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Changes in activities of the enzymes involved in the metabolism 
of active oxygen species were followed in homogenates prepared 
from wheat leaves (Triticum aestivum 1.) exposed to strong visible 
light (600 W m-*). The activities of superoxide dismutase (SOD), 
ascorbate peroxidase, and monodehydroascorbate reductase in- 
creased significantly on prolonged illumination of the leaves, in- 
dicating an increase in the rate of generation of active oxygen 
species. This increase was further exacerbated when high light 
stress was combined with low temperature (8°C). Our results 
indicate that the increase in activities of SOD and ascorbate per- 
oxidase involved de novo protein synthesis that was sensitive to 
the nuclear-directed protein synthesis inhibitor cycloheximide. The 
activity of catalase, on the other hand, decreased on exposure to 
strong light, which could be due to its photolability, particularly at 
lower temperatures. Ascorbate and total carotenoid contents also 
increased on light treatment of the leaves. The induction of the 
enzymes except for catalase and increase in the levels of ascorbate 
and total carotenoids in response to the stress conditions indicate 
that they play an important role in the protection of higher plants 
from the damaging effects of toxic active species. 

Oxidative stress, which arises from the deleterious effects 
of reduced oxygen species, is an inevitable phenomenon in 
green plants (McKersie et al., 1988; Steinberg and Rabinow- 
itch, 1991; Mishra and Singhal, 1992). The presence of an 
active oxygen-generating system in the plants together with 
the high percentage of polyunsaturated lipids, particularly in 
the thylakoid membrane, make them susceptible to oxidative 
injury (Halliwell, 1984). The active oxygen species can be 
formed in plants either by direct transfer of excitation energy 
from photosensitized Chl to oxygen or from single-electron 
reduction of dioxygen (Kaiser, 1987; Comic and Briantais, 
1991). Two main forms of active oxygen, 0 2 -  (and its prod- 
ucts) and 'O2, are apparently involved in the initiation of 
photooxidative damage in higher plants. 02- has been detected 
in chloroplasts of water-stressed wheat (Price et al., 1989) 
and chilled spinach plants exposed to high irradiance (Hodg- 
son and Raison, 1991). Although capable of oxidizing various 
cellular components directly, 02- is thought to exert most of 
its biologically damaging effects by initiating the generation 
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of more reactive and destructive species (Halliwell and Gut- 
teridge, 1989). 02- produced in the plants is dismutated either 
directly (nonenzymically) or via the enzyme SOD. In both 
cases, the dismutation results in the production of H202. 
Although less reactive than 02-, H202 can react with 02- in 
the presence of iron salts and transition metals to form OH. 
free radicals. This is one of the most reactive species in 
biological systems, with a very short lifetime, and may attack 
and damage almost every molecule in the living cell (Halli- 
well, 1984). 

During the course of evolution, the higher plants have 
developed an efficient defense system that helps them to 
survive under environmentally adverse conditions. The pro- 
tective system of higher plants, through which they survive 
the oxidative stress, is composed of SOD, ascorbate peroxi- 
dase, catalase, MDHAR, DHAR, and GSH reductase (Asada 
and Takahashi, 1987; Schoner and Krause, 1990). Severa1 
anti-oxidants such as ascorbate, GSH, a-tocopherol, carote- 
noids, flavonoids, etc. that are present in higher plants con- 
tribute to the protective system against oxidative stress by 
deactivation of active oxygen species in multiple ways (Knox 
and Dodge, 1985; Asada and Takahashi, 1987; Chauhan et 
al., 1992). Depending upon the efficiency of the anti-oxidant 
defense systems, plants may differ in resistance to activated 
oxygen (Krause, 1988). 

Under physiological conditions, plants are well adapted for 
minimizing damage that could occur from misuse of photo- 
synthetic excitation energy. The levels of active oxygen spe- 
cies, which are efficiently removed by natural defense mech- 
anisms of the plants, are kept low; however, oxygen toxicity 
may arise under environmental stress such as high light and 
low temperature when the production of these species ex- 
ceeds the scavenging capacity of the natural defense system 
(Krause, 1988). 

In this paper, we report the changes in the activities of the 
enzymes SOD, ascorbate peroxidase, catalase, MDHAR, and 
DHAR involved in the scavenging of active species generated 
during strong illumination of intact wheat leaves (Triticum 
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aestivum) at 19O and 8OC. We have used protein synthesis 
inhibitors to examine whether the changes in enzyme activi- 
ties under stress conditions involve de novo synthesis. In 
addition, a quantitative analysis of ascorbate and pigment 
content was also undertaken in the control and stressed 
leaves. 

MATERIALS AND METHODS 

Plant Material and Crowth Conditions 

Wheat seeds (Triticum aestivum L. var HD 2329, Indian 
Agricultura1 Research Institute) were surface sterilized with 
0.1% (w/v) HgC12 solution and were grown on vermiculite 
supplemented with half-strength Hoagland solution in a 
plant .growth chamber at 25OC under a 14-h photoperiod. 
Light intensity during growth was 75 W m-2. Six- to 8-d-old 
seedlings were used for a11 the experiments. 

Light Treatment 

Wheat seedlings were placed in a glass tray filled with 
water and exposed to white light provided by a 1000-W 
tungsten-halogen lamp. A trough of transparent plexiglass (8 
cm in depth) was placed between the lamp and the seedlings; 
water was continuously circulated through this trough to 
protect the seedlings from the heat generated by the lamp. 
Light treatments to the seedlings were carried out at 19O and 
8OC. The average light intensity at the upper leaf surface was 
600 W m-'. 

Light treatments were also carried out after inhibition of 
protein synthesis in intact leaves. Inhibition of nuclear- and 
chloroplast-directed protein synthesis was achieved by keep- 
ing the seedlings in CHI (10 mg L-') and CAP (200 mg L-I) 

solutions, respectively, for 12 h prior to illumination (Fili- 
monov et al., 1990). Plants kept under normal light intensity 
(75 W m-') at 19 and 8OC for 20 h were used as controls, 
and a11 the results were compared accordingly. 

Assay of Enzyme Activities 

Washed leaves (10-12 g) were homogenized in a mortar 
and pestle under ice-cold conditions in 20 mL of 50 mM 
potassium phosphate buffer, pH 7.0, 0.25% (w/v) Triton X- 
100, and 1.0% (w/v) insoluble PVP phosphate. The homog- 
enate was filtered through eight layers of cheesecloth and 
the filtrate was used for enzyme assays. Activities of a11 the 
enzymes were expressed on the basis of Chl content because 
it remained unchanged after illumination. 

Catalase (EC 1.11.1.6) was assayed at 25OC in 3 mL of 
reaction mixture containing potassium phosphate buffer, pH 
7.0, 11 mM H202, and leaf homogenate equivalent to 20 pg 
of Chl. Activity was determined by UV spectrophotometry at 
240 nm by measuring the time required for a decrease in A 
from 0.45 to 0.40 (Aebi, 1983). 

SOD (EC 1.15.1.1) was assayed at 25OC following the 
reduction of Cyt c at 550 nm according to McCord and 
Fridovich (1969) with the modification by Schoner and 
Krause (1990). The reaction was performed in a total volume 
of 3 mL containing 50 mM potassium phosphate, pH 7.8, 0.1 
m~ EDTA, 18 PM Cyt c, 0.1 m~ xanthine, and leaf homoge- 

nate equivalent to 20 pg of Chl. The reaction was initiated 
by addition o1 xanthine oxidase to produce a rate of Cyt c 
reduction corresponding to 0.025 A units per min in the assay 
mixture without leaf homogenate. One unit of SOD was 
defined as the amount of enzyme that inhibited the rate of 
Cyt c reduction by 50% under the specified conditions. 

Ascorbate peroxidase (EC 1.11.1.7) activity was deterinined 
by following t he oxidation of ascorbate as a decrease in A290 

(2.8 m-' cm-') (Nakano and Asada, 1981). Two milliliters 
of ascorbate was added to the extraction medium to prevent 
the inactivatioin of the enzymes. The assay was camed out at 
2OoC in a reaction mixture containing 50 mM potassium 
phosphate, pH 7.0, 0.1 mM EDTA, 0.5 mM sodium ascorbate, 
0.1 m~ H202, and leaf homogenate equivalent to 20 pg of 
Chl. The change in A was recorded from 10 to 30 s after 
addition of H202. Correction was done for the oxidation of 
ascorbate by H202 in the absence of the leaf homogen'ite. 

MDHAR (EC 1.6.5.4) was assayed at 25OC accordiing to 
Hossain et al. (1984) in a reaction mixture containing 5'0 mM 
Tris-HC1, pH 7.6,0.125% (w/v) Triton X-100,0.2 mM NADH, 
2.5 mM ascorbate, 5 pg of ascorbate oxidase, and leaf homog- 
enate equivalent to 20 pg of Chl. The reaction was followed 
by the decrease in A340 due to NADH oxidation. 

DHAR (EC 1.8.5.4) activity was assayed according to Nak- 
ano and Asada (1981) by following the increase of A265 (14 
m ~ - '  cm-') as dehydroascorbate was reduced to ascorbate. 
The reaction was carried out at 25OC in a final volume of 2 
mL containing 20 mM Tricine-KOH, pH 7.0, 0.1 mM EDTA, 
3 mM reduced GSH, 2 mM dehydroascorbate, and leaf ho- 
mogenate equivalent to 20 F g  of Chl. Correction was made 
for low A change at 265 nm resulting from the formation of 
oxidized GSH and for the nonenzymic reduction of ciehy- 
droascorbate by reduced GSH. The rate of nonenzymic re- 
duction of dehydroascorbate by reduced GSH was 11 pmol 
mL-' h-I. 

Extraction and Determination of Ascorbate Content 

Ascorbate was extracted from the control and stressed 
leaves as described by Franke (1955). Samples equivalent to 
1 g of leaves were ground in a mortar and pestle with some 
quartz sand and NaCl in 2 mL of freshly prepared lO!% (v/ 
v) metaphosphoric acid. The resulting slurry was diluted with 
distilled water and centrifuged at 4000g for 5 min. The 
volume of the supematant was adjusted to 10 mL with 
distilled water to give a final concentration of 2% (v/v) 
metaphosphoric acid. The extract was kept in the dark on ice 
until use. 

Ascorbate content was determined spectrophotometrically 
at 524 nm (Tonumura et al., 1978) by measuring the reduction 
of DCIP by a portion of the sample (Hughes, 1956). An 
aliquot of 0.5 mL of extract, diluted up to 5-fold with 2% (v/ 
v) metaphosphoric acid, was mixed with 1 mL of citrate- 
phosphate buffer, pH 2.3, and 1 mL of aqueous solution of 
DCIP (30 mg L-I). A was recorded against a blank containing 
2% (v/v) metaphosphoric acid instead of the sample after 30 
s of DCIP addition. The amount of ascorbic acid was calcu- 
lated by reference to a standard curve. 
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Pigment Estimation 

Chl and total carotenoid contents in the 80% (v/v) aqueous 
acetone extracts of control and stressed leaves were deter- 
mined spectrophotometrically according to Arnon (1949). 

RESULTS AND DlSCUSSlON 

The results of an investigation on the effects of strong 
visible light at different temperatures on enzymes and other 
systems involved in processing activated oxygen species in 
intact wheat leaves are discussed in the following sections. 

SOD 

SOD catalyzes the dismutation of 0 2 -  to H202 and O2 

(McCord and Fridovich, 1969; Monk et al., 1989). A gradual 
increase in SOD activity was observed in the extracts of 
illuminated leaves. The activity increased by about 1.5-fold 
after exposure of the leaves to 600 W m-' for 20 h at 19OC 
(Fig. la). Light treatment of the leaves for 20 h at 600 W m-* 
at 8OC caused a 2.9-fold increase in the activity (Fig. 1). This 
increase in activity might signify the production of 02- during 
light treatment of the leaves, particularly at low temperature. 
The production of 02- by thylakoids has previously been 
reviewed (Elstner, 1982, 1987; Robinson, 1988). When nor- 
mal pathways and acceptors of photosynthetic electron trans- 
port are restricted, O2 is reduced in the Mehler reaction, 
providing a pathway for the remova1 of excess electrochem- 
ical energy from the thylakoids (Marsho et al., 1979; Furbank 
and Badger, 1983; Furbank et al., 1983). In this reaction, O2 
is reduced initially to 02- and subsequently to H202 (Asada 
et al., 1974; Badger, 1985; Robinson, 1988). Under these 
conditions. restricted carbon metabolism would lead to a 
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Figure 1. Changes in SOD activity in leaf extracts prepared from 
unstressed and light-treated leaves. Leaves were illuminated with 
600 W m-' at 19" (a) and 8°C (b) for different periods of time 
without any addition (O) or in the presence of 10 mg L-' of CHI (O) 
or 200 mg L-' of CAP (A). The seedlings were immersed in CHI 
and CAP solutions for 12 h prior to illumination. The activities are 
expressed in fold of the initial rate. Each point represents the mean 
of three separate sets of experiments. The SD is shown only at 20 h 
for clarity; the error is approximately the same percentage of the 
average value at other points. No significant changes in activities 
were observed in controls run  parallel under similar conditions at 
normal light intensity (75 W m-'). The activity in the homogenates 
of unstressed leaves was 72 & 4.6 units mg-' Chl. 

depletion of the natural electron acceptor NADP+, thereby 
promoting the generation of 02- via Fd autooxidation 
(Schoner and Krause, 1990). Moreover, at low temperature, 
the concentration of active oxygen species is likely to increase 
in plants exposed to strong light as the repair processes are 
slowed down (Oquist et al., 1987). 

High SOD activity has been linked with stress tolerance in 
plants that survive treatments likely to enhance the produc- 
tion of 02- (Tsang et al., 1991; Bowler et al., 1992). Increase 
in the activity has been reported during exposure of cold- 
acclimated spinach plants to low-temperature and high-irra- 
diance stress (Schoner and Krause, 1990), drought conditions 
(Dhindsa and Matowe, 1981; Burke et al., 1985), and chilling 
of Chlorella ellipsoidea (Clare et al., 1984). Tanaka and Su- 
gahara (1980) have suggested that 02- produced during S 0 2  
fumigation of poplar leaves induced the synthesis of SOD. A 
new Cu/Zn-SOD isoenzyme was also detected in protein 
extracts from cold-hardened spinach plants (Schoner et al., 
1990). We presume that a similar kind of induction of SOD 
biosynthesis might be occurring in our experiments during 
illumination of leaves with strong light, particularly at low 
temperature. 

Illumination of CAP-treated leaves at both the tempera- 
tures did not result in any further significant change in 
activity and followed a pattem close to that in which protein 
synthesis was not inhibited (Fig. 1). Okada et al. (1991) have 
suggested that CAP acts as an autooxidizing electron acceptor 
of PSI and may participate in the production of active oxygen 
species resulting in the inhibition of photosynthesis. How- 
ever, no such side effects of CAP were observed in our 
experiments, in accord with the observations of Tyystjarvi et 
al. (1992). Inhibition of nuclear-directed protein synthesis by 
CHI resulted in a marked decrease in SOD induction on 
illumination of leaves at both 19O and 8OC (Fig. 1). Inhibition 
of SOD induction on light treatment of CHI-treated leaves 
indicates that the increase in activity was due to biosynthesis 
of new enzyme directed by the nuclear genome. The precise 
role of 02- in the induction of SOD during light treatment is 
not clear; however, it cannot be ruled out that an increase in 
02- may trigger the synthesis of new enzyme, since the 
amount of SOD present under normal conditions may not be 
sufficient for the higher concentrations of active species pro- 
duced during light treatment. The mechanism by which the 
synthesis of SOD is triggered remains to be established. The 
increase in SOD activity could be a manifestation of the 
defense system providing stability to the photosynthetic ap- 
paratus to protect it from damage due to strong illumination 
(Clare et al., 1984). 

Ascorbate Peroxidase 

The rapid remova1 of H202 produced by SOD is important 
if the generation of highly destructive OH. is to be avoided. 
Ascorbate peroxidase is an important enzyme that scavenges 
H202 in higher plant chloroplasts (Asada, 1992). H202 is the 
first stable product of both monovalent and divalent reduc- 
tion of molecular oxygen. However, no divalent reduction of 
O2 has been observed in normal chloroplasts, and it has been 
suggested that most of the H202 in chloroplasts is produced 
through the dismutation of 02- catalyzed by SOD (Asada 
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and Takahashi, 1987). Ascorbate peroxidase activity in- 
creased on illumination of leaves by 1.3-fold with 600 W m-2 
at 19OC for 20 h (Fig. 2a), whereas similar treatment increased 
it by 1.8-fold at 8OC (Fig. 2b). The increase in ascorbate 
peroxidase activity might be due to an increase in Hz02 
production during light treatment of the leaves. The greater 
increase in activity during illumination at 8OC is consistent 
with the proposal of increased rates of active oxygen species 
generation during light treatments at chilling temperatures 
(Oquist et al., 1987). 

Comparatively slower increase in ascorbate peroxidase ac- 
tivity was observed at both temperatures on light treatment 
of leaves infiltrated with CHI (Fig. 2). As in the case of SOD, 
CAI' was inefficient in retarding the increase in activity on 
light treatment (Fig. 2). These results inmcate that the increase 
in ascorbate peroxidase activity during light treatment in- 
volved biosynthesis of this nuclear-encoded enzyme. Tanaka 
et al. (1985) have also demonstrated an increase in the 
ascorbate peroxidase activity during O3 fumigation and con- 
cluded that H202, which accumulates in Os-fumigated leaves, 
might induce the synthesis of this enzyme. Incubation of leaf 
discs with low concentrations of paraquat has already been 
shown to stimulate the activity of ascorbate peroxidase in 
pea (Gillham and Dodge, 1984). Thus, it seems likely from 
our observations that the increased production of H202 dur- 
ing illumination may lead to an increased rate of ascorbate 
peroxidase biosynthesis. 

Catalase 

Catalase, which is localized in the peroxisomes of higher 
plants, functions in the decomposition of H202, which is also 
produced outside the chloroplasts by the H202-generating 
oxidases present in the peroxisomes (Tolbert, 1971). Despite 
its restricted localization, it may play a significant role in 
defending against oxidative stress, since H202 can readily 
diffuse across the membranes (Bowler et al., 1992). Illumi- 
nation of leaves at 19O and 8OC resulted in a decrease in 
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Figure 2. Changes in ascorbate peroxidase activity in leaf extracts 
prepared from unstressed and light-treated leaves. Leaves were 
illuminated with 600 W m-' at 19" (a) and 8°C (b) for different 
periods of time without any addition (O) or in the presence of 10 
mg L-' of CHI (O) or 200 mg L-' of CAP (A). Conditions were as 
described in the legend to Figure 1. The activity in the homogenates 
of unstressed leaves was 300 f 32 pmol mg-' Chl h-'. 
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Figure 3. Changes in catalase activity in leaf extracts prepared from 
unstressed and light-treated leaves. Leaves were illuminated with 
600 W m-' at 19" (a) and 8°C (b) for different periods of time 
without any adclition (O) or in the presence of 10 mg L-' of CHI (O) 
or 200 mg L-' of CAP (A). Conditions were as described in the 
legend to Figure 1. The activity in the homogenates of unstressed 
leaves was 74,000 & 8,100 pmol mg-' Chl h-'. 

catalase activity in the leaf homogenates (Fig. 3). Exposure of 
the leaves to 6100 W m-2 for 20 h at 19OC resulted in í> 30% 
loss of catalase activity (Fig. 3a), whereas the activity was 
inhibited by 72% after the same treatment at 8OC (Fig. 3b). 
No significant change in the activity was observed in ert . racts 
of the leaves kept under normal light intensity (75 W ni-2) at 
either temperature for 20 h. These results suggest that the 
inactivation of catalase observed in our experiments may be 
mediated through light absorption by both the enzyme- 
bound heme groups and chloroplast pigments and it is also 
dependent on the presence of oxygen (Cheng et al., 1981). It 
has been suggested that this photoinactivation is caused by 
the active oxygen species and organic peroxides (Elstner, 
1982; Feierabend and Kemmerich, 1983; Takahashi and 
Asada, 1983; Feierabend and Engel, 1986). 

The loss of lcatalase activity was pronounced in the pres- 
ente of CHI at both 19O and 8OC (Fig. 3). The presence of 
CAP during illumination did not result in any significant loss 
of activity at either temperature. The changes in activi ty on 
illumination of CAP-treated leaves were similar to those 
observed in the absence of any protein synthesis inhibitor. 

When plants are not exposed to any stress conclition, 
concomitant resynthesis of catalase compensates for the loss 
of catalase and maintains a constant leve1 in light (Feierabend 
and Engel, 1986). However, when plants are exposed to 
strong light, degradation of catalase exceeds the capacity for 
repair; hence, an apparent loss of activity is observed. More- 
over, at chilling temperatures, the rate of protein synthesis is 
retarded and the plants might not cope with the fast clegra- 
dation of catalase, resulting in a greater loss of activity. The 
maximum inhibition of catalase activity in the presence of 
CHI may indicate an impairment of de novo nuclear-directed 
synthesis of catalase. 

MDHAR 

Monodehydroascorbate radicals are produced in the chlo- 
roplasts by enzymic reaction through ascorbate peroridase 
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Figure 4. Changes in MDHAR activity in leaf extracts prepared 
from unstressed and light-treated leaves. Leaves were illuminated 
with 600 W m-* at 19" (a) and 8°C (b) for different periods of time 
without any addition (O) or in the presence of 10 mg L-' of CHI (O) 
or 200 mg L-' of CAP (A). Conditions were as described in the 
legend to Figure 1. The activity in the homogenates of unstressed 
leaves was 87 f 9 pnol mg-' Chl h-'. 

and by nonenzymic reactions such as oxidation of ascorbate 
by 02- and OH (Nakano and Asada, 1981; Asada and 
Takahashi, 1987). The ascorbate-peroxidase-catalyzed reac- 
tion has been suggested as the major source of monodehy- 
droascorbate radical production in higher plant chloroplasts 
(Asada and Takahashi, 1987). MDHAR reduces the mono- 
dehydroascorbate radicals to ascorbate (Hossain et al., 1984), 
which is useful for the detoxification of active oxygen species 
(Asada and Takahashi, 1987) and is indirectly required for 
the activities of several other enzymes such as ascorbate 
peroxidase (Nakano and Asada, 1987). MDHAR activity in 
our experiments increased to 1.2- and 1.8-fold during light 
treatment of leaves at 600 W m-' at 19O and 8OC, respectively 
(Fig. 4). Because the enzyme MDHAR is known to be regu- 
lated by its metabolites (Hossain et al., 1984), an increase in 
its activity might be correlated with increased production of 
its substrate, monodehydroascorbate radicals. The protein 
synthesis inhibitors CHI and CAP did not have any signifi- 
cant effect on the rate of increase in MDHAR activity during 
illumination of leaves at both 19O and 8OC (Fig. 4). This 
indicates that the increase in activity during light treatment 
of leaves did not involve any de novo synthesis of the 
enzyme. 

DHAR 

DHAR is suggested to be involved in the H202 detoxifica- 
tion system in chloroplasts (Dipierro and Borraccino, 1991). 
A gradual increase in DHAR activity was observed on light 
treatment of leaves at 19O and 8OC (Fig. 5). Unlike other 
enzymes in the present study, its activity on illumination of 
leaves at 8OC was not significantly different than that at 19OC 
(Fig. 5). Dehydroascorbate is produced nonenzymically in 
plants by disproportionation of monodehydroascorbate rad- 
icals (Hossain and Asada, 1984; Asada and Takahashi, 1987). 
Because the production of dehydroascorbate is nonenzymic, 
it is unlikely to be affected by the activities of other enzymes 
involved in the reduction of ascorbate. The function of DHAR 

is in recycling to the ascorbate pool those monodehydroas- 
corbate molecules that have escaped the MDHAR reaction 
and converted to dehydroascorbate (Asada and Takahashi, 
1987; Schoner and Krause, 1990). It is also evident from 
Figure 5 that neither CHI nor CAI' could further alter the 
DHAR activity. 

Ascorbate 

An increase in ascorbate content of the leaves was observed 
during illumination. The increase was significantly more on 
light treatment at 8°C in comparison with that at 19OC (Fig. 
6). Ascorbate content increased by about 1.2-fold after 20 h 
of exposure of the leaves to 600 W m-' at 19OC, whereas the 
same treatment at 8OC resulted in a 1.8-fold increase. The 
increase in ascorbate content of illuminated leaves may be 
related to the increase in MDHAR and DHAR activities, since 
these enzymes are involved in the recycling of ascorbate from 
its oxidation products generated through the ascorbate-per- 
oxidase-catalyzed reaction (Shigeoka et al., 1979; Hossain et 
al., 1984; Hossain and Asada, 1984, 1985). Besides this, the 
increase in ascorbate content may also be due to higher rates 
of ascorbate synthesis in light (Hossain and Asada, 1984). 
Ascorbate functions in several enzymic and nonenzymic sys- 
tems that scavenge free radicals, remove peroxide, and 
quench ' 0 2  (Hossain and Asada, 1984; Larson, 1988), and its 
role has been studied extensively in relation to environmental 
stress factors such as frost, chilling, and drought (Levitt, 1972; 
Chinoy, 1984). Thus, the increase in ascorbate content in 
leaves may signify one of the mechanisms evolved by the 
plants for protection against reactive oxygen species gener- 
ated during illumination, particularly at low temperatures. 

Photosynthetic Pigments 

Upon absorption of photons, Chl enters the excited singlet 
state, which normally leads to photochemistry. However, 
under excessive light, accumulating Chl molecules in the 
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Figure 5. Changes in DHAR activity in leaf extracts prepared from 
unstressed and light-treated leaves. Leaves were illuminated with 
600 W m-' at 19" (a) and 8°C (b) for different periods of time 
without any addition (O) or in the presence of 10 mg L-' of CHI (O) 
or 200 mg L-' of CAP (A). Conditions were as described in t h e  
legend to Figure 1. The activity in the homogenates of unstressed 
leaves was 43 f 6 pmol mg-' Chl h-'. 
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Figure 6. Changes in ascorbate content in leaf extracts prepared 
from unstressed and light-treated leaves. Leaves were illuminated 
with 600 W m-z at 19" (O) and 8°C (O) for different periods of 
time. Ascorbate content in extracts of unstressed leaves was 1.7 +- 
0.08 prnol rng-' Chl. 

excited singlet state might enter the excited triplet state 
through intersystem crossing. The interaction of such Chl 
molecules in the excited triplet state with O2 leads to the 
generation of 'O2. 

An increase in the total carotenoid content was observed 
on illumination of leaves at 19O and S0C (Table I). It is 
apparent from Table I that there was about a 3-fold increase 
in the total carotenoid content of leaves illuminated at SOC. 
We suggest that this increase in the carotenoid content could 
be associated with the increased production of 'O2 during 
illumination. The results are also in agreement with a larger 
carotenoid pool in the plants grown under strong light (Dem- 
mig-Adams and Adams, 1992). Our results, therefore, indi- 
cate that the ' 0 2  is also generated along with other oxy- 
radicals during illumination of leaves. No significant change 
in Chl content in the leaf extracts was observed on light 
treatment at either temperature (Table I). These observations 
indicate that there is no involvement of photooxidation of 
photosynthetic pigments. The pigment content of the leaves 
was also not significantly affected by the presence of protein 
synthesis inhibitors CHI and CAP during light treatment. 
Photoinhibition of photosynthesis and photooxidation of Chl 
are known to be two different phenomena, and the former 
is attributed to the damage occumng without any detectable 
change in the bulk leaf Chl concentration. 

The increased levels of enzymic activities of SOD, ascorbate 

Table 1. Changes in the  total Chl and total carotenoid contents in 
the extracts of leaves illuminated at 19" and 8°C with 600 W m-' of 
white light 

Chl Content Carotenoid Content Period of 

8°C 19°C 8°C lllumination 19bc 

h mg mL-' mg mL-' 

O 40.3 f 0 . 4  43.3 f 1.3 1 3 . 7 f 0 . 5  13.2 f 0 . 7  
20 39.3 f0.8 42.1 f 1.7 22.3 f 1.1 37 .8 f0 .6  

peroxidase, MDHAR, and DHAR in response to high-light 
and low-temperature stress may be taken as evidence for an 
enhanced detoxification capacity of wheat leaves tlsward 
reactive oxygen species such as 02- or H202 that might be 
generated in the stressed leaves. This explanation confirms 
our observaticin that despite the severe stress of high light 
and low temperature, there was no pigment photooxi- 
dation in stressed leaves. This may imply that the leaves are 
not severely clamaged and that they possess the ability to 
augment their anti-oxidant capacity during light treatrrtent at 
low temperature. However, a significant inhibition of PSII- 
mediated electon transport activity and a reduction in Chl 
fluorescence parameters were observed on illumination of 
leaves at both the temperatures. This damage was further 
exacerbated in the presence of the chloroplast protein 
synthesis inhibitor CAP (data not shown). These reduc- 
tions could be attributed to the photoinhibition damage 
to the leaves. Radicals derived from the photoreduction of 
O2 could act as agents in at least part of photoinhibition of 
photosynthesis. 

The increased defense mechanisms observed in the present 
study ensure the detoxification of increased levels of active 
species and presumably prevent the leaves from undergoing 
photooxidation damage and eventual death. Wheat leaves, 
when subjected to high-light stress and low temperaturc, also 
exhibit an ability for de novo synthesis of some of the anti- 
oxidant enzymes in response to prolonged illumination, 
which may be a manifestation of their natural defense system. 
Moreover, the mechanism by which the synthesis of these 
nuclear-encoded enzymes is triggered during high-light stress 
needs to be investigated further. It may also be added that 
the leve1 of changes in enzyme activities observed in our 
studies on wheat leaves are larger in magnitude than those 
observed previously in spinach by Schoner and Krause 
(1990), which may be related to constitutive differences be- 
tween the two species in generation or detoxification of 
harmful active species. 

ACKNOWLEDCMENT 

The authors wish to thank Dr. Tasneem Fatma for helpful dliscus- 
sions during the tenure of this work. 

Received November 13, 1992; accepted March 24, 1993. 
Copyright Clearance Center: 0032-0889/93/l02/0903/08. 

LITERATURE CITED 

Aebi HE (1983) Catalase. In HU Bergmeyer, J Bergmeyer, M Grable, 
eds, Methods of Enzymatic Analysis, Vol 111. Verlag Chemie, 
Weinheim, pp 273-286 

Arnon DI (1949) Copper enzymes in isolated chloroplasts. Phenol 
oxidase in Beta vulgaris. Plant Physiol 2 4  1-15 

Asada K (1992) Ascorbate peroxidase-a hydrogen peroxide scav- 
enging enzymr in plants. Physiol Plant 8 5  235-241 

Asada K, Kiso K, Yoshikawa K (1974) Univalent reduction of 
molecular oxygen by spinach chloroplasts on illumination. J Biol 
Chem 2 4 9  2175-2181 

Asada K, Takahashi M (1987) Production and scavenging of active 



Anti-Oxidant Enzymes in Leaves under Strong Visible Light 909 

oxygen in photosynthesis. In DJ Kyle, CB Osmond, CJ Amtzen, 
eds, Photoinhibition. Elsevier Science Publishers, Amsterdam, pp 

Badger MR (1985) Photosynthetic oxygen exchange. Annu Rev Plant 
Physiol36 27-53 

Bowler C, Montagu MV, Inze D (1992) Superoxide dismutase and 
stress tolerance. Annu Rev Plant Physiol Plant Mo1 Biol 4 3  

Burke JJ, Gamble PE, Hatfield JL, Quisenberry JE (1985) Plant 
morphological and biochemical responses to field water deficits. I. 
Responses of glutathione reductase activity and paraquat sensitiv- 
ity. Plant Physiol79 415-419 

Chauhan NP, Fatma T, Mishra RK (1992) Protection of wheat 
chloroplasts from lipid peroxidation and loss of photosynthetic 
pigments by the flavonoid quercetin under strong illumination. J 
Plant Physioll40 409-413 

Cheng L, Kellog EW, Packer L (1981) Photoinactivation of catalase. 
Photochem Photobiol34 125-129 

Chinoy JJ, ed (1984) The Role of Ascorbic Acid in Growth, Differ- 
entiation and Metabolism of Plants. Dr W Junk Publishers, The 
Hague, The Netherlands 

Clare DA, Rabinowitch HD, Fridovich I (1984) Superoxide dis- 
mutase and chilling injury in Chlorella ellipsoidea. Arch Biochem 
Biophys 231: 158-163 

Cornic G, Briantais JM (1991) Partitioning of photosynthetic elec- 
tron flow between C02 and O2 reduction in a CB leaf (Phaseolus 
vulgaris L.) at different C02 concentrations during drought stress. 
Planta 183  178-184 

Demmig-Adams 8,  Adams WW 111 (1992) Photoprotection and 
other responses of plants to high light stress. Annu Rev Plant 
Physiol Plant Mo1 Biol43 599-626 

Dhindsa RS, Matowe W (1981) Drought tolerance in two mosses: 
correlated with enzymatic defense against lipid peroxidation. J Exp 

Dipierro S, Borraccino G (1991) Dehydroascorbate reductase from 
potato tubers. Phytochemistry 3 0  427-429 

Elstner EF (1982) Oxygen activation and oxygen toxicity. Annu Rev 
Plant Physiol33 73-96 

Elstner EF (1987) Metabolism of activated oxygen species. In DD 
Davies, ed, The Biochemistry of Plants, Vol 11. Academic Press, 
San Diego, CA, pp 253-317 

Feierabend J, Engel S (1986) Photoinactivation of catalase in vitro 
and in leaves. Arch Biochem Biophys 251: 567-576 

Feierabend J, Kemmerich P (1983) Mode of interference of chlo- 
rosis-inducing herbicides and peroxisomal enzyme activities. Phys- 
iol Plant 57: 346-351 

Filimonov AA, Virolainav VA, Sherudilo EG, Titov AF (1990) 
Changes in photosynthetic membranes and cell resistance of a leaf 
of wheat seedling during temperature acclimation. In M Baltscheff- 
sky, ed, Current Research in Photosynthesis, Vol IV. Kluwer Aca- 
demic Publishers, Dordrecht, pp 651-654 

Franke W (1955) Ascorbinsaure. In K Paech, MV Tracey, eds, 
Modeme Methoden der Pflanzenanalyse, Vol 11. Springer, Berlin, 

Furbank RT, Badger MR (1983) Oxygen exchange and photophos- 
phorylation in isolated spinach thylakoids. Biochim Biophys Acta 

Furbank RT, Badger MR, Osmond CB (1983) Photoreduction of 
oxygen in mesophyll chloroplasts of C4 plants. Plant Physiol 73: 

Gillham DJ, Dodge AD (1984) Hydrogen-peroxide scavenging sys- 

Halliwell B (1984) Oxygen-derived species and herbicide action. 

Halliwell B, Gutteridge JMC, eds (1989) Lipid peroxidation: a 

227-287 

83-116 

Bot 3 2  79-91 

pp 95-112 

723 400-409 

1038-1 04 1 

tem within pea chloroplasts. Planta 167: 246-251 

Physiol Plant 1 5  21-24 

radical chain reaction. In Free Radicals in Biology and Medicine, 
Ed 2. Clarendon Press, Oxford, pp 188-276 

Hodgson RAJ, Raison JK (1991) Superoxide production by thyla- 
koids during chilling and its implication in the susceptibility of 
plants to chilling-induced photoinhibition. Planta 183 222-228 

Hossain MA, Asada K (1984) Inactivation of ascorbate peroxidase 
in spinach chloroplasts on dark addition of hydrogen peroxide: its 
protection by ascorbate. Plant Cell Physiol 2 5  1285-1295 

Hossain MA, Asada K (1985) Monodehydroascorbate reductase 
from cucumber is a flavin adenine dinucleotide enzyme. J Biol 
Chem 260 12920-12926 

Hossain MA, Nakano Y, Asada K (1984) Monodehydroascorbate 
reductase in spinach chloroplasts and its participation in regener- 
ation of ascorbate for scavenging hydrogen peroxide. Plant Cell 
Physiol25: 385-395 

Hughes RE (1956) The use of homocysteine in the estimation of 
dehydroascorbic acid. Biochem J 6 4  203-208 

Kaiser WM (1987) Effects of water deficits on photosynthetic capac- 
ity. Physiol Plant 71: 142-149 

Knox JP, Dodge AD (1985) Singlet oxygen and plants. Phytochem- 
istry 24: 889-896 

Krause GH (1988) Photoinhibition of photosynthesis. An evaluation 
of damaging and protective mechanisms. Physiol Plant 74: 

Larson R (1988) The antioxidants of higher plants. Phytochemistry 

Levitt J (1972) Responses of Plants to Environmental Stresses. Aca- 
demic Press, New York 

Marsho TV, Behrens PW, Radmer RJ (1979) Photosynthetic oxygen 
reduction in isolated intact chloroplasts and cells from spinach. 
Plant Physiol64 656-659 

McCord JM, Fridovich I(1969) Superoxide dismutase. An enzymic 
function for erythrocuprin (hemocuprin). J Biol Chem 224 

McKersie BD, Senaratna T, Walker MA, Kendall EJ, Hetherington 
PR (1988) Deterioration during agmg in plants: evidence for free 
radical mediation. Zn L Nooden, AC Leopold, eds, Senescence and 
Aging in Plants. Academic Press, San Diego, CA, pp 441-464 

Mishra RK, Singhal GS (1992) Function of photosynthetic apparatus 
of intact wheat leaves under high light and heat stress and its 
relationship with peroxidation of thylakoid lipids. Plant Physiol 

Monk LS, Fagerstedt KV, Crawford RMM (1989) Oxygen toxicity 
and superoxide dismutase as an antioxidant in physiological stress. 
Physiol Plant 76: 456-459 

Nakano Y, Asada K (1981) Hydrogen peroxide is scavenged by 
ascorbate-specific peroxidase in spinach chloroplasts. Plant Cell 
Physiol22 867-880 

Nakano Y, Asada K (1987) Purification of ascorbate peroxidase in 
spinach chloroplasts: its inactivation in ascorbate-depleted medium 
and reactivation by monodehydroascorbate radical. Plant Cell 
Physiol28: 131-140 

Okada K, Satoh K, Katoh S (1991) Chloramphenicol is an inhibitor 
of photosynthesis. FEBS Lett 295: 155-158 

Oquist G, Greer DH, Ogren E (1987) Light stress at low temperature. 
In DJ Kyle, CB Osmond, CJ Amtzen, eds, Photoinhibition. Elsevier, 
Amsterdam, pp 67-87 

Price AH, Atherton NM, Hendry GAF (1989) Plants under drought- 
stress generate activated oxygen. Free Radical Res Commun 8: 

Robinson JM (1988) Does O2 photoreduction occur within chloro- 
plasts in vivo? Physiol Plant 7 2  666-680 

Schoner S, Foyer C, Lelandais M, Krause GH (1990) Increase in 
activities of scavengers for active oxygen in spinach related to cold 
acclimation in excess light. In M Baltscheffsky, ed, Current Re- 

566-574 

27: 969-978 

6 O 4 9 - 6 O 5 5 

98: 1-6 

61-66 



91 o Mishra et al. Plant Physiol. Vol. 102, 1993 

search in Photosynthesis, Vol 11. Kluwer Academi'c Press, Dor- 
drecht, pp 483-486 

Schoner S, Krause GH (1990) Protective systems against active 
oxygen species in spinach: response to cold acclimation in excess 
light. Planta 180 383-389 

Shigeoka S, Yokota A, Nakano Y, Kitaoka S (1979) The effect of 
illumination on the L-ascorbic acid content in EugZena g r a d i s  Z. 
Agric Biol Chem 4 3  2053-2058 

Steinberg M, Rabinowitch HD (1991) The role of oxygen in thermo- 
photodynamic processes leading to sunscald-like damages in green 
tissues. Free Radical Res Commun 12-13 809-817 

Takahashi M, Asada K (1983) Superoxide anion permeability of 
phospholipid membranes and chloroplast thylakoids. Arch 
Biochem Biophys 226: 558-566 

Tanaka K, Suda Y, Kondo N, Sugahara K (1985) O3 tolerance and 
the ascorbate-dependent Hz02 decomposing system in chloro- 
plasts. Plant Cell Physiol26 1425-1431 

Tanaka K, Siugahara K (1980) Role of superoxide di., g.mu tase 
in defense against SOZ toxicity and an increase in superoxide 
dismutase activity with SOZ fumigation. Plant Cell Physiol 21: 

Tolbert NE (lL971) Microbodies-peroxisomes and glyoxysomes. 
Annu Rev Plant Physiol22 45-74 

Tonumura B, Nakatani H, Ohnishi M, Yamaguchi-Ito J, Hiiromi K 
(1978) Test reactions for a stopped-flow apparatus. Reduction of 
2,6-dichlorophenolindiphenol and potassium femcyanide by 
L-ascorbic acid. Ana1 Biochem 8 4  370-383 

Tsang EWT, Bowler C, Herouart D, van Camp W, Villarroel R, 
Genetello C, van Montagu M, Inze D (1991) Differenhal regula- 
tion of SOD in plants exposed to environmental stress. Plmt Cell 

Tyystjarvi E, Ali-Yrkko K, Kettunen R, Aro E-M (199:!) Slow 
degradation of the D1 protein is related to the susceptibility of 
low-light-grolwn pumpkin plants to photoinhibition. Plant Physiol 

601-611 

3 783-792 

100: 1310-1317 


