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Chromium-induced antioxidative responses of ascorbate-glutathione cycle enzymes and metabolites in green gram (Vigna
radiata 1. Wilczek) leaves were investigated in both dose and time-dependent manners. Rapid uptake of Cr was observed
immediately after the start of treatment. Significant reduction was observed in leaf biomass under 300 uM Cr-treatment.
Treatment with 300 uM Cr increases the content of hydrogen peroxide and superoxide dismutase activity upto initial 96 h,
and then gradually declined to the basal level. Ascorbate peroxidase and guaiacol peroxidase activities were low in 300 uM
Cr-treated leaves during the first 96 h, but significantly increased therefore, suggesting that increased enzyme activities would
be responsible for the removal of H,0,. Catalase activities were always suppressed under Cr stress. Contents of reduced
ascorbate and dehydroascorbate were significantly decreased under 300 pM Cr-treatment. The reduced glutathione content
decreased at early stages of Cr-treatment. However, it was restored to the normal level as in controls thereafter. In contrast,
the glutathione disulphide content showed a progressive increase during the initial hours of Cr-freatment. The non-protein
thiol content was shown to increase during the first several hours, but it declines at later stages. The present results demon-

strate that Cr-induced oxidative stress is an important component of the plant’s reactior to toxic levels of Cr.
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Chromium (Cr), an essential micronutrient, plays a vital
role in maintaining normal cell metabolism in higher plants.
Cris involved in a wide range of physiological and biochem-
ical processes. However, at high concentrations it becomes
strongly phytotoxic to cells as it causes inhibition of plant
growth or even death (Breusegem et al., 2007; Karuppana-
pandian et al., 2006a, b). Studies with several plant species
demonstrated that excess Cr in growth medium induces
generation of reactive oxygen species (ROS) in treated-tis-
sues. Cr-induced generation of hydrogen peroxide (H.O,),
hydroxyl radicals (OH"), or other ROS has been directly cor-
related to the damage of proteins, membrane lipids and
nucleic acids (Alscher et al., 1997; Breusegem et al., 2001).
Photosynthesis is also sensitive to excessive Cr, and the pig-
ments and protein components of photosynthetic mem-
branes are the target sites (Alscher et al., 1997). In addition,
Cr toxicity has been related to disturbances in the uptake of
other essential elements. The phenomenon of Cr-induced
production of ROS has been described as oxidative stress
response (Breusegem et al., 2001). To repair the oxidative
damage initiated by ROS, some tolerant plants have estab-
lished several protective mechanisms. The primary constitu-
ents of these protective mechanisms include two scavenging
systems: enzymatic and non-enzymatic. Enzymatic scaven-
gers, such- as superoxide dismutase (SOD), peroxidase
(POX), catalase (CAT) and enzymes of the ascorbate-glu-
tathione cycle, are related to the removal of H,0, and the
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detoxification of peroxy radicals (O, ™) (de Vos et al., 1992;
Murphy and Taiz, 1997); whereas, non-enzymatic scaven-
gers, such as ascorbate and glutathione have been inter-
preted as the key antioxidants for the removal of H,O, in
the plant cells, thus reducing the accumulation of the free
radicals (de Vos et al., 1992; Foyer, 1993). Evidence from
several plant species reveals that Cr caused oxidative stress
by mediating the activities of antioxidative enzymes (Karup-
panapandian et al, 2006b). Panda and Khan (2004)
reported that Cr-treatment triggered distinct oxidative
defense mechanisms in Hydriffa verticillata. However, the
mechanisms in Cr-induced antioxidative responses are not
yet fully understood.

The inhibition of plant growth and crop production by
excess heavy metals, such as Cu, Cd, Zn and Ni, in contam-
inated-soil has become an agricultural problem worldwide.
Using metal accumulating plants to remove excessive metals
from soil and aqueous streams has been proposed as a solu-
tion (de Vos et al., 1992; Breusegem et al., 2001). In this
regard, understanding of the tolerance mechanism in plants
against the heavy metals is important (Shanker et al., 2004).
It has been considered that green gram is one of the ideal
plant species to remediate heavy metal contamination in
soil. However, to date no information has been reported in
this species on Cr-induced oxidative stress or antioxidative

Abbreviations: APX, ascorbate peroxidase; CAT, catalase; Cr, chro-
mium; DHA, dehydroascorbate; GPX, guaiacol peroxidase; GSH,
reduced glutathione; GSSG, glutathione disulphide; H»O,, hydro-
gen peroxide; NPT, non-protein thiol; POX, peroxidase; ROS, reac-
five oxygen species; SOD, superoxide dismutase
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responses. The purpose of present study was to examine the
changes in concentrations of H,O, in green gram leaves
when exposed to various concentrations of Cr. Additionally
activities of several enzymes involved in H,O; metabolism
were examined along with antioxidative metabolites like
ascorbate and glutathione in the Cr-treated green gram
leaves.

MATERIALS AND METHODS

Plant Material and Growth Condition

Creen gram (Vigna radiata L. Wilczek; obtained from
Tamil Nadu Agricultural University, Coimbatore, India) seeds
were germinated aseptically after surface sterilization with
70% ethanol, followed by a treatment with 0.1% HgCl, for 5
min. Subsequently, seeds were thoroughly washed 5 times
in sterile double distilled water and germinated in Petri
dishes in darkness containing Whatman No.1 filter paper
moistened with Hoagland nutrient solution (Hoagland and
Arnon, 1950). After 48 h of germination, seedlings were
transferred to plastic glasses containing Hoagland nutrient
solution at pH 5.8 and kept in a growth chamber with a
daily photoperiod of 16 h light of 150 umol m™ s™ light
intensity. Relative humidity was maintained at 35% during
the day time and 60% at night. Cr in the form of potassium
dichromate (K,Cr,O;) was supplemented along with the
Hoagland nutrient solution. For the control, seedlings were
placed on the filter paper moistened with just double
distilled water. Biomass of leaves was determined immedi-
ately after harvest.

Measurement of Cr Content

Leaves were separated and oven dried for 3 d at 80°C,
and dried leaf samples were ground into fine powder.
Conditions used for digestion were according to Davies et
al. (2002) that is briefly as follow. Five ml of concentrated
HNO; was added to 250 mg of dried leaf sample in a 50 ml
digestion tube and allowed to stand overnight at room tem-
perature. The digestion tubes were placed in a heating
block for 1 h at 150°C, tubes were then removed and
allowed to cool and 2 mi of 30% H,O, was added. The
contents in the tubes were mixed by swirling, and then
heated for 2 h at 150°C. After cooling to room temperature,
the solution was diluted to 50 ml in total volume, and the
upper clear portion was used for the measurement of Cr
content. During dilution, 2% of NH,Cl or 0.5% of CaCl, was
added to each sample and standard to eliminate interfer-
ence caused by iron or phosphorus, respectively, during
spectrophotometeric analysis. Atomic absorption spectrom-
eter (Spectra AA-220; Varion, USA) with air-acetylene flame
at 358 nm and 0.2 mm spectral slit width was used. Cr con-
tent was expressed as mg kg™ DW.

Determination of Malondialdehyde (MDA) Content

Peroxidation of lipid was quantified by measuring the
amount of MDA as described by Heath and Packer (1968).
Five hundred mg of leaves was homogenized with 5%
trichloroacetic acid (TCA; w/v). As a blank, 1 ml of 5% TCA

and 4 mi of thiobarbituric acid (TBA) reagent (0.5% in 20%
TCA) were mixed. For correction of blank, 1 m! of the
homogenate was mixed with 4 ml of 20% TCA. For sample,
1 ml of the homogenate and 4 ml of TBA reagent were
mixed. After heating at 95°C for 30 min, the mixture was
cooled to room temperature and centrifuged at 4000 rpm
for 10 min. Absorbance was read at 532 nm. Concentration
of MDA was calculated by using an extinction coefficient at
155 mM™em™. MDA level is routinely used as an index of
lipid peroxidation and was expressed as nmol g™ FW.

Estimation of H,O, Content

H,0, content was determined according to Patterson et
al. (1984). Five hundred mg of leaves was ground in 6 ml
ice-cold acetone and centrifuged at 8000 rpm at 4°C for 30
min. Five hundred pl of supernatant was mixed with 1.5 ml
of mixture of CHCly and CCl, (1:3, v/v), and 2.5 m! of dis-
tilled water was added. The reaction mixture was centri-
fuged at 1000 rpm for 1 min, and the agueous phase was
collected for H,O, determination. To set controls, 0.1 ml of
CAT (0.3 U) was added to the 1 ml of supernatant to
remove the H,O,. For the treatments, CAT solution was
replaced by 100 uL MQ (Millipore, USA) water. The reac-
tion mixtures were incubated at 37°C for 10 min, and 1 ml
of 0.2 M phosphate buffered saline (PBS, pH 7.8) and 1 ml
of 200 mM 4-(2-pyridylazo) resorcinol were added. The
reaction mixtures were incubated at 45°C for 20 min, and
the absorbance was read at 508 nm. H,0O, content was
expressed as umol g~' FW.

Assays of Antioxidative Enzymes

Five hundred mg of leaves was macerated with 10 ml of
50 mM potassium-PBS (pH 7.0) containing T mM EDTA and
1% polyvinylpyrrolidone (PVP) in pre-cooled mortar and
pestie and centrifuged at 15000 rpm for 30 min at 4°C. The
supernatant was used for enzyme analysis. Protein content
was determined according to Lowry et al. (1951) using BSA
as a standard. SOD (EC 1.15.1.1) activity was assayed
according to Beauchamp and Fridovich (1971). The reaction
mixture contained 0.24 mM riboflavin, 2.1 mM methione,
1% Triton X-100, 1.72 mM nitroblue tetrazolium chloride
(NBT; in 50 mM potassium-PBS, pH 7.8). SOD activity was
expressed as U g™ FW. One unit of SOD is defined as the
amount of enzyme required to cause 50% inhibition in the
rate of NBT photo-reduction. Ascorbate peroxidase (APX;
EC 1.11.1.11) activity was determined according to Nakano
and Asada (1981). Two hundred mg of leaves was homoge-
nized in 50 mM ice-cold PBS (pH 7.8} containing 2 mM
ascorbate and 5 mM EDTA and centrifuged at 10000 rpm at
4°C for 30 min. The reaction mixture contained 2.7 ml of
50 mM PBS (pH 7.0), 0.1 mM EDTA, 0.5 mM ascorbate,
100 pL of 0.1 mM H,0O, and 50 pl of enzyme extracts. The
decrease in absorbance was read at 290 nm. APX activity
was expressed as U g FW. Guaiacol peroxidase (GPX; EC
1.11.1.7) activity was assayed according to Hammer-
schmidt et al. (1982). The reaction mixture contained 0.1 M
potassium-PBS (pH 6.8), 50 mM guaiacol and 50 ul of
enzyme extract. Reaction was initiated by adding 0.2 mM
H,O,. Absorbance was read at 470 nm. GPX activity was
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expressed as U g~' FW, where one U equals the amount of
substrate (umol) transformed by the enzyme in 1 min at
25°C. CAT (EC 1.11.1.6) activity was determined according
to Aebi (1984). Two hundred ul of the enzyme extract was
added to 1.8 ml of PBS (pH 7.0). Reaction was started with
the addition of 17 ml of 30 mM H,O, prepared in PBS (pH
7.0). Absorbance was read at 240 nm. CAT activity was
expressed as U g~ FW.

Metabolite Determination

Reduced ascorbate and dehydroascorbate (DHA) contents
were measured according to Cakmak and Marschner (1992).
Five hundred mg of leaves was macerated in ice-cold extrac-
tion buffer [40% (v} methanol, 0.75% (w/v) m-phosphoric
acid, 16.7 mM oxalic acid, and 0.127 mM acetone] and cen-
trifuged at 10000 rpm for 30 min at 4°C. One hundred ub of
supernatant was transferred to 900 ut of mobile phase [24.25
mM acetic acid (pH 4.8), 0.1 mM acetone, 0.015% (w/v) m-
phosphoric acid, 0.04% (w/v) octylamine, and 15% (V)
methanol] for determination of reduced ascorbate. Amount
of DHA was calculated as the difference of total ascorbate
and ascorbic acid. Contents of reduced ascorbate and DHA
were expressed as pmol g FW. GSH and glutathione disul-
phide (GSSC) contents were determined according to Ander-
son (1985). Five hundred mg of leaves was homogenized
with 5 ml of 0.15% (w/v) sodium ascorbate and centrifuged at
10000 rpm for 15 min at 0°C. Supernatants were incubated
at 100°C for 4 min to denature proteins, and centrifuged as
described above. One ml of reaction mixture contained 200
ul thylakoid suspension, 0.2 mM NADPH, 0.6 mM 5,5’
dithio-bis(2-nitrobenzoic acid; DTNB), and 50 U of glu-
tathione reductase. Reduction of DTNB was followed at 412
nm for 2 min at 30°C. To measure the amount of GSSG in the
supernatant, 2 uM of PVP was added to 100 ul of the super-
natant and mixed vigorously for T min. Reduction rate of
DTNB was measured after 20 and 40 min as in the total glu-
tathione assay. Total glutathione and GSSG were quantified by
comparing with the standard curves obtained with the
reduced and oxidized forms of glutathione (Sigma, USA).
Amount of GSH was calculated by subtracting the amount of
GSSG from the total glutathione. Contents of GSH and GSSG
were expressed as nmol g™ FW.

Estimation of Non-Protein Thiol (NPT) Content

For estimation of NPT content, 500 mg leaves were mac-
erated in 1 ml ice-cold 5% (w/v) sulfosalicylic acid and cen-
trifuged at 10000 rpm for 30 min at 4°C. NPT content was
measured with Ellman’s reagent (Ellman, 1959). Three
hundred ul of the supernatant was mixed with 1.2 ml of
0.1 M PBS (pH 7.6), and after a stable absorbance reading
of 412 nm was obtained, 25 pM DTNB solution (6 mM
DTNB dissolved in 5 mM EDTA, 0.1 M PBS, pH 7.6) was
added. Increase in absorbance was read at 412 nm. NPT
content was expressed as nmol g' FW.

Statistical Analysis

Mean of at least three replicated treatments was presented.
Significance of differences between treatments was statisti-
cally evaluated by SD and Student’s t-test methods.
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RESULTS

Figure T shows Cr content in green gram leaves over time
of treatment with 300 uM Cr. Cr accumulation occurred
upon the addition of Cr to the nutrient solution. The
increase in Cr uptake lasted upto 96 h. After that, the
uptake rate was saturated. The maximum content of Cr in
the leaves exposed to 300 uM Cr for 96 h was 895 mg kg™
DW. The biomass of leaves exposed to the various levels of
Cr was measured. Treatment of seedlings with 100 uM Cr-
induced only a slight increase in leaf dry weight. Seedlings
supplied with Cr at 200-400 uM had significantly lower leaf
biomass than control (Fig. 2). Treatment with Cr at 300 pM
decreased the leaf dry weight by 46.9%. Since a moderate
effect of 300 pM Cr on the leaf growth was observed, this
concentration was used to examine the biological and phys-
iological responses. Exposure of seedlings to excess Cr led to
lipid peroxidation in leaves. The amount of MDA increased
with the increasing Cr-treatment (Fig. 3A). A peak was
observed with Cr at 300 uM, with the MDA level being 1.7-
fold higher than control. A further increase in Cr concentra-
tion to 400 puM, however, failed to elevate the production of
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Figure 1. Time-dependent changes in the content of Cr in green
gram leaves after 300 uM Cr-treatment (——@-—) and control
(—#—). Vertical bars represent SD of the mean (n=4). Asterisks indi-
cate that mean values are significantly dlifferent between treatments
and control (*P >0.05).
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Figure 2. Effect of Cr on leaf biomass of green gram. Seedlings were
treated with various concentrations of Cr for 96 h. Vertical bars repre-
sent SD of the mean (n=4). Asterisks indicate that mean values are
significantly different between treatments and control (*P >0.05).



Chromium-Induced Antioxidative Responses in Green Gram Leaves 443

160 120
- A * =
z -+ Z 100
- 120 F « . -
_g’ r~F - = 80
£ g
S, 80 F = 60t
S g 40
S 40} <
g o 20 o
= =
O L . L O i 1 i I
0 100 200 300 400 0 48 96 144 192
Cr concentration (uM) Time of treatment (h)

Figure 3. Content of MDA in green gram leaves under Cr stress. Seedlings were treated with various concentrations of Cr for 96 h (A) or with
300 uM Cr (——) and control (——) for 192 h (B). Vertical bars represent SD 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 4. Content of H,O; in green gram leaves under Cr stress. Seedlings were treated with 300 pM Cr (—&—) and control (—d—) for 192
h (A) and various concentrations of Cr for 96 h (B). Vertical bars represent SD of the mean (n=5). Asterisks indicate that mean values are signif-
icantly different between treatments and control (*P >0.05).
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Figure 5. Time-dependent changes in activities of SOD, GPX, APX and CAT in green gram leaves of 300 uM Cr-treatment (&) and control
(—#—). Vertical bars represent SD of the mean (n=4). Asterisks indicate that mean values are significantly different between treatment and
control (*P >0.05).
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Figure 6. Effect of Cr on activities of SOD, GPX, APX and CAT in green gram leaves. Seedlings were treated with various concentrations of Cr for
96 h. Vertical bars represent SD of the mean (n=4). Asterisks indicate that mean are significantly different treatments and control (*P >0.05).

Table 1. Time-dependent changes in contents of reduced ascorbate, DHA, GSH and GSSG in green gram leaves of 300 pM Cr-treatment
and control. Asterisks indicate that the mean values are significantly different between treatments and controls (*P >0.05).

Reduced ascorbate (umol g™ FW)

DHA (umol g™ FW)

GSH (nmol g FW) GSSG (nmol g FW)

Time
(h) Control Cr Control Cr Control Cr Control Cr
0 8.05 = 0.65 8.05 + 0.65 148 2015 1.48 =0.15 124 = 15.0 124 = 15.0 626 £5.2 62.6 £5.2
48 8.65 = 0.56 8.92 £ 0.53 1.88 =020 201t +£0.18% 111 x75 97 + 8.9% 523+ 9.2 94.4 = 8.6*
96 9.87 £ 0.51 5.25+0.48* 1.74+0.21 094 =£0.09* 107 = 8.5 75 + 7.8% 69.8 £ 5.6 99.7 + 10.4*
144 8.69 £ 0.48 5.88 = 0.58* 192 =*+0.18 0.81 + 0.08* 90 + 12.0 89 + 6.7* 60.7 £ 3.9 108.2 = 9.5*
192 9.48 £ 0.72 6.12 £0.49% 1.78 £0.09 0.80 = 0.04* 96 *+ 9.1 132 = 18.1* 74.2 =45 1243 + 19.8*
MDA. Supplementation of 300 pM Cr to the medium  exposure of seedlings to 300 uM Cr followed by a significant

induced progressive increases in the lipid peroxidation level
(Fig. 3B). Similarly, a significant rise in MDA level was
observed at 96 h with 300 uM Cr.

H,0, level was measured to determine whether applica-
tion of excessive Cr caused oxidative stress in green gram
leaves. In a time-course experiment, the H,O, level
increased markedly during the 300 pM Cr-treatment. This
stimulation reached to a maximum level at 96 h. Then, the
H,O, level declined to the level of control (Fig. 4A). Dose-
dependent changes in H,O, levels were examined, and it
showed that application of Cr at 100-400 uM significantly
increased the production of H,G, (Fig. 4B).

Activities of antioxidative enzymes were assayed over a
period of 192 h in the Cr-treated leaves. In the control seed-
lings slight fluctuation in the enzyme activities was observed
(Fig. 5). Treatment with 300 uM Cr resulted in 1.6-fold of
SOD activity during the initial 48 h, although the response
to stimulation lasted for 96 h. Cr at 100-400 pM progres-
sively increased the SOD activity, and 400 puM of Cr was
found to be the most effective concentration for inducing
increases in SOD activities (Fig. 6). Activities of both APX
and GPX in leaves were low during the initial 96 h after

increase (Fig. 5). However, after 192 h of induction, APX
and GPX activities were enhanced by 3.5- and 4-fold,
respectively. GPX activities displayed progressive increases
and reached to the maximum at 400 pM Cr (Fig. 6).
Although APX activities were increased in the presence of
300 uM Cr, 400 pM Cr did not stimulate the enzyme
activity (Fig. 6). In contrast, the activities of CAT in the leaves
were diminished under Cr stress (Fig. 5, 6).

Three hundred pM Cr had no marked effect on the
reduction of ascorbate content in the leaves during the ini-
tial 48 h of treatment (Table 1). After that, reduction of
ascorbate content decreased significantly to 53.5% at 96 h
and then maintained thereafter. In contrast, reduction of
ascorbate and DHA contents showed a significant increase
during the initial 48 h, and then sharply declined thereafter
(Table 1). GSH showed a significant reduction at 96 h to
29.9% of the control. However, the content of GSH was
restored after that, and at the end of experiment it
exceeded the controls. On the other hand, the GSSC con-
tents showed a progressive increase (Table 1). The total NPT
levels were enhanced by 39.8 and 43.5% with Cr at 200
and 300 uM, respectively (Fig. 7A). Neither lower nor
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Figure 7. Content of NPT in green gram leaves under Cr stress. Seedlings were treated with various concentrations of Cr for 96 h (A) and with
300 uM Cr (==&—) and control (—&—) for 192 h (B). Vertical bars represent SD of the mean (n=5). Asterisks indicate that mean values are

significantly different between treatments and control (*P >0.05).

higher concentrations (400 pM) of Cr induced accumulation
of thiol compounds. However, time-dependent variations in
thiol contents were measured. As shown in Figure 7B, the
changes in the total NPT content showed a pattern similar to
that of H,O, over the time of 300 uM Cr-treatment.

DISCUSSION

In the present study, we investigated Cr uptake and sev-
eral biochemical and physiological responses involving the
oxidative damage and protection in green gram leaves.
Seedlings readily absorbed Cr from the growth medium (Fig.
1). The toxic effects of excess Cr in the leaves probably
caused the decrease in biomass (Karuppanapandian et al.,
2006h). To approach a situation in which both Cr toxicity
and resistance were exhibited, the seedlings were exposed
to Cr at a moderate concentration (300 uM), where the leaf
biomass decreased compared to the control (Fig. 2).

H.O, level in green gram leaf tissues was progressively
increased by Cr-treatment (Fig. 4A, B). In the time-depen-
dent changes in H,O, level indicates that Cr-induced H,O,
increase occurred immediately after exposure of seedlings
to Cr, this suggests that accumulation of H,O, was an early
event. Higher level of H,O, would be the cause of leaf lipid
peroxidation. Before the accumulation of Cr in leaves, a sig-
nificant increase in SOD activities was observed, and at the
time the leaves were saturated at 48 h, the SOD activities
reached maximum level (Fig. 5). Therefore, Cr-induced
increases in SOD activities could be mediated by ROS. ROS
like O, and H,0, are considered to be central compo-
nents of signal transduction, which triggers the defense
genes responsible for antioxidant enzymes, including SOD.
In contrast, increase in enzyme activities contribute to the
removal of O, ™ (Gwozdz et al., 1997; Chatterjee and Chat-
terjee, 2000). It could be observed that 300 um Cr-treat-
ment resulted in a 2-fold increase in SOD activities.
However, this stimulation lasted only upto 48-96 h of induc-
tion (Fig. 5). Later, SOD activities were declined that sug-
gests the degree of oxidative stress alleviated, due to the
strong capability of the plants to recover from Cr stress. In
fact, after 96 h exposure of seedlings to 300 uM Cr, leaf
growth gradually recovered, and no visible difference
between the control and Cr-treated leaves could be

observed (data not shown). Reduction in H,O, level in the
leaves after 96 h with 300 pM Cr-treatment suggests that
H,O, scavenging enzymes are involved in the removal of
HO,. CAT is one of the key antioxidant enzymes that elim-
inate H,O,. However, CAT activity was suppressed under Cr
stress (Fig. 5, 6). Either Cr** that bound or replaced some
components such as Fe?* in the enzyme or due to decrease
in CAT activity because of increase in H,O, that in turn
inactivated the enzyme (Chatterjee and Chatterjee, 2000), it
also has been previously reported that, CAT in green gram
more sensitive to excess Cr** since, it readily bound to thiol
groups and thereby inactivated the thiol-containing enzyme
(Gwozdz et al., 1997).

APX activities were progressively increased by Cr-treat-
ment (Fig. 5). This suggests that the antioxidative capacity
stimulated by Cr could be the involved in conversion of
H,O, to HyO and O,. APX plays an important role in scav-
enging H,O,. H,O, is reported to be a systemic signal for
the induction of APX (Morita et al., 1999). in callus cultures
of rice embryos, H,O, transiently induced mRNA for cyto-
solic APX (Morita et al., 1999). Cr- and Al-induced H,O,
accumulations in wheat and green gram seedlings were also
found to significantly elevate the APX activity (Sharma and
Sharma, 1996; Karuppanapandian et al., 2006a). The low
level of APX activity during the initial period of Cr-treatment
suggests that plants require a time lag for induction of the
enzyme (Fig. 5).

The POX exhibited an inducible activity in the presence
of 300 uM Cr. The significant increase in activities of the
enzyme at latter stages might greatly contribute to scaveng-
ing of H,O, (Fig. 5). This indicated that 300 uM Cr-activated
a sufficiently defensive mechanism against oxidative stress
by inducing the potent antioxidant enzyme in the green
gram leaves. The GPX has been demonstrated to catalyze
the oxidation of various organic compounds like phenolics
to form lignin or suberin (Quiroga et al., 2000). Schutzen-
dubel et al. (2001) reported that 50 pM Cd-induced
increases in GPX activities in pine root tips were accompa-
nied by accumulation of phenolics and lignification. While a
variety of reactions were catalyzed by POX for cell wall
rigidification, H,O, serve as a substrate for these processes
(Lin and Kao, 2001; Schutzendubel et al., 2001). Thus, the
endogenous consumption of H,O, might lead to a decrease
in Cr-induced oxidative stress in plants.



446 Karuppanapandian et al.

The two non-enzymatic antioxidants, such as ascorbate
and glutathione for plant cells to dispose of H,O, in some
celtular compartments (Schutzendubel et al., 2007; del Rio
et al., 2002). The reduced ascorbate content in leaves was
significantly reduced at 96 h after the start of Cr-treatment
(Table 1), suggests the pronounced consumption of reduced
ascorbate during scavenging of H,O,, a reaction catalyzed
by APX. DHA was also shown to be low at latter stages of
Cr-treatment, although the amount of DHA increased at the
time of 48 h (Table 1). The decreased level of DHA was
most likely the result of irreversible hydrolysis to 2,3-dike-
togulonic acid (Morita et al., 1999) under heavy metal stress.

The NPT compounds are comprised of several acid-solu-
ble sulthydryl-components, such as cysteine, y-glutamylcys-
teine, GSH and phytochelatin (de Vos et al., 1992). The
metal-induced depletior of GSH in plants due to phytochel-
atin synthesis may increase the susceptibility of cells to oxi-
dative stress (de Vos et al., 1992). 300 uM Cr-increased the
NPT content during first several hours of Cr-treatment in
green gram leaves (Fig. 7A, B). Suggests that Cr-induced
increase in the level of thiol compounds represents another
possible response to overcome oxidative damage. On the
other hand, Cr has been reported to catalyze the oxidation
of GSH (Shanker et al., 2004). Our results showed a tran-
sient decline of GSH (on 48 h) and progressive increases in
GSSG contents (Table 1). Indicating that a large amount of
thiol-containing compounds must be consumed to generate
GSSG. Despite the possibility that a high level of Cr in the
leaves affected the thiol compound synthesis, loss of thiol
content at the late hours of experiment did not mean a
breakdown of the defensive system against Cr toxicity. Cr-
treated species contain induced metallothioneins-like (MTs-
like) proteins. These ubiquitous low molecular-weight pro-
teins are rich with cysteine and also have the ability to bind
metal ions (Shanker et al., 2004).
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