake and bioconcentration
in plants.

4 Conclusions

The herbicide chlorotoluron adversely affected
the seed germination and seedling growth of two
wheat cultivars YM 158 and NM 9. This was
associated with the oxidative damage of plant root
plasma membrane and hampered energy generation
and decreased production of metabolic intermediates.
Application of two forms of DOM aggravated the

toxicity of chlorotoluron to wheat plants. DOM from
non-treated sludge had a greater effect on
chlorotoluron toxicity to wheat than DOM from
heat-expanded sludge. Cultivar NM 9 showed a higher
sensitivity to chlorotoluron than YM 158. These
results indicated that the biological response of wheat
plants to the herbicide depended on the DOM and
cultivars.
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