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Abstract. Copper induced antioxidative reactions in the roots of Brassica juncea L. were investigated in both time-
and concentration-dependent manners. The rapid uptake of Cu was observed immediately after the start of treatment.
Application of Cu at 8 uM caused 50 percent reduction in biomass of Cu-treated roots as compared with control.
Cu-induced root growth inhibition paralleled the level of root oxidative damage. Treatment with Cu at 8 uM induced
atwofold increase in H,O, content during the first 4 d, but it declined to the basal level thereafter. We also observed
atwofold increase in superoxide dismutase activities with 8 uM Cu during the first 2 d. The stimulation lasted for
4 d and then gradually declined. Activities of both ascorbate peroxidase and guaiacol peroxidase in roots were found
to be low during the first 4 d after seedling exposure to 8 uM Cu, but significantly increased after that, suggesting
that increased enzyme activities would be responsible for the removal of H,0,. Catalase activities were always sup-
pressed under Cu stress. Treatment of seedlings with 8 uM Cu induced general decreases in both reduced ascorbate
and dehydroascorbate. The reduced glutathione content decreased at early stages of Cu treatment. However, it was
restored to the level of controls thereafter. In contrast, the oxidized glutathione contents showed a progressive in-
crease during the time of Cu treatment. The total non-protein thiol content was shown to increase during the first

several days, but it declined at later stages.
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I ntroduction

Copper, an essential micronutrient, plays avital role
in maintaining normal metabolism in higher plants. Itisin-
volved in awide range of biochemical and physiological
processes. For example, Cu isrequired as a cofactor of Cu-
Zn superoxide dismutase (SOD, EC 1.1.5.1.1) (Bowler et al.,
1992). It also participates in electron-transfer reactions of
photosynthesis in the form of plastocyanin (Raven et al.,
1999). However, Cu at high levels becomes strongly phy-
totoxic to cells and causes inhibition of plant growth or
even death (Mocquot et al., 1996; Weckx and Clijsters,
1996; Chen et al., 2000). Studies from some plant species
demonstrate that excess Cu in plant growth medium in-
duces formation of reactive oxygen speciesin treated-tis-
sues (Cuyerset a., 2000; Groppaet a., 2001). Cu-induced
generation of hydrogen peroxide, hydroxyl redicals, or
other reactive oxygen species (ROS) has been directly cor-
related with the damage to proteins and lipids (De Vos et
al., 1991; Murphy and Taiz, 1997). Photosynthesisis also
sensitive to excessive Cu, and the pigment and protein
components of photosynthetic membranes are the targets
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(Péatsikkaet al., 2002). In addition, Cu toxicity is related to
disturbancesin the uptake of other essential elements (van
Assche and Clijsters, 1990; Pétsikkaet al., 2002).

The phenomenon of Cu activating the production of
ROS is described as oxidative stress (Luna et al., 1994).
To repair the oxidative damage initiated by ROS, sometol-
erant plants have established protective mechanisms. The
primary constituents of these protective mechanisms in-
clude two scavenging systems: enzymatic and non-
enzymatic. Enzymatic scavengers, such as superoxide
dismutase, are involved in the detoxification of O,
peroxidase, catalase, and enzymes of the ascorbate-glu-
tathione cycle are related to the removal of H,O, (De Vos
et al., 1991; Murphy and Taiz, 1997); and hon-enzymatic
redicals-scavengers such as ascorbate and glutathione
have been interpreted as the key antioxidants for the re-
moval of H,O, in plant cells, thus reducing the accumula-
tion of the free radicals (van Assche and Clijsters, 1990;
Foyer, 1993; Guptaet al., 1999). Evidence from severa plant
species reveals that Cu caused oxidative stress by medi-
ating the activities of antioxidative enzymes (Lunaet a.,
1994; Guptaet al., 1999; Cuyerset al., 2000). Savouréet d.
(1999) reported that Cu treatment triggered distinct oxida-
tive defense mechanisms in Nicotiana plumbaginifolia.
However, contrasting results are present. For example, in
leaves of Cu-exposed Avena sativa plants, superoxide
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dismutase activity increased while ascorbate peroxidase
decreased (Lunaet al., 1994). By contrast, leaves of Cu-
treated Phaseolus vulgaris exhibited decreased activities
of superoxide dismutase and increased ascorbate peroxi-
dase (Patsikka et al., 2002). Apparently, the mechanisms
by which Cu induces antioxidative responses and whether
different plant species share a common defense mecha-
nism or not, are not yet fully understood.

The inhibition of plant growth and crop production by
excess heavy metals such as copper, cadmium, zinc, or
nickel in contaminated-soil isaglobal agricultural problem.
Using metal-accumulating plants to remove these exces-
sive metals from soil and aqueous streams has been pro-
posed asa solution (Salt et al., 1995). However, in addition
to the knowledge of uptake, translocation, or
compartmentation of heavy metals in plants, understand-
ing of the tolerance mechanisms to improve plants of bio-
technological interest is also important (Zenk, 1996; Salt
et al., 1998). The ideal plant species to remediate heavy
metal-contaminated soilsis the Brassica juncea (Banuelos
and Meek, 1990), a high biomass plant within the
Brassicaceae family. B. juncea has been shown to accu-
mulate Cu, Zn, Ni, Cd and Pb (Salt et al., 1996). However,
to date no information has been reported on Cu-inducted
oxidative stress or antioxidative responses in the species.
We were therefore interested in identifying the involve-
ment of antioxidative mechanisms responsible for the Cu-
induced oxidative stress in the roots. The purpose of the
study was to examine the changes in concentrations of
H,O, in the roots exposed to different levels of Cu. We
also measured the several enzyme activities involved in
H,O, metabolism. In addition, we measured the antioxidative
metabolites like ascorbate, glutathione, and non-protein
thiols in the Cu-treated roots.

Materials and M ethods

Plant Material and Treatment

Seeds of Brassica juncea L. (India mustard) were
sterilized with 1% NaClO for 10 min, then washed several
times with distilled water and germinated for 3d in the dark
on floating plastic net. After germination, young seedlings
were transferred to 1 L polyetheylene containers with 1/4-
strength modified Hoagland nutrient solution with 0.7 mM
Ca*, 1.5 mM K*, 0.5 mM Mg*, 0.25 mM NH,*, 2.9 mM
NO,, 0.25 mMH,PO,, 0.5 mM SO, 4.75 pM Fe**, 0.32
UM Cu*, 0.2 uM Zr?*, 1.25 pM Mn*, 11.5 uM H_BO,,
0.025 uM MoO, (Pickering et al., 2000). Seedlings were
grown at 24°C, with alight intensity of 300 umol m? s?
and a 14-h photoperiod. After growing for 10 d (four true
leaves), they were treated with O, 2, 4, 8, 16 UM Cu* as
CuCl, in 1/4-strength nutrient solution mentioned above
for 4 days, or with 0 and 8 uM Cu?* for 0, 2, 4, 6, 8 days.
The pH for both culture and treatment solutions was
adjusted to 5.5. Treatment solutions were renewed every
other day. After the treatments indicated above, the roots
of seedlings were harvested and immediately frozen in
liquid nitrogen and stored in an -80°C freezer.
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Determination of Non-Protein Thiols (NPT)

Non-protein thiols were extracted by grinding 0.5 g
rootsin 1 mL ice-cold 5% (w/v) sulfosalicylic acid solution.
After centrifugation at 10,000 g at 4°C for 30 min, the su-
pernatants were collected and immediately assayed. NPT
was measured with Ellman’ sreagent (Ellman, 1959). Briefly,
300 L of the supernatant was mixed with 1.2 mL of 0.1 M
phosphate buffer solution (PBS) (pH 7.6). After a stable
absorbance reading of 412 nm was obtained, 25 uM 5,5'-
dithiobis (2-nitrobenzoic acid) (DTNB) solution (6 mM
DTNB dissolvedin 5 mM EDTA, 0.1 M PBS, pH 7.6) was
added, and the increase in absorbance at 412 nm was
monitored.

Determination of Lipid Peroxidation

Thelevel of lipid peroxidation was determined by a pro-
cedure based on the method of Heath and Packer (1968).
0.5 g fresh roots were ground in 5 mL of ice-cold phos-
phate buffer solution (0.05 mM, pH 7.8) containing 1% PVP.
The homogenate was centrifuged at 10,000 g for 30 min. 2
mL of supernatant was mixed with 2 mL of thiobarbituric
acid (TBA) (0.5% TBA, 20% TCA). The mixture was heated
at 100°C for 30 min, chilled on ice, and then centrifuged at
1000 g for 10 min. Absorbance of the supernatant was mea-
sured at 532 nm and adjusted for non-specific absorbance
at 510 nm and 560 nm.

H202 Determination

The content of H,O, was measured according to the
modified method of Patterson et al. (1984). Harvested roots
were ground in 6 mL ice-cold acetone. The homogenate
was centrifuged at 8,000 g at 4°C for 30 min. The superna-
tant was collected. 0.5 mL of supernatant was mixed with
1.5 mL of mixture of CHCI, and CCl, (1:3, v:v). Then, 2.5
mL of distilled water was added. The mixture was centri-
fuged at 1,000 g for 1 min, and the water phase was col-
lected for H,O, determination. To set controls, 0.1 mL of
catalase (0.3 unit) was added to the 1 mL of supernatant
to remove the H,O,. For the treatments, catalase solution
wasreplaced by 0.1 mL MQ (QTUM 0001 X; Millipore Co.)
water. The mixtures were incubated at 37°C for 10 min. 1
mL of phosphate buffer solution (0.2 M, pH 7.8) and 1 mL
of 4-(2-pyridylazo) resorcinol (200 mM) solution were
added to samples. The reaction mixtures were incubated
at 45°C for 20 min, and the absorbance at 508 nm was read.

Enzyme Activity Determination

Ascorbate peroxidase (APX, EC 1.11.1.11) activity was
determined according to the method of Nakano and Asada
(2981) with the following modification: 0.2 g fresh roots
were homogenized in 50 mM ice-cold phosphate buffer (pH
7.8) containing 2 mM ascorbate and 5 mM EDTA. The
homogenate was centrifuged at 10,000 g at 4°C for 30 min.
The reactive solution contained 2.7 mL of 50 mM
phosphate buffer (pH 7.0), 0.1 mM EDTA, 0.5 mM
ascorbate, 0.1 mL of 0.1 mM H,O, and 50 UM of enzyme
extracts. The decrease in asorbance at 290 nm was read.
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Superoxide dismutase (SOD, EC 1.1.5.1.1), catalase
(CAT, EC 1.11.1.6), and guaiacol peroxidase (POD, EC 1.
11.1.7) activities were assayed according to the methods
described by Beauchamp and Fridovich (1971), Durner and
Klessig (1996), and Hammerschmidt et al. (1982),
respectively. The protein in the enzyme extract was quan-
tified by the method of Bradford (1976).

Metabolite Deter mination

0.5 gram of frozen root tissue was ground in 2 mL 5%
(v/v) m-phosphoric acid. The homogenate was centrifuged
at 10,000 g for 20 min. Total ascorbate (reduced ascorbate
+ dehydroascorbate) and ascorbate contents were mea-
sured according to Cakmak and Marschner (1992). The
amount of dehydroascorbate (DHA) was estimated from
the difference of total ascorbate and AsA. Reduced glu-
tathione (GSH) and glutathione disul phide (GSSG) contents
were determined according to the method of Anderson
(1958). The amount of reduced glutathione was cal cul ated
from the difference between the total glutathione and glu-
tathione disul phide.

Copper Measurement

Roots of intact plants were thoroughly rinsed with
deionized water and blotted dry. Samples were dried at 70
°C in aforced-air oven, weighted, and digested with 1:1
nitric to perchloric acid. Cu was determined by atomic ab-
sorption spectrometry (Yang et a., 2001).

Statistical Analysis

Each result shown in atable and figure was the mean
of at least three replicated treatments. The significance of
differences between treatments was statistically evaluated
by standard deviation and Student’s t-test methods.

Results

Copper Uptake, Root Growth and Membrane
Injury

Figure 1 showed the Cu content in the roots of B.
juncea over the time of treatment with Cu at 8 uM. Cu ac-
cumulation occurred upon the addition of Cu to the nutri-
ent solution. The increase in Cu uptake lasted for 4 days.
After that, the uptake rate was saturated. The maximum
content of Cu in the roots exposed to 8 pM Cu for 4 d
was 865 mg kgt

The biomass of roots exposed to the various levels of
Cu was measured. Treatment of seedlings with 2 uM Cu
induced only adlight increasein root dry weight, and seed-
lings supplied with Cu at 4-16 uM had significantly lower
root biomass than control (Figure 2). Treatment with Cu
at 8 UM decreased the root dry weight by 42.3%. Since a
moderate effect of 8 uM Cu on the root growth was
observed, this concentration was used to examine the bio-
logical and physiological responses.

Exposure of seedlings to excess Cu led to lipid
peroxidation in roots. The amount of lipid peroxides was
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Figure 1. Time-dependent changes in the content of Cu in B.
juncea roots after 8 uM Cu treatment (filled squares) and con-
trol (open squares). Vertical bars represent standard deviation
of the mean (n=3). Asterisks indicate that mean values are sig-
nificantly different between treatments and control (* p<0.05).
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Figure 2. Effect of copper on root biomass of B. juncea. Seed-
lings were incubated on 1/4 strength of Hoagland solutions con-
taining various concentrations of Cu for 4 d. Vertical bars
represent standard deviation of the mean (n=30). Asterisks in-
dicate that mean values are significantly different between treat-
ments and control (*p < 0.05).

enhanced with the increasing Cu applied (Figure 3A). A
peak was observed with Cu at 8 pM, with the lipid perox-
ides value being twofold higher than control. A further in-
crease in Cu concentration to 16 uM failed to elevate the
production of lipid peroxides. Addition of 8 uM Cu to the
medium induced progressive increases in the lipid
peroxidation level over the time (Figure 3B). However, a
significant rise of lipid peroxides began to be observed on
day 6, when the highest level in the presence of 8 uM Cu
was found. Following that time it appeared to decline.
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Figure 3. The content of lipid peroxidesin roots of B. juncea under Cu stress. Seedlings were incubated on 1/4 strength of Hoagland
solutions containing various concentrations of Cu for 4 d (A) or containing 8 UM Cu (filled squares) and control (open squares) for
8 d (B). Vertical bars represent standard deviation of the mean (n=5). Asterisks indicate that mean values are significantly different

between treatments and control (*p < 0.05).

H2O2

H,O, was measured to determine whether application
of excessive Cu caused oxidative stress in roots of B.
juncea. In atime-course experiment, the H,O, content in-
creased markedly during the 8 uyM Cu treatment. This
stimulation reached a peak on day 4. Then, the H,O, con-
tent fell to the level of control (Figure 4A). We also exam-
ined the dose-response changes in H,0, levels and
observed that application of Cu at 2-16 uM significantly
increased the production of H,O, (Figure 4B). However,
treatment with Cu at the highest concentration (16 uM)
resulted in alower increaseinthe H,O, level.

Antioxidant Enzymes

Activities of antioxidative enzymes were assayed over
aperiod of 8 din Cu-treated roots. During this time, con-
trol enzyme activities fluctuated slightly (Figure 5). Treat-
ment with 8 pM Cu resulted in nearly doubling SOD
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activities during the first 2 d. The stimulation lasted for 8
d. In adose-response experiment, treatment with Cu at 4-
16 pM progressively increased the SOD activities, and 16
UM of Cu was found to be most effective concentration
for inducing increasesin SOD activities (Figure 6).
Activities of both APX and POD in roots were low dur-
ing the initial 4 d after exposure of seedlingsto 8 uM Cu,
but significantly increased after that (Figure 5). At the time
of day 8, APX and POD activities were enhanced by 2.7-
and 5.1-fold respectively. Activities of POD displayed a
progressive increase in response to Cu in a dose-response
experiment, and the peak activity was found at 16 pM of
Cu (Figure 6). Although APX activities were greatly pro-
moted in the presence of 8 uM Cu, a further increasing
Cu concentration to 16 uM resulted in alack of the inhibi-
tion of the enzyme activities (Figure 6). In contrast to ac-
tivities of SOD, APX and POD, the activities of CAT in
the root were diminished under Cu stress (Figures 5-6).
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Figure 4. The content of H,O, in roots of B. juncea under Cu stress. Seedlings were incubated on 1/4 strength of Hoagland solu-
tions containing 8 MM Cu (filled sgquares) and control (open squares) for 8 d (A) and containing various concentrations of Cu for 4 d
(B). Vertical bars represent standard deviation of the mean (n=4). Asterisks indicate that mean values are significantly different
between treatments and control (*p < 0.05).
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Figure 5. Time-dependent changes in activities of SOD, POD, APX and CAT in B. juncea roots of 8 uM Cu treatment (filled
squares) and control (open squares). Vertical bars represent standard deviation of the mean (n=3). Asterisks indicate that mean values
are significantly different between treatments and control (*p < 0.05).

Ascorbate, Glutathione and Non-Protein Thiols

Treatment of seedlings of B. juncea with 8 uM Cu had
no marked effect on the ascorbate content in the root dur-
ing thefirst 2 d of the treatment (Table 1). Following that
time however, ascorbate content fell significantly. On day
4, the content of ascorbate with 8 uM Cu was 46.8% that
of controls. Following that day, the Cu-induced low level
of ascorbate was maintained up to the end of experiment.
In contrast to the reduced ascorbate content, the
dehydroascorbate content showed a significant increase
during the first 2 d, but it sharply declined thereafter as
compared with controls (Table 1). We also measured the
content of glutathione. Results showed that glutathione
contents decreased after the start of Cu treatment, but the
significant reduction was observed on day 4, at which time
the reduced glutathione content decreased by 36% com-
pared with control. However, the content of reduced glu-
tathione was restored after that, and at the end of
experiment it exceeded the controls. By contrast, the oxi-
dized glutathi one contents showed a progressive increase
(Teblel).

The levels of total non-protein thiols (NPT) were en-
hanced by 44.8% and 63.6% with Cu at 4 and 8 pM, re-
spectively (Figure 7A). Neither lower nor higher
concentrations (16 pM) of Cu induced accumulation of
thiol compounds. A time-dependent change in thiol con-
tents was observed. As shown in Figure 7B, the changes
in the total NPT content showed a pattern similar to that
of H,O, over thetime of 8 uM Cu treatment.

Discussion

In the present study, we examined the Cu uptake and
several biochemical and physiological responses repre-
senting the oxidative damage and protection in roots of
B. juncea. Seedlings of the plant readily took up Cu from
the growth medium (Figure 1). The adverse effect of ex-
cess Cu in the roots probably caused the decrease in bio-
mass of Cu-treated roots. The enhanced levels of lipid
peroxides in roots indicated that excess Cu accumulation
triggered the production of ROS, which caused the oxida-
tive damage to plasma membrane. An increase in ROS pro-
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Figure 6. Effect of copper on activities of SOD, POD, APX and CAT in roots of B. juncea. Seedlings were incubated on 1/4
strength of Hoagland solutions containing various concentrations of Cu for 4 d. Vertical bars represent standard deviation of the
mean (n=3). Asterisks indicate that mean values are significantly different between treatments and control (*p < 0.05).

duction was also evidenced by the enhanced SOD activi-
ties (Figures 5-6). Our understanding of oxidative resistance
to Cuin B. juncea was related to the experimental design.
To approach a situation in which both Cu toxicity and re-
sistance were exhibited, the seedlings were exposed to Cu
at a moderate concentration (8 uM), where the root biom-
ass decreased to 50% of the control (Figure 2). Thiswas
designed to examine a resistance mechanism responsible
for the Cu-induced enhancement of antioxidation. In this
case, treatment with Cu at the moderate level was shown
effectively to activate antioxidative systems, which con-
sequently alleviated the oxidative damage in roots of B.
juncea.

Itiswell known that under certain conditions some tran-
sition metals like copper and iron can induce oxidative
stress. However, understanding of the antioxidative mecha-
nisms for plant resistance to Cu toxicity is poor. The cur-
rent study with B. juncea indicated that treatment with Cu
resulted in ageneral increasein H,O, level in root tissues
(Figure 4A-B). The time-dependent changes in H,O, indi-
cated that Cu-induced H,O, increases occurred immediately
after exposure of seedlings to Cu, suggesting that accu-
mulation of H,O,was an early event. Because occurrence
of the highest accumulation of H,O, preceded the highest
accumulation of lipid peroxides, it was possible that ex-
cessive H,O,would be the cause of root lipid peroxidation.

Table 1. Time-dependent changes in concentrations of ascorbate (umol g*FW), dehydroascortate (umol g*FW), glutathione (nmol
gFW) and glutathione disulphide (nmol g*FW) in B. juncea roots of 8 uM Cu treatment and control. Asterisks indicate that the
mean values are significantly different between treatments and controls (*p < 0.05).

Time Reduced ascorbate Dehydroascortate Reduced glutathione Glutathione disulphide
(day) Control Cu Control Cu Control Cu Control Cu
0 7.03+0.73 7.03+0.73 1.12+0.04 1.12+0.04 110+12.0 110+12.0 576+ 6.5 57.6+ 6.5
2 8.17+0.64 8.42+0.59 1.37+£0.22  1.96+0.12* 108+ 8.8 88+ 9.3* 42.3+10.6  80.2+10.8*
4 9.36+0.49 4.38+0.28* 1.27+0.06  0.73+0.17* 103+14.0 66+18.1* 629+ 7.4  93.6+12.7*
6 8.36+0.33 5.20+0.21* 1.31+0.12  0.84+0.06* 86+13.0 82+ 4.3 505+ 43 98.8+ 7.7*
8 9.21+0.87 5.48+0.45* 1.27+0.10 0.85+0.16* 95+ 8.7 126+17.4 68.4+ 9.9 104.6+21.9*
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Figure 7. The content of non-protein thiols (NPT) in roots of B. juncea under Cu stress. Seedlings were incubated on 1/4 strength
of Hoagland solutions containing various concentrations of Cu for 4 d (A) and containing 8 uM Cu (filled squares) and control (open
squares) for 8 d (B). Vertical bars represent standard deviation of the mean (n=5). Asterisks indicate that mean values are signifi-

cantly different between treatments and control (*p < 0.05).

Before the accumulation of Cu in roots, the significant
and rapid increase in SOD activities had occurred. By the
time the roots were saturated on day 4, the activities of
SOD had aready peaked (Figure 5). Therefore, the Cu-in-
duced increases in SOD activities might be mediated by
the ROS. Reactive oxygen specieslike O,” and H,O, have
been considered central components of signal
transduction, which triggers the defense genes responsible
for antioxidant enzymes, including SOD. Conversely, the
increased enzyme activities contribute to the removal of
O, (Prasad et al., 1994; Alvarez and Lamb, 1997). It was
noted that although the treatment with 8 uM Cu initially
resulted in doubling SOD activities, this stimulation lasted
only for 4-6 d. (Figure 5). The following decrease in SOD
activities suggested that the degree of oxidative stress
was greatly alleviated due to the strong capability of the
plant for recovery from Cu stress. In fact, the time-course
experiment on root growth indicated that after an 8-d ex-
posure of seedlings to 8 uM Cu, root growth gradually
recovered, and no visible difference between the control
and Cu-treated roots remained (data not shown).

The reduction of H,O, content in roots of plents after a
4-d period of 8 uM Cu treatment suggested that some
H,O,-scavening enzymes would work effectively for the
removal of H,0,. For this reason, we examined the activi-
ties of CAT, one of the mgor antioxidant enzymes that
eliminate hydrogen peroxide by converting it into oxygen
and water. However, CAT activities were always sup-
pressed under copper stress (Figures 5 and 6). This was
not consistent with the results previously reported in
Slene cucubalus roots, in which the capacity of CAT with
toxic concentrations of Cu was increased (C.H.R.De Vos
1991. Thesis, Univ. of Amsterdam, Amsterdam, the
Netherlands). Although a decrease in CAT activity was
observed in oat leaf segments after exposure to the toxic
level of Cu (Luna et al., 1994), the results between oat
leaves and the B. juncea roots presented here apparently

could not be compared. There might be two possibilities
for the decreased CAT activity. One was Cu? that bound
or replaced some components such as Fe?* in the enzyme.
Another reason for the decrease in CAT activity might be
the increase in H,O, that in turn inactivated the enzyme
(Lunaet a., 1994; Mashoudi et al., 1997). Also, it was pos-
sible that catalase in B. juncea would be more sensitive
to excess Cu?* since it readily bound to thiol groups and
thereby inactivated the thiol-containing enzyme.

The activities of APX were progressively activated by
Cu exposure (Figure 5). This suggested that the
antioxidative capacity stimulated by Cu was involved in
conversion of H,O, to water and O,. APX is a component
of the ascorbate-glutathione pathway, which plays arole
in scavenging H,0, (Asada, 1992). H,O, is asystemic sig-
nal for the induction of APX (Moritaet a., 1999). In callus
cultures of rice embryos, H,O, transiently induced mRNA
for cytosolic APX (Moritaet al., 1999). Cd-induced H,0,
accumulation in pine seedlings was also found to signifi-
cantly elevate the APX activity (Schitzendibel et al.,
2001). Additionally, there is areport indicating that treat-
ment of Phaseolus vulgaris roots with 15 pM Cu stimu-
lated the activities of APX (Gupta et al., 1999). In the
present study, the low level of APX activity during the
initial Cu treatment suggested that plants gppeared to re-
quire several daysfor induction of the enzyme (Figure 5).

The peroxidase exhibited an inducible activity in the
presence of 8 UM Cu. The significant increase in activi-
ties of the enzyme at latter stages might greatly contrib-
ute to the degradation of H,0O, (Figure 5). This indicated
that the moderate concentration of Cu (8 uM) activated a
sufficiently defensive mechanism against oxidative stress
by inducing the potent antioxidant enzyme in the roots of
B. juncea. The guaiacol peroxidase has been demonstrated
to catalyze the oxidation of various organic compounds
like phenolicsto form lignin or suberin (Lagrimini, 1991,
Quirogaet al., 2000). Schitzendiibel et al. (2001) reported
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that treatment of Cd at 50 pM induced increases in POD
activities in pine root tips, which was accompanied by ac-
cumulation of phenolics and lignification. The processes
have been involved in a variety of physiological re-
sponses like pathogen defense (Cosgrove, 1997), salt
stress (Lin and Kao, 2001), and heavy metal stress
(Schitzendiibel et a., 2001). While avariety of reactions
were catalyzed by POD for cell wall rigidification, H,0,
served as a necessary substrate for these processes
(Schopfer, 1996; Lin and Kao, 2001; Schiitzendubel et al.,
2001). Thus, the consumption of H,O, might lead to a de-
crease in Cu-induced oxidative stressin plants.

The control of reactive oxygen species levels can be
also obtained by non-enzymitic antioxidants composed of
metabolites such as ascorbate, glutathione, or tocopherol
(Schitzendiibel et al., 2002). Therefore, we measured the
contents of ascorbate and glutathione, the two compo-
nents for plant cells to dispose of H,O,in some cellular
compartments (del Rio et al., 2002). Our results indicated
that the reduced ascorbate content in roots was signifi-
cantly reduced 4d after the start of Cu treatment (Table 1),
suggesting the pronounced consumption of reduced ascor-
bate during scavenging of H,O,, areaction catalyzed by
APX. Dehydroascorgate, the fully oxidized product of
ascorbate, was also shown to be low at latter stages of
Cu treatment, although the amount of dehydroascorgate
increased at the time of 2d (Table 1). The decreased level
of dehydroascorgate was most likely the result of irrevers-
ible hydrolysis to 2,3-diketogulonic acid (Washko et al.,
1992) under Cu stress.

The non-protein thiol (NPT) compounds are comprised
of several acid-soluble sulfhydryl-components, such as
cysteine, y-glutamylcysteine, glutathione (GSH), and
phytochelatin (De Vos et al., 1992). GSH is awell-known
antioxidant playing a prominent role in the defense against
ROS. The metal-induced depletion of GSH in plants due
to phytochelatin synthesis may increase the susceptivility
of cellsto oxidative stress (De Vos et d., 1992). Since the
phytochelatin has the ability to bind the toxic metals, e.g.
Cd or Cu, the induction of phytochelatin production is
considered to confer on the plant a tolerance to heavy met-
als (Cobbett, 2000). We measured the total NPT content
in the roots of B. juncea exposed to 8 uM Cu and ob-
served a stimulation of its production during first several
days of treatment (Figure 7A-B). This suggested that Cu-
induced increase in the level of thiol compounds repre-
sented another defensive mechanism against oxidative
stress. On the other hand, Cu has been reported to cata-
lyze the oxidation of GSH (DeVoset al., 1992). Our results
showed atransient decline of GSH (on day 4) and progres-
sive increases in Glutathione disulphide (GSSG) contents
(Table 1). Thisindicated that alarge amount of thiol-con-
taining compounds (including GSH) must be consumed and
the consumed GSH would be coupled to the generation of
GSSG. In addition, despite of the possibility that a high
level of Cu in the roots affected the thiol compound
synthesis, the loss of thoil content in the late days of ex-
periment did not mean a breakdown of the defensive sys-
tem against Cu toxicity. In fact, multiple defense
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mechanisms exist (Clemens, 2001). For example, some Cu-
treated species contain induced metallothioneins-like
(MTs-like) proteins (Rauser, 1999). These ubiquitous low-
molecular-weight proteins are rich with cysteine and also
have the ability to bind metal ions (Rauser, 1999).
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