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Abstract. Tolerance against oxidative stress generated by
high light intensities or the catalase inhibitor aminotria-
zole (AT) was induced in intact tobacco plants by spray-
ing them with hydrogen peroxide (H,0,). Stress tolerance
was concomitant with an enhanced antioxidant status as
reflected by higher activity and/or protein levels of cata-
lase, ascorbate peroxidase, guaiacol peroxidases, and glu-
tathione peroxidase, as well as an increased glutathione
pool. The induced stress tolerance was dependent on the
dose of H,0, applied. Moderate doses of H,O, enhanced
the antioxidant status and induced stress tolerance, while
higher concentrations caused oxidative stress and symp-
toms resembling a hypersensitive response. In stress-tol-
erant plants, induction of catalase was 1.5-fold, that of
ascorbate peroxidase and glutathione peroxidase was 2-
fold, and that of guaiacol peroxidases was approximately
3-fold. Stress resistance was monitored by measuring lev-

els of malondialdehyde, an indicator of lipid peroxida-
tion. The levels of malondialdehyde in all H,O,-treated
plants exposed to subsequent high light or AT stress were
similar to those of unstressed plants, whereas lipid perox-
idation in H,O,-untreated plants stressed with either high
light or AT was 1.5- or 2-fold higher, respectively. Al-
though all stress factors caused increases in the levels of
reduced glutathione, its levels were much higher in all
H,O,-pretreated plants. Moreover, significant accumula-
tion of oxidized glutathione was observed only in plants
that were not pretreated with H,O,. Extending the AT
stress period from 1 to 7 days resulted in death of tobacco
plants that were not pretreated with H,0O,, while all H,O,-
pretreated plants remained little affected by the pro-
longed treatment. Thus, activation of the plant antioxi-
dant system by H,O, plays an important role in the in-
duced tolerance against oxidative stress.
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Throughout life, plants are exposed to many unfavorable
environmental conditions such as extreme temperatures,
excessive light, pollution, drought, and salinity. These ad-
verse abiotic factors can often lead to the increased pro-
duction and accumulation to damaging concentrations of
reactive oxygen species (ROS), including H,O,, superox-
ide anion, and hydroxyl radicals [1, 2], a process referred
to as oxidative stress.

* Corresponding author.

One of the mechanisms actively employed by plants to
survive this stress is activation of the cell antioxidant sys-
tem. Stress-resistant plants often possess elevated activi-
ties of antioxidant enzymes, including superoxide dismu-
tase, catalases, peroxidases, and glutathione reductase [3,
4]. Studies with transgenic plants that overexpress an-
tioxidant enzymes also substantiate the importance of the
antioxidant system for stress tolerance [5].

Although the exact mechanisms determining how the
stress signals are perceived and transduced, and the an-
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tioxidant cell machinery is activated are not yet clear,
there is evidence that H,O, takes an active part in these
processes. H,0, is the most stable of the ROS and it can
rapidly diffuse across cell membranes. At high concen-
trations it is toxic and can trigger programmed cell death
[6, 7]. At non-toxic concentrations, H,0O, can be a signal-
ing molecule that mediates plant responses to a variety of
biotic and adverse abiotic stress factors [8, 9]. For exam-
ple, a transient increase in the endogenous levels of H,0,
obtained by exogenous application of salicylic acid or
heat can lead to subsequent thermotolerance in mustard
seedlings [10] and potato [11]. In maize, protection against
chilling injury can be achieved by a transient increase in
endogenous H,0, levels during low-temperature acclima-
tion [12]. Alternatively, pretreatment with H,O, or abscisic
acid (ABA) has been shown to protect maize seedling from
chilling injury by induction of peroxidases and mitochon-
drial catalase [13, 14]. H,O, is also implicated as part of a
systemic signal that sets up an acclimatory response to
high light stress in Arabidopsis [15]. Taking all these facts
together, there is an intriguing possibility that moderately
elevated levels of H,0O, can protect plants from different
stress factors. Such a view is also supported by the in-
volvement of ROS in cross-tolerance [16].

The aims of this work were (i) to examine whether hy-
drogen peroxide can induce tolerance against oxidative
stress generated by either high light or aminotriazole
(AT) in intact tobacco plants and (ii) to study the role of
the cell antioxidant system in that tolerance. Stress toler-
ance was induced by pretreatment with H,O, and as-
sessed by determining lipid peroxidation, because levels
of lipid peroxides rapidly increase during oxidative
stress-induced cell damage [17, 18]. The role of the cell
antioxidant system was assessed by following changes in
the activities of the antioxidant enzymes catalase, ascor-
bate peroxidase (APx), and guaiacol peroxidases, as well
as the glutathione peroxidase (GPx) protein and glu-
tathione levels.

Materials and methods

Plant material, growth conditions,

and application of stress

Tobacco plants Nicotiana tabacum cv. Petit Havana SR1
were germinated on soil in a greenhouse with 14 h
light/10 h dark, at 25 °C, photosynthetic photon flux den-
sity (PPFD) 100 pmol m2 57!, and relative humidity 70 %.
Four-week-old tobacco plants in the rosette stage were se-
lected for the experiments. All plants were divided into
two groups: a control group and an H,O,-treated group.
Each of the two groups was divided into three subgroups:
unstressed control plants, plants subjected to high light
stress, and plants subjected to oxidative stress generated
by AT. For induction of stress tolerance, H,0, was applied
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by spraying an aqueous solution directly on the plant
leaves. As a control treatment, water alone was applied.
Each plant was sprayed with a 5 mM H,0, solution cor-
responding to approximately 1.7 mg H,O, per single
plant. The high light treatment was conducted for 24 h at
25°C in a plant growth chamber with 14 h light/10 h dark,
PPFD 500 pmol m2 s, and relative humidity 70%. AT
treatment was applied by spraying a 10 mM aqueous so-
lution on the plant leaves. The duration of the AT stress
was either 1 or 7 days. The approximate amount of AT ap-
plied on each plant was 2 mg per day. High light or AT
stress were applied 1 day after the H,O, pretreatment.
Samples were taken immediately after the stress treat-
ments and kept frozen until analyzed.

Protein extraction and enzyme assays

The extraction buffer for all enzymatic assays contained
50 mM potassium phosphate, | mM EDTA, 0.1 % Triton
X-100, 2% (w/v) PVPP, and Complete protease in-
hibitors (Roche). Ascorbate was added to the buffer at a
concentration of 30 mM for APx. For the analysis of cata-
lase, guaiacol peroxidases, and GPx, ascorbate was omit-
ted from the extraction buffer. Antioxidant enzymes were
determined according to Slooten et al. [19] and enzyme
activity was expressed as metabolized substrate per
minute per milligram protein. Protein concentration was
determined by the method of Bradford [20] with a kit
supplied by Bio-Rad.

Total peroxidase

For peroxidase determination, protein samples were sep-
arated by 10% native PAGE. After electrophoresis, the
gel was preincubated in 50 mM potassium phosphate
buffer (pH 7.0) and then stained with 0.5 mg ml! di-
aminobenzidine and 5 mM H,0, in 50 mM potassium
phosphate buffer (pH 7.0) for 15 min.

Lipid peroxidation
Determination of malondialdehyde levels was performed
with thiobarbituric acid essentially as described by
Dhindsa et al. [21].

Western blot analysis

Proteins were separated on 15% SDS-PAGE and trans-
ferred onto Hybond ECL membrane (APBiotech). The
membrane was blocked with 5% skimmed milk in phos-
phate-buffered saline (PBS) for 3 h and washed for 10
min three times with PBS + 0.05% Tween-20 (PBST).
The membrane was probed for 3 h with a polyclonal an-
tibody raised against GPx [22], washed again three times
and probed with a second anti-rabbit IgG antibody conju-
gated with horseradish peroxidase for 1 h. After the final
washes, the antibody was detected by the enhanced
chemiluminiscence method according to the instructions
of the manufacturer (APBiotech) and the signal was
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recorded on X-ray film. The intensity of the signals from
the Western blot and the peroxidase staining were quanti-
fied using Image Master software (APBiotech).

Results

Tobacco leaves sprayed with 5 mM H,0,

are protected against a subsequent oxidative stress

To evaluate the potential stress-protective effect of H,0,,
we sprayed an aqueous solution of H,O, on 4-week-old
tobacco plants. In a pilot experiment to determine the op-
timal H,O, concentration that exerts biological effect, we
sprayed 0, 0.5, 5, 50, and 500 mM H,0O, on the plants. Ini-
tially, we measured catalase and guaiacol peroxidase ac-
tivities and the degree of lipid peroxidation to quantify
the induction of cellular defense and damage, respec-
tively. Leaves were harvested the day following spraying.
Catalase activity was induced by 5 and 50 mM H, 0, (fig.
1 A). Guaiacol peroxidase activity was most prominently
induced by 50 mM H,0,; 0.5 and 50 mM H,0, also in-
duced it, while 500 mM had the opposite effect (fig. 1 B).
All tested H,O, concentrations had no significant effect
on lipid peroxidation (fig. 1 C). Up to 50 mM, no visible
effects were detected on the sprayed leaves. Spraying 500
mM H,0, led to the induction of necrotic lesions resem-
bling those occurring during a hypersensitive response
(data not shown). In all further experiments, 5 mM was
used.

To test whether plants pretreated with H,O, were also
more protected against a subsequent oxidative stress, we
measured lipid peroxidation in H,O,-pretreated or non-
treated plants exposed to high light conditions or spray-
ing with AT. Figure 2 A shows that in non-treated plants,
lipid peroxidation was increased up to 1.5- to 2-fold by
high light and AT, respectively. This increase could be
prevented by H,O, pretreatment.

Extending the AT stress up to 7 days resulted in the ap-
pearance of necrotic lesions on the plant leaves and sub-
sequent death of the stressed plants (fig. 2B). This dam-
aging effect of prolonged AT stress was completely pre-
vented by H,O, pretreatment.

H,0,-inducible stress tolerance correlates with in-
creased antioxidant levels

Changes in the activities of antioxidant enzymes, GPx
protein, and glutathione levels were measured both in
H,O,-pretreated and non-treated plants after 1 day high
light or AT stress treatment in order to assess the role of
the cell antioxidant system in H,O,-induced stress toler-
ance.

High light caused a slight increase in catalase activity in
the H,O,-untreated plants whereas AT caused a severe,
about 3-fold reduction in catalase activity (fig. 3A). The
same trend was observed in the H,O,-pretreated plants;
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Figure 1. Dose-dependent effect of H,0, on the activity of the an-
tioxidant enzymes catalase (4) and guaiacol peroxidases (B) and on
lipid peroxidation (C) in tobacco. Intact 4-week-old plants were
sprayed with increasing concentrations of H,0, (0—500 mM). Cata-
lase activity was determined photometrically, while guaiacol perox-
idases were separated by native 10% PAGE and stained with guaia-
col. Lipid peroxidation was assessed by determining malondialde-
hyde levels. Data are means + SE; n = 3.

however, catalase activities, compared with those of the
untreated plants, were higher in all variants. Thus, H,O,-
pretreated controls and H,O,-pretreated plants exposed
to subsequent light stress possessed higher catalase ac-
tivities, and catalase activity in H,O,-pretreated plants
subsequently exposed to AT stress was less inhibited
(fig. 3A).
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Figure 2. H,O, protects tobacco against oxidative stress. (4) H,0O,
prevents a stress-associated increase in lipid peroxidation. 4-week-
old tobacco plants were not treated (columns 1-3) or were pre-
treated with 5 mM H,0, for 1 day (columns 4—6). On the following
day, plants from the two groups were subjected to 1 day of oxida-
tive stress generated by either high light intensities or aminotriazole
(AT) and the tolerance against oxidative stress was assessed by
comparing lipid peroxidation (malondialdehyde levels) of the
stressed plants with that of unstressed controls. Data are means *
SE; n = 3. (B) H,O, protects tobacco from AT-generated oxidative
stress. On the left, unstressed control; in the middle, plant pretreated
with H,0, for 1 day and then exposed to 7 days AT stress; on the
right, plant exposed to 7 days AT stress.

Stress treatment either by high light or AT increased APx
activity between 1.5- and 2-fold (fig. 3B). A 2-fold in-
crease in APx activity was observed when plants were
treated with H,0O,. Subsequent exposure of the H,O,-
treated plants to high light or AT stress elevated APx ac-
tivities even further. Thus, plants pretreated with H,O,
and exposed to the two stresses possessed higher APx ac-
tivities compared with the H,O,-untreated plants exposed
to the same stress factors.

In contrast with APx, guaiacol peroxidases were slightly
inhibited by high light and AT (fig. 3C). H,O, treatment
elevated guaiacol peroxidase activities more than 3-fold.
Although to a lesser extent, guaiacol peroxidase activity
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Figure 3. H,0, induces a set of antioxidant enzymes. Antioxidant
enzymes catalase (4), APx (B), guaiacol peroxidases (C), and GPx
(D) were studied in 4-week-old tobacco plants that were not treated
or were pretreated with 5 mM H,O, for 1 day and then subjected to
1 day oxidative stress generated by either high light intensities (HL)
or aminotriazole (AT). Catalase and APx activities were determined
photometrically, guaiacol peroxidases were separated on 10% na-
tive PAGE and then stained with guaiacol, and GPx was determined
immunologically by Western blotting with a polyclonal antibody
raised against GPx. For catalase and APx, data are means + SE;
n=3.
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Figure 4. Stimulation of glutathione synthesis by H,0, and oxida-
tive stress. Glutathione content was determined in tobacco plants
that were either pretreated or not treated with H,O, and then ex-
posed to oxidative stress generated by high light or AT. Hatched
bars, reduced glutathione (GSH); black bars, oxidized glutathione
(GSSG). Data are means = SE; n=2.

was also elevated in H,O,-treated plants subjected to high
light or AT stress.

Both stress treatments and H,O, application elevated GPx
protein levels (fig. 3D). The induction of GPx was par-
ticularly strong in the H,O,-pretreated plants subjected to
high light or AT stress.

Stimulation of glutathione synthesis was observed both
as a response to the stress treatments and H,O, applica-
tion (fig. 4). However, the accumulation of GSH was
much more pronounced in plants pretreated with H,O.,.
Moreover, high light and AT treatment resulted in the ac-
cumulation of oxidized glutathione (GSSG), while plants
pretreated with H,O, and exposed to the same stress fac-
tors did not accumulate any significant amounts of
GSSG.

Discussion

Testing the effects of different H,O, concentrations
clearly demonstrated that a relatively moderate concen-
tration of 5 mM is the most effective in inducing the an-
tioxidant enzymes in our system, while higher concentra-
tions may have the opposite effect. This is in agreement
with the general belief that H,O, is non-toxic or even ben-
eficial at moderate concentrations but toxic at high con-
centrations [23, 24]. At the same time, we showed that
the concentrations that can cause oxidative stress in to-
bacco are much higher than those causing oxidative stress
in Arabidopsis [25] or cell death in soybean [26]. This is
most likely to be a consequence of the application method
rather than the plant species. The advantage of exogenous
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application by spraying is that plants stay intact and are
not mechanically wounded, thus eliminating the difficul-
ties interpreting results obtained from wounded plants
[27, 28].

Our first aim was to investigate whether sublethal doses
of H,0, can exert a protective effect against different ox-
idative stress-generating factors in this tobacco system.
Such an idea is supported by recent evidence that H,O, as
a signal molecule plays a key role in mediating the plant
response to many abiotic and biotic stress factors [8, 9,
29]. The choice of high light was based on the fact that it
is one of the most common natural sources of oxidative
stress and is therefore of significant biological impor-
tance. Not only can high light intensities cause oxidative
stress on their own [15] but they are especially damaging
in combination with other stress factors like extreme tem-
peratures and an excess or deficiency of mineral elements
[30—32]. Our second stress factor of choice was the cata-
lase-specific inhibitor AT, a useful model system to study
the effects of oxidative stress. Under illumination, the
increased production of H,0, in peroxisomes cannot be
eliminated due to the low catalase activity and the excess
H,0, migrates into other cell compartments causing
oxidative stress [21].

Accumulation of malondialdehyde, a decomposition
product of the lipid hydroperoxides, is a good indicator
for the severity of cell injury during oxidative stress [18]
and has been successfully used to follow both high light-
and AT-generated oxidative stress damage [17]. Although
both high light and AT stress increased lipid peroxidation
in our experiments, the more significant increase caused
by AT treatment suggests a severer oxidative stress in
these plants. Indeed, extending the stress period from 1 to
7 days evoked necrotic lesions on the leaves of AT-
stressed plants and eventual death of those plants while
no major damage or death was observed among the plants
exposed to high light. H,O, pretreatment not only pre-
vented any increase in lipid peroxidation but AT-depen-
dent leaf damage was also avoided, thus demonstrating
fully the protective role of H,O,.

An increased capacity of the antioxidant system is one of
the possible mechanisms responsible for oxidative stress
tolerance as demonstrated by the existence of stress-re-
sistant lines with naturally enhanced antioxidant systems
[4] or the properties of transgenic plants overexpressing
particular antioxidant enzymes [5, 33]. Direct evidence
has recently been provided for the role of H,O, in induc-
ing stress-related promoters and genes [15, 34, 35].

Our second aim was to study the components of the plant
antioxidant system that are possibly involved in the in-
duced tolerance against high light and AT stress. A num-
ber of experiments with transgenic plants demonstrated
that APx and catalase, two of the major antioxidant en-
zymes, play a crucial role in plant defense against the two
stress factors [33, 36]. In our experiments, high light in-
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creased the activities of both enzymes slightly, in agree-
ment with the induction of APx by light observed by other
authors [15, 37]. These increases are, however, not suffi-
cient to prevent the light-dependent lipid peroxidation.
Only when these two enzymes were induced to much
higher levels by H,O, pretreatment was subsequent light-
dependent lipid peroxidation prevented.

Catalase seems to play a more general role in stress toler-
ance because it can function as a cellular sink for H,0O,
[38]. This can explain the fact that a catalase deficiency,
caused by the AT treatment, leads to severe oxidative
stress despite the fact that APx activity in these plants was
elevated. Elevation of APx activity in AT-treated plants
may be a consequence of a rise in endogenous H,0, lev-
els [39]. The severity of the AT-generated oxidative stress
was apparent from the significant lipid peroxidation and
leaf necrosis after prolonged stress application. Again,
pretreatment with H,0O, elevated APx activity further and
minimized AT-dependent catalase inhibition, thus playing
an important role in preventing the AT-induced damage.
H,0,-elevated levels of guaiacol peroxidases are also
likely to contribute significantly to the H,O,-induced
stress tolerance. Guaiacol peroxidases are a heteroge-
neous group and participate in different physiological
processes, such as biosynthesis of lignin, plant develop-
ment and organogenesis, senescence, and responses to
wounding and pathogens [40, 41]. They also consume
H,0,, thus minimizing its accumulation in the plant cell.
Moreover, some isoforms of guaiacol peroxidases are di-
rectly implicated in plant defense against ROS [12].

Our observations that GPx protein levels increase both
under high light and AT stress are in agreement with the
responsiveness of GPx to various oxidative stress-gener-
ating factors [39, 42]. We also demonstrated that pre-
treatment with H,O, further elevates GPx levels. As ele-
vated levels of GPx have been shown to protect tobacco
from oxidative stress generated by salt or chilling [43],
the elevation of GPx levels by H,O, may also contribute
to the stress tolerance against light and AT in our plants.
As a general antioxidant and substrate for glutathione re-
ductase and GPx, glutathione is a crucial part of the cell
antioxidant system. Its depletion therefore leads to severe
oxidative stress, while elevated levels are thought to con-
tribute to stress tolerance [41]. The elevation of the glu-
tathione pool in our experiments is in accordance with the
consensus that an increase in total glutathione is a general
response to various abiotic stress factors, including light
and AT stress [44, 45]. Such glutathione elevation is exe-
cuted mainly by posttranscriptional activation of the key
enzyme in glutathione synthesis, y-glutamylcysteine syn-
thase [46]. However, the increased lipid peroxidation and
accumulation of GSSG in the H,O,-untreated plants sub-
jected to high light or AT stress demonstrates that ele-
vated glutathione levels per se are not sufficient to pro-
vide protection against the two stresses. On the other
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hand, glutathione levels in the H,O,-pretreated oxidative
stress-tolerant plants were elevated even higher, which
suggests that plants with larger glutathione pools are bet-
ter equipped to subsequently encounter oxidative stress.
The results presented here show how a brief application
of moderate doses of H,0, can significantly enhance ox-
idative stress tolerance by elevating the antioxidant status
of the plant cell. Such a modulation of the plant antioxi-
dant system may be useful in protecting plants against ad-
verse factors that cause oxidative stress.

1 Becana M., Moran J. and Iturbe-Ormaetxe 1. (1998) Iron-de-
pendent oxygen free radical generation in plants subjected to
environmental stress: toxicity and antioxidant protection. Plant
soil 201: 137147

2 Noctor G. and Foyer C. (1998) Ascorbate and GSH: keeping ac-
tive oxygen under control. Annu. Rev. Plant Physiol. Plant Mol.
Biol. 49: 249-279

3 Pinhero R., Rao M., Paliyath G., Murr D. and Fletcher R.
(1997) Changes in activities of antioxidant enzymes and their
relationship to genetic and paclobutrazol-induced chilling tol-
erance of maize seedlings. Plant Physiol. 114: 695-704

4 Zhang J., Gui S., Li J., Wei J. and Kirkham M. B. (1995) Proto-
plasmic factors, antioxidant responses, and chilling resistance
in maize. Plant Physiol. Biochem. 33: 567-575

5 Holmberg N. and Biilow L. (1998) Improving stress tolerance
in plants by gene transfer. Trends Plant Sci. 3: 61-66

6 Alvarez M., Pennell R., Meijer P, Ishikawa A., Dixon R. and
Lamb C. (1998) Reactive oxygen intermediates mediate a sys-
temic signal network in the establishment of plant immunity.
Cell 92: 773784

7 Lamb C. and Dixon R. (1997) The oxidative burst in plant dis-
ease resistance. Annu. Rev. Plant Physiol. Plant Mol. Biol. 48:
251-275

8 Grant J. and Loake G. (2000) Role of reactive oxygen interme-
diates and cognate redox signaling in disease resistance. Plant
Physiol. 124: 21-29

9 Foyer C., Lopez-Delgado H., Dat J. and Scott I. (1997) Hydro-
gen peroxide- and GSH-associated mechanisms of acclimatory
stress tolerance and signaling. Physiol. Plant. 100: 241-254

10 DatJ., Lopez-Delgado H., Foyer C. and Scott I. (1998) Parallel
changes in H,0, and catalase during thermotolerance induced
by salicylic acid or heat acclimation in mustard seedlings. Plant
Physiol. 116: 1351-1357

11 Lopez-Delgado H., Dat J., Foyer C. and Scott I. (1998) Induc-
tion of thermotolerance in potato microplants by acetylsalicylic
acid and H,0,. J. Exp. Bot. 49: 713-720

12 Anderson M., Prasad T. and Steward C. (1995) Changes in
isozyme profiles of catalase, peroxidase, and GSH reductase
during acclimation to chilling in mezocotyls of maize
seedlings. Plant Physiol. 109: 1247—1257

13 Prasad T., Anderson M. and Steward C. (1994) Acclimation, hy-
drogen peroxide, and abscisic acid protect mitochondria against
irreversible chilling injury in maize seedlings. Plant Physiol.
105: 619-627

14 Prasad T., Anderson M., Martin B. and Steward C. (1994) Evi-
dence for chilling-induced oxidative stress in maize seedlings
and a regulatory role for hydrogen peroxide. Plant Cell 6:
65-74

15 Karpinski S., Reynolds H., Karpinska B., Wingsle G., Creissen
G. and Millineaux P. (1999) Systemic signaling in response to
excess excitation energy in Arabidopsis. Science 284: 654—657

16 Bowler C. and Fluhr R. (2000) The role of calcium and acti-
vated oxygens as signals for controlling cross-tolerance. Trends
Plant Sci. 5: 241-245



714

20

21

22

23

24

25

26

27

28

29

30

31

T. Gechev et al.

Slooten L., Capiau K., Kushnir S., Van Montagu M. and Inz¢ D.
(1995) Enhancement of oxidative stress tolerance in transgenic
tobacco plants overexpressing ascorbate peroxidase in the
chloroplasts. In: Photosynthesis: from Life to Biosphere, vol. 4:
pp. 165—170, Mathis P. (ed.), Kluwer, Dordrecht

Dudda A., Herold M., Holzel C., Loidl-Stahlhofen A., Jira W.,
Mlakar A. et al. (1996) Lipid peroxidation, a consequence of
cell injury? S. Afr. J. Chem. 49: 59—-64

Slooten L., Capau K., Van Camp W., Van Montagu M.,
Sybesma C. and Inz¢é D. (1995) Factors affecting the enhance-
ment of oxidative stress tolerance in transgenic tobacco over-
expressing manganese superoxide dismutase in the chloro-
plasts. Plant Physiol. 107: 737—-750

Bradford M. (1976) A rapid and sensitive method for the quan-
titation of microgram quantities of protein utilizing the princi-
ple of protein dye binding. Anal. Biochem. 72: 248-254
Dhindsa R., Plumb-Dhindsa P. and Thorpe T. (1981) Leaf
senescence: correlated with increased levels of membrane per-
meability and lipid peroxidation, and decreased levels of su-
peroxide dismutase and catalase. J. Exp. Bot. 32: 93—-101
Chamnongpol S., Willekens H., Moeder W., Langebartels C.,
Sandermann H., Van Montagu M. et al. (1998) Defense activa-
tion and enhanced pathogen tolerance induced by H,O, in trans-
genic tobacco. Proc. Natl. Acad. Sci. USA 95: 5818—-5823
Levine A., Tenhaken R., Dixon R. and Lamb C. (1994) H,0,
from the oxidative burst orchestrates the plant hypersensitive
disease resistance response. Cell 79: 583593

Desikan R., Reynolds A., Hancock J. and Neil S. (1998) Harpin
and hydrogen peroxide both initiate programmed cell death but
have differential effects on defense gene expression in Ara-
bidopsis suspension cultures. Biochem. J. 330: 115—-120

Rao M., Paliyath G., Ormrod D., Murr D. and Watkins C.
(1997) Influence of salicylic acid on H,0, production, oxida-
tive stress, and H,O,-metabolizing enzymes. Plant Physiol.
115: 137-149

Amor Y., Chevion M. and Levine A. (2000) Anoxia pretreat-
ment protects soybean cells against H,O,-induced cell death:
possible involvment of peroxidases and alternative oxidase.
FEBS Lett. 477: 175-180

Orozco-Cadenas O., Navaez-Vasques J. and Ryan C. (2001)
Hydrogen peroxide acts as a second messenger for the induc-
tion of defense genes in tomato plants in response to wounding,
systemin, and methyl jasmonate. Plant Cell 13: 179—191
Guan L. and Scandalios J. (2000) Hydrogen peroxide-mediated
catalase gene expression in response to wounding. Free Radic.
Biol. Med. 28: 1182—-1190

Dat J., Vandenabeele S., Vranova E., Van Montagu M., Inzé D.
and Van Breusegem F. (2000) Dual action of active oxygen
species during plant stress responses. Cell. Mol. Life Sci. 57:
779-795

Cakmak . and Marschner H. (1992) Magnesium deficiency
and high light intensity enhance activities of superoxide dismu-
tase, ascorbate peroxidase, and glutathione reductase in bean
leaves. Plant Physiol. 98: 12221227

Wise R. and Naylor A. (1987) Chilling-enhanced photooxida-
tion. Plant Physiol. 83: 278282

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

Hydrogen peroxide protects against oxidative stress

Gonzales A., Steffen K. and Lynch J. (1998) Light and excess
manganese. Plant Physiol. 118: 493-504

Wang J., Zhang H. and Allen R. (1999) Overexpression of an
Arabidopsis peroxisomal ascorbate peroxidase gene in tobacco
increases protection against oxidative stress. Plant Cell Physiol.
40: 725-732

Kovtun Y., Chiu W., Tena G. and Sheen J. (2000) Functional
analysis of oxidative stress-activated mitogen-activated protein
kinase cascade in plants. Proc. Natl. Acad. Sci. USA 97:
2940-2945

Chen W. and Singh K. (1999) The auxin, hydrogen peroxide
and salicylic acid induced expression of the Arabidopsis GST6
promoter is mediated in part by an ocs element. Plant J. 19:
667677

Chamnongpol S., Willekens H., Langebartels C., Van Montagu
M., Inz¢ D. and Van Camp W. (1996) Transgenic tobacco with
a reduced catalase activity develops necrotic lesions and in-
duces pathogenesis-related expression under high light. Plant J.
10: 491-503

Mishra N., Mishra R. and Singhal G. (1993) Changes in the ac-
tivities of anti-oxidant enzymes during exposure of intact wheat
leaves to strong visible light at different temperatures in the
presence of protein synthesis inhibitors. Plant Physiol. 102:
903-910

Willekens H., Chamnongpol S., Davey M., Schraudner M., Van
Montagu M., Inzé D. et al. (1997) Catalase is a sink for H,O,
and is indispensable for stress defence in C; plants. EMBO J
16: 48064816

Morita S., Kaminaka H., Masumura T. and Tanaka K. (1999)
Induction of rice cytosolic ascorbate peroxidase mRNA by ox-
idative stress: the involvement of hydrogen peroxide in oxida-
tive stress signalling. Plant Cell Physiol. 33: 417-422

Klotz K., Liu T, Liu L. and Lagrimini L. (1998) Expression of
the tobacco anionic peroxidase gene is tissue-specific and de-
velopmentally regulated. Plant Mol. Biol. 36: 509—520

Rio L. del, Pastori G., Palma J., Sandalio L., Sevilla F., Corpas
F. et al. (1998) The activated oxygen role of peroxisomes in
senescence. Plant Physiol. 116: 1195-1200

Gueta-Dahan Y., Yaniv Z., Zilinskas B. and Ben-Hayyim G.
(1997) Salt and oxidative stress: similar and specific responses
and their relation to salt tolerance in citrus. Planta 203:
460—-469

Roxas V., Smith R., Allen E. and Allen R. (1997) Overexpres-
sion of glutathione S-transferase/glutathione peroxidase en-
hances the growth of transgenic tobacco seedlings during
stress. Nat. Biotechnol. 15: 988—-991

May M. and Leaver C. (1993) Oxidative stimulation of GSH
synthesis in Arabidopsis thaliana suspension cultures. Plant
Physiol. 103: 621-627

Smith I. (1985) Stimulation of GSH synthesis in photorespiring
plants by catalase inhibitors. Plant Physiol. 79: 1044—1047
May M., Vernoux T., Sanches-Fernandes R., Van Montagu M.
and Inzé D. (1998) Evidence for posttranscriptional activation
of y-glutamylcysteine synthase during plant stress responses.
Proc. Natl. Acad. Sci. USA 95: 12049-12054



