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H2O2 from the oxidative burst, cell death, and defense responses
such as the production of phenylalanine ammonia lyase (PAL),
salicylic acid (SA), and scopoletin were analyzed in cultured to-
bacco (Nicotiana tabacum) cells treated with three proteinaceous
elicitors: two elicitins (a-megaspermin and b-megaspermin) and
one glycoprotein. These three proteins have been isolated from
Phytophthora megasperma H20 and have been previously shown to
be equally efficient in inducing a hypersensitive response (HR) upon
infiltration into tobacco leaves. However, in cultured tobacco cells
these elicitors exhibited strikingly different biological activities.
b-Megaspermin was the only elicitor that caused cell death and
induced a strong, biphasic H2O2 burst. Both elicitins stimulated PAL
activity similarly and strongly, while the glycoprotein caused only a
slight increase. Only elicitins induced SA accumulation and scopo-
letin consumption, and b-megaspermin was more efficient. To as-
sess the role of H2O2 in HR cell death and defense response expres-
sion in elicitin-treated cells, a gain and loss of function strategy was
used. Our results indicated that H2O2 was neither necessary nor
sufficient for HR cell death, PAL activation, or SA accumulation,
and that extracellular H2O2 was not a direct cause of intracellular
scopoletin consumption.

The hypersensitive response (HR) is a powerful defense
mechanism used by plants against pathogen attack. Phe-
notypically, the HR results in plant cell death at the site of
pathogen penetration. A set of defense responses is also
rapidly induced in cells undergoing HR. For instance,
genes encoding enzymes of the phenylpropanoid pathway,
such as Phe ammonia lyase (PAL), the first committed
enzyme of this pathway (Hahlbrock and Scheel, 1989; Do-
rey et al., 1997), are stimulated. PAL has been shown to
play an important role in plant resistance (Mauch-Mani
and Slusarenko, 1996). It is involved in the biosynthetic
pathway providing scopoletin (Fritig et al., 1970), a couma-
rin with phytoalexin activity (Ahl-Goy et al., 1993), and
precursors of lignin-like material thought to represent a

defense reaction against pathogen invasion through its
deposition into the cell wall. Transgenic tobacco (Nicotiana
tabacum) plants with reduced PAL activity are more sus-
ceptible to infection by the fungal pathogen Cercospora
nicotianae (Maher et al., 1994). PAL is also a key enzyme
involved in the biosynthesis of the signal molecule salicylic
acid (SA) (Mauch-Mani and Slusarenko, 1996), which was
shown to accumulate in cells undergoing the HR (Enyedi et
al., 1992; Dorey et al., 1997) and to be essential for local and
systemic resistance (Gaffney et al., 1993; Delaney et al.,
1994).

The production of reactive oxygen intermediates
through an oxidative burst is a hallmark of plant defense
responses (Doke and Ohashi, 1988; Baker et al., 1993; Leg-
endre et al., 1993; Levine et al., 1994; Baker and Orlandi,
1995; Tavernier et al., 1995). Diphenylene iodonium (DPI)
has been shown to block this oxidative burst in different
cell culture systems, so the production of reactive oxygen
intermediates seems to implicate a membrane-bound
NADP(H) oxidase (Levine et al., 1994; Desikan et al., 1996;
Xing et al., 1997; Keller et al., 1998). Other sources may also
account for the production of reactive oxygen intermedi-
ates, for example, peroxidases (Bestwick et al., 1997) and
amine oxidase-type enzyme(s) (Allan and Fluhr, 1997).
NADP(H) oxidase generates superoxide anions (O2

2),
which are readily dismuted into H2O2 either spontane-
ously or by SOD (for review, see Sutherland, 1991).

H2O2, the most stable of the reactive oxygen intermedi-
ates, has been implicated in the cross-linking of cell wall
proteins (Bradley et al., 1992), in signal transduction as a
regulator of pathogenesis-related (PR-1) gene expression
(Chen et al., 1995; Chamnongpol et al., 1998), in the plant
cell death process (Levine et al., 1994), and in the direct
killing of invading pathogens (Peng and Kuc, 1992). How-
ever, other reports did not implicate H2O2 as a key com-
ponent in phytoalexin synthesis, one of the most common
defense responses (Devlin and Gustine, 1992; Davis et al.,
1993; Jabs et al., 1997), or as an initiator of plant cell death
(Devlin and Gustine, 1992; Glazener et al., 1996).

There have been conflicting studies concerning PAL ac-
tivation by H2O2. While the H2O2 generated by the reaction
between Glc oxidase and Glc was not able to trigger PAL

1 S.D. was supported by a doctoral fellowship of the French
Ministry of Research.

* Corresponding author; e-mail serge.kauffmann@ibmp-ulp.
u-strasbg.fr; fax 33–388 – 61– 4442.

Plant Physiology, September 1999, Vol. 121, pp. 163–171, www.plantphysiol.org © 1999 American Society of Plant Physiologists

163



gene expression in soybean cell cultures (Levine et al.,
1994), a 5 mm H2O2 dose induced PAL gene expression in
cultured Arabidopsis cells (Desikan et al., 1998). However,
the level of expression in Arabidopsis was much reduced
compared with the treatment with harpin, a HR-inducing
bacterial elicitor. H2O2 was also reported to activate
benzoate-2-hydroxylase, an enzyme converting benzoate to
SA (Leon et al., 1995). It was therefore hypothesized that
H2O2 could activate the rapid synthesis of SA (Draper,
1997). The relationship between H2O2 and SA production is
so far not clearly understood.

In this study, we assessed the role of H2O2 in elicitor-
induced HR cell death, PAL activity stimulation, SA pro-
duction, and scopoletin consumption. We analyzed tobacco
cell suspensions treated with three different proteinaceous
elicitors: two elicitins, a-megaspermin and b-megaspermin,
and one 32-kD glycoprotein. These three proteins were
isolated from the culture medium of Phytophthora me-
gasperma H20 and were shown to display similar HR-
inducing activity when infiltrated at a dose of 60 nm into
tobacco leaves (Baillieul et al., 1996). When the elicitors
were applied to the cultured cells, we observed that only
b-megaspermin induced HR cell death, that all three elic-
itors triggered PAL activity (although with different inten-
sity), and that only elicitins caused SA accumulation and a
decrease in the scopoletin level (which was high in the cells
prior to treatment). Using gain and loss of function exper-
iments, we show that H2O2 from the oxidative burst was
neither necessary nor sufficient for plant cell death, PAL
activation, SA accumulation, or scopoletin consumption.

MATERIALS AND METHODS

Plant Material

The cell suspension derived from tobacco (Nicotiana taba-
cum cv Bright Yellow) was cultured in a modified
Murashige-Skoog medium (Duchefa, Haarlem, The Neth-
erlands) containing micro- and macroelements (4.3 g/L),
Suc (30 g/L), myoinositol (100 mg/L), thiamine (1 mg/L),
2,4-D (0.2 mg/L), and KH2PO4 (200 mg/L). The pH of the
medium was 5.8. Cells were maintained in the dark at 25°C
under shaking at 120 rpm in 500-mL flasks. Subcultures
were made weekly by transferring 10 mL of the cell sus-
pension into 70 mL of fresh medium. For elicitation exper-
iments, 5 mL of cells subcultured for 6 to 7 d were trans-
ferred into 50-mL flasks. Before any treatment, cells were
allowed to adjust to the new conditions for a period of
2 to 3 h.

To conduct experiments with cells displaying a similar
responsiveness to elicitor treatment, we performed a me-
dium alkalinization test (Boller, 1995), which has been de-
scribed as a very sensitive test of elicitor perception. A
typical experiment was conducted using two independent
cell batches treated similarly. Each typical experiment was
repeated two to six times to check for reproducibility.
Figures describe the results of a typical experiment. For
PAL, SA, and scopoletin assays, cells were harvested by
filtration, frozen in liquid nitrogen, and stored at 280°C

until use. For cell death and H2O2 assays, cells were ana-
lyzed immediately after harvest.

Chemicals

Aspergillus niger Glc oxidase was purchased from ICN,
and DPI, bovine catalase, horseradish peroxidase (type II),
5-amino-2,3-dihydro-1,4-phthalazine dione (luminol), and
Evans blue were from Sigma. DPI was dissolved in DMSO
as a 50 mm stock solution. A total of 10 mm DPI was applied
to the cells, corresponding to a final solvent concentration
of 0.02%.

Cell Death Assay

Cell death was monitored as described by Levine et al.
(1994). For each sample, a 400-mL aliquot of cells was
incubated with 0.05% Evans blue for 30 min and then
washed extensively. The dye bound to dead cells was
solubilized in 50% methanol with 1% SDS for 30 min at
50°C and quantified by A600.

PAL, SA, Scopoletin, and H2O2 Analysis

To measure PAL activity, 0.5 g of cells was ground at 4°C
in the presence of quartz sand and activated charcoal in 1.5
mL of 0.1 m borate buffer, pH 8.8, containing 17 mm
b-mercaptoethanol. The mixture was centrifuged at 13,000
rpm for 20 min, and 50 to 100 mL of the supernatant was
used for enzymatic assays. PAL activity was assayed as
described previously (Pellegrini et al., 1994). Total SA and
total scopoletin (free and conjugated forms) were extracted
from 0.5 g of cells and analyzed by HPLC according to the
method of Dorey et al. (1997). H2O2 accumulating in the
culture medium was measured as the chemiluminescence
of luminol (Glazener et al., 1991) using a microplate lumi-
nometer (TR717, Perkin-Elmer). Luminescence, expressed
as relative luminescence units (RLU), is proportional to
H2O2 according to [H2O2] (mm) 5 RLU/5.2 3 104 (linearity
range 1 mm–1 mm). For each sample, cell aliquots of 100 mL
were transferred to microplate wells for the assay. Peroxi-
dase (60 units) and luminol (25 mL of a 400 mm stock
solution in 300 mm MES buffer, pH 7.0) were automatically
dispensed and the measurements were integrated over a
10-s period just after the addition of luminol/peroxidase.

RESULTS

Cell Death Induction

The ability of a-megaspermin, b-megaspermin, and the
glycoprotein to cause death of tobacco suspension cells was
investigated using Evans blue as a vital dye. Treatments
with increasing concentrations of b-megaspermin resulted
in increasing cell death (Fig. 1). Maximum cell death was
observed with a 50 nm concentration, and affected about
40% of the cells. Analysis performed 3 d after the treat-
ments did not reveal any further increase in cell death (data
not shown). Surprisingly, treatments with 250 nm
a-megaspermin or glycoprotein did not cause increased
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cell death compared with control cells (Fig. 1), even when
the cell culture was incubated for 3 d (data not shown). A
500 nm concentration of either elicitor was also ineffective,
whereas a 60 nm concentration was sufficient to induce HR
in tobacco leaves (Baillieul et al., 1996). These data pointed
to very striking differences in cell death between tobacco
cells in culture and tobacco leaf tissues challenged with two
closely related elicitins.

PAL Activation

All three elicitors induced a rapid and transient increase
in PAL activity, with the maximum induction occurring 8 h
after treatment (Fig. 2A). Similar kinetics and amplitudes
were observed whether cells were supplied with 250 nm
a-megaspermin or 50 nm b-megaspermin (Fig. 2A). PAL
stimulation induced by the glycoprotein treatment (Fig.
2A) was much less pronounced. At 8 h, the glycoprotein
triggered PAL activity 4-fold over control, while the elic-
itins caused an 80-fold augmentation. These results indi-
cated that both the a-megaspermin and the glycoprotein
were perceived by the cells, although they did not induce
cell death, and that the elicitor-stimulated PAL activity was
not correlated with the ability of the elicitor to induce cell
death.

SA Production and Scopoletin Consumption

PAL is upstream in the SA biosynthetic pathway
(Mauch-Mani and Slusarenko, 1996). Although all three
elicitors were able to stimulate PAL activity, only the two
elicitins caused SA accumulation (Fig. 2B). Unexpectedly
(but reproducibly), treatment with 50 nm b-megaspermin
caused a higher SA accumulation than treatment with 250
nm a-megaspermin. Thus, there was no close parallel be-
tween PAL activity and SA level.

Unlike healthy tobacco leaf tissues, in which scopoletin
levels are very low, cultured tobacco cells already contain
high amounts of scopoletin (about 10 mg/g cells). The

application of 50 nm b-megaspermin or 250 nm
a-megaspermin triggered a decrease in scopoletin levels,
which then remained very low during the course of the
experiment (Fig. 2, C and D). The decrease induced by
b-megaspermin occured earlier (after 1 h) than that in-
duced by a-megaspermin (after 2 h; Fig. 2D), and this effect
was reproducible. The effect of glycoprotein was less clear
(Fig. 2C). Although the slight decrease in scopoletin levels
(compared with control) between 8 and 16 h after glyco-
protein treatment was reproduced in different experi-
ments, it was not clear whether it reflected a real decrease
followed by an increase. The reasons behind the scopoletin
consumption are speculative. Scopoletin is a potent antiox-
idant substance and is used as a substrate to measure the
oxidative burst in plant cell suspensions (Levine et al.,
1994). Thus, the decrease in scopoletin levels could be
explained in terms of scopoletin consumption during the
elicitor-induced oxidative burst.

The H2O2 Burst

H2O2 from the cell suspension culture was measured
using a luminol-peroxidase assay. b-Megaspermin induced
a strong and sustained H2O2 accumulation of about 15 mm
(Fig. 3). Similar H2O2 amounts were reported for tobacco
cell suspensions treated with cryptogein, an elicitin closely
related to b-megaspermin (Rustérucci et al., 1996). The
addition of SOD did not increase the amount of H2O2

detected, indicating that it was mostly H2O2 that was mea-

Figure 2. Changes in PAL activity and levels of SA and scopoletin
after treatment of cultured tobacco cells with the glycoprotein,
a-megaspermin, or b-megaspermin. Cells were incubated in the
presence of 250 nM glycoprotein (F), 250 nM a-megaspermin (f), or
50 nM b-megaspermin (Œ). PAL activity (A), SA (B), and scopoletin (C
and D) were measured from untreated (L) and elicitor-treated cells.
Each time point represents the mean 6 SD of two independent
experiments. D is a close view using the values (without SD values)
from C. It allows a better reading of the scopoletin consumption after
a-megaspermin and b-megaspermin treatments. FW, Fresh weight.

Figure 1. Cell death of cultured tobacco cells treated with the gly-
coprotein, a-megaspermin, or b-megaspermin. Cells were incubated
in the presence of 250 nM glycoprotein (GP), or 250 nM

a-megaspermin (alpha), or various concentrations (in nM) of
b-megaspermin (beta). C, Control cells. Cell death was measured
after 24 h of incubation using the Evans blue method. Bars represent
the means 6 SD of two independent experiments.
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sured and not O2
2. The kinetics were biphasic: phase I

peaked at 0.75 h and phase II at 3 h. In contrast, only a low
increase in H2O2 was measured after application of 250 nm
a-megaspermin, and no burst at all occurred after treat-
ment with 250 nm glycoprotein (Fig. 3 and inset). Our data
indicated: (a) an apparent correlation between the strong
H2O2 burst and cell death induced by b-megaspermin
treatment; (b) no clear correlation between H2O2 levels and
PAL activity or SA accumulation (by comparing the differ-
ential effects of the two elicitins); and (c) a possible role of
scopoletin as a H2O2 scavenger, which could account for
the transient H2O2 decrease after b-megaspermin treat-
ment, for the low H2O2 levels found after a-megaspermin
treatment, and for no detectable H2O2 burst found after
glycoprotein treatment.

Assessment of the Role of H2O2 in Elicitor Activity

To assess the role of H2O2 in the defense responses
induced by elicitor treatment, we performed gain and loss
of function experiments based on the blocking or the mim-
icking of the H2O2 burst. DPI is a “suicide substrate inhib-
itor” of the mammalian NADPH oxidase, and has also been
shown to block the oxidative burst in plant cells (Levine et
al., 1994). DPI (10 mm) was added to the cell suspensions 10
min prior to elicitor treatment. This concentration of DPI
was not toxic to the cells. Under these conditions, the DPI
treatment completely abolished phase I (data not shown)
and phase II (Fig. 4A) of the oxidative burst induced by 50
nm b-megaspermin. Catalase treatment (100 units/mL) in-
hibited only 70% of the H2O2 burst (data not shown).
Application to the cell culture of 5 mm Glc and various
amounts of Glc oxidase, a H2O2-generator system often
used (Jabs et al., 1997; Alvarez et al., 1998), triggered an
accumulation of H2O2 over a period of about 45 min (Fig.
4B). The addition of 5 units of enzyme/mL of culture
caused a 20-fold higher H2O2 burst than treatment with 50

nm b-megaspermin. Therefore, the experiments described
below were performed with 5 units of Glc oxidase.

The above results showed a correlation between the pres-
ence of high amounts of H2O2 and b-megaspermin-
induced cell death. The addition of DPI, however, did not
suppress cell death induced by 50 nm b-megaspermin (Fig.
5A). Mimicking the H2O2 burst through Glc-oxidase-Glc
(GOG) activity did not induce cell death (Fig. 5B). The
addition of GOG and 250 nm a-megaspermin, which in-
duced PAL activity and SA accumulation in a manner
similar to the 50 nm b-megaspermin treatment, did not
result in cell death (Fig. 5B). Overall, the data strongly
suggest that H2O2 from the oxidative burst did not cause
cell death.

DPI treatment did not block PAL activation induced by
the application of 50 nm b-megaspermin (Fig. 6A), and
treatment with GOG did not induce PAL activity (Fig. 6B).
PAL activation was not triggered by H2O2 from the oxida-
tive burst. To investigate the possibility that H2O2 can
enhance the elicitor-induced PAL stimulation, we treated
cell suspensions with 0.5 nm b-megaspermin and GOG.
While the elicitor alone induced a 4-fold stimulation of
PAL activity over control (Fig. 6B), the application of both
b-megaspermin and GOG did not cause increased PAL

Figure 4. Blocking and mimicking the H2O2 burst. A, Inhibition of
the H2O2 burst. Cells were incubated in the presence of 50 nM

b-megaspermin (Œ) or 50 nM b-megaspermin plus 10 mM DPI (‚).
H2O2 in the culture medium was measured, and each time point
represents the mean 6 SD of two independent experiments. B, Pro-
duction of H2O2 in the medium of cultured tobacco cells incubated
with Glc oxidase and Glc. Glc (5 mM) and various amounts of Glc
oxidase (F, 5 units/mL; f, 0.5 unit/mL; l, 0.05 unit/mL; Œ, 0.005
unit/mL) were added to the culture, and the amount of H2O2 accu-
mulating in the medium was measured.

Figure 3. The H2O2 burst in tobacco cell suspensions treated with
the glycoprotein, a-megaspermin, or b-megaspermin. Cells were
incubated in the presence of 250 nM glycoprotein (F), 250 nM

a-megaspermin (f), or 50 nM b-megaspermin (Œ). H2O2 in the
culture medium was measured from untreated ({) and elicitor-
treated cell suspensions. Each time point represents the mean 6 SD of
two independent experiments.
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activity (Fig. 6B). These results reinforce the view that PAL
stimulation resulting from elicitor treatment is indepen-
dent of H2O2.

Preventing the H2O2 burst via DPI application com-
pletely abolished SA accumulation induced by b-mega-
spermin treatment (Fig. 7), suggesting that H2O2 (or O2

2) is
involved in SA synthesis. However, the production of ex-
ogenous H2O2 via GOG did not cause increased SA pro-
duction (Fig. 7, GOG), indicating that H2O2 is not sufficient
to cause SA accumulation. To determine whether the com-
bined action of elicitor activity and H2O2 is necessary for
SA synthesis, we pretreated cells for 10 min with DPI, then
applied 50 nm b-megaspermin and GOG. GOG was either
added at the same time (time 0) as elicitin or 0.75 or 3 h
later. Whatever the experimental condition, no increased
SA levels (compared with control) were measured (Fig. 7),
showing that exogenously furnished H2O2 cannot over-
come the block due to DPI treatment. Therefore, H2O2 was
neither necessary nor sufficient for SA accumulation in our
system.

We hypothesized that the strong and rapid decrease in
intracellular scopoletin levels after elicitin treatment could
be caused by the oxidative burst. When the latter was
abolished by treatment with DPI, we observed a partial
inhibition of the scopoletin decrease (Fig. 8): a 50% reduc-
tion in scopoletin levels compared with control cells oc-

cured after elicitor plus DPI treatment, while elicitor appli-
cation alone caused a 95% decrease. Therefore, intracellular
scopoletin consumption must be explained by a mecha-
nism different from oxidation via H2O2 (or O2

2) from the
extracellular oxidative burst. This conclusion was con-
firmed by the fact that the addition of GOG (which gener-

Figure 7. Effect of DPI and of H2O2 generated by GOG on SA
accumulation. Cells were treated with 50 nM b-megaspermin (beta),
10 mM DPI (DPI), or both (beta1DPI), or with 5 units/mL Glc oxidase
and 5 mM Glc (GOG), 50 nM b-megaspermin and 10 mM DPI and 5
units/mL Glc oxidase and 5 mM Glc (beta1DPI1GOG). For the latter
treatment, GOG was added at the same time as the elicitor (0), 0.75 h
later (0.75), or 3 h later (3). SA was measured after 14 h of incubation.
C, Control cells. Bars represent the means 6 SD of two independent
experiments.

Figure 5. Effect of DPI and of H2O2 generated by GOG on cell death.
Death of treated and control (C) cells was measured after 24 h of
incubation. Bars represent the means 6 SD of two independent
experiments. A, Cells treated with 50 nM b-megaspermin (beta), 10
mM DPI (DPI), or both (beta1DPI). B, Cells treated with 50 nM

b-megaspermin (beta), 5 units/mL Glc oxidase and 5 mM Glc (GOG),
250 nM a-megaspermin (alpha), or 250 nM a-megaspermin and 5
units/mL Glc oxidase and 5 mM Glc (alpha1GOG).

Figure 6. Effect of DPI and of H2O2 generated by GOG on PAL
activity. PAL activity from treated and control (C) cells was measured
after 8 h of incubation. Bars represent the means 6 SD of two
independent experiments. A, Cells treated with 50 nM

b-megaspermin (beta), 10 mM DPI (DPI), or both (beta1DPI). B, Cells
treated with 0.5 nM (beta 0.5) or 50 nM (beta 50) b-megaspermin, 5
units/mL Glc oxidase and 5 mM Glc (GOG), or 0.5 nM

b-megaspermin and 5 units/mL Glc oxidase and 5 mM Glc (beta
0.51GOG).
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ated high H2O2 levels under our experimental conditions)
to the cells did not cause a decrease in scopoletin (Fig. 8).

DISCUSSION

Our results provide two major findings. First, among the
three elicitors we used, a-megaspermin and the glycopro-
tein showed a strikingly different biological activity on
suspension-cultured tobacco cells compared with that ob-
served on tobacco leaves. Second, in tobacco cell suspen-
sions elicited with elicitins, H2O2 from the oxidative burst
was not a necessary or a sufficient signal for HR cell death
induction, PAL activity stimulation, SA accumulation, or
intracellular scopoletin consumption.

The glycoprotein, a-megaspermin, and b-megaspermin
were isolated from the same Phytophthora megasperma iso-
late, and were shown to be equally efficient in inducing HR
when infiltrated into tobacco leaves (Dorey et al., 1999).
The reason(s) behind their different biological activities
toward suspension-cultured cells is unclear. A lack of per-
ception by the cells can be ruled out, since all three elicitors
were able to trigger responses, among them PAL activation
and medium alkalinization (Dorey et al., 1999). Medium
alkalinization has been described as a highly sensitive as-
say of elicitor perception (Boller, 1995). The glycoprotein
and a-megaspermin are acidic proteins while b-mega-
spermin is basic (Baillieul et al., 1995). Different pIs and the
presence of the polysaccharide moiety in the glycoprotein
may explain, at least in part, the differences in biological
activities, since the plant cell wall is a negatively charged
matrix. This hypothesis suggests that an altered accessibil-
ity of the elicitors to the targeted cells, rather than a dif-
ferent capacity of cells to respond to different elicitors, is
the causal element. Differential defense response induction
has also been described with other elicitors. For example,
AVR9 elicitor is active on Cf9 tomato plants but not on Cf9
suspension-cultured tomato cells (Honée et al., 1998). In
this case, it was inferred that defense response induction
was developmentally regulated.

We have taken advantage of the differences in the bio-
logical activity of the three elicitors on cell suspensions to
assess the role of H2O2 from the oxidative burst in HR cell
death, PAL stimulation, SA accumulation, and scopoletin
consumption. The glycoprotein turned out to be the less-
active elicitor, triggering only a 4-fold stimulation of PAL
activity and no SA accumulation. Apparently, a threshold
level of PAL activation is necessary to provide enough
metabolic flux into the biosynthetic loop to SA, and this
threshold was achieved by treatment with the elicitins.

a-Megaspermin, which displays more than 80% amino
acid sequence identity with b-megaspermin, caused a PAL
stimulation as strong as that due to b-megaspermin, but
was slightly less effective in triggering SA accumulation.
This suggests that another step farther downstream of PAL
in the SA pathway is an important control point. Benzoic
acid-2-hydroxylase could be this control point, as it con-
verts benzoic acid into SA and has been shown to be
stimulated by H2O2 (Lee et al., 1995; Leon et al., 1995).
However, b-megaspermin induced a strong H2O2 burst,
while a-megaspermin caused only a low and delayed
burst. This latter observation should be interpreted with
caution, however, because the experiments described here
were performed using unwashed 6- to 7-d-old cells. When
the same cells were washed and replaced in a minimal
medium containing no carbon source and only 175 mm
mannitol, 0.5 mm CaCl2, and 0.5 m K2SO4 (these conditions
were applied by others [Simon-Plas et al., 1997; Bourque et
al., 1998] to study the oxidative burst triggered by different
elicitins), a- and b-megaspermin induced the same rapid
(within the first 20 min) oxidative burst (Dorey et al., 1999).
These observations suggest that some antioxidant com-
pounds present in the culture medium of unwashed cells
may somehow scavenge H2O2 from the oxidative burst.

The oxidative burst was measured from unwashed cells
for two reasons. First, since one of the goals of this study
was to investigate the relationships and connections be-
tween the early H2O2 burst and later defense responses, the
same experimental conditions of suspended cell cultivation
had to be used for H2O2 assays and measurements of the
defense responses. Second, when measurements have to be
recorded over several hours, cells have to be maintained in
a medium allowing regular growth. Using these experi-
mental conditions, we were able to measure a biphasic
(phase I and phase II) oxidative burst after treatment with
b-megaspermin. The oxidative burst triggered by the elic-
itin cryptogein was reported to be rapid (within minutes)
and transient (Viard et al., 1994; Pugin et al., 1997; Simon-
Plas et al., 1997). However, only the H2O2 produced by
cultured tobacco cells maintained in the minimal medium
was analyzed and only over a 1-h period.

A biphasic oxidative burst was also reported to occur in
parsley cell suspensions treated with a crude Phytophthora
soja cell wall preparation (Jabs et al., 1997) and in ozone-
exposed Bel W3 tobacco, which is known as an ozone
biomonitor (Schraudner et al., 1998). Analyzing the oxida-
tive burst induced by compatible, incompatible, and sap-
rophytic bacteria, Baker and Orlandi (1995) hypothesized
that phase I and II resulted from the activity of two differ-
ent elicitors. This possibility can be excluded in our system.

Figure 8. Effect of DPI and of H2O2 generated by GOG on scopoletin
amounts. Cells were treated with 50 nM b-megaspermin (beta), 10 mM

DPI (DPI), or both (beta1DPI), or 5 units/mL of Glc oxidase and 5 mM

Glc (GOG). Scopoletin was measured after 14 h of incubation. C,
Control cells. Bars represent the means 6 SD of two independent
experiments.
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A possible explanation of the transient decrease in H2O2

between phase I and II could be H2O2 degradation via an
antioxidant mechanism. Phase I was also reported as a
biologically nonspecific reaction (Lamb and Dixon, 1997),
since the treatment of cultured tobacco cells with the com-
patible bacteria Pseudomonas syringae pv tabaci induced
only phase I, while the incompatible P. syringae pv glycinea
induced both phase I and II (Baker and Orlandi, 1995).
Recently, it was suggested that the occurrence of phase I
may result from the suspension cultures not being allowed
enough time to adjust to altered conditions before the
addition of elicitors (Able et al., 1998). Whether this possi-
bility applies to our system is not clear, since we used
unwashed cells that were transferred to small flasks 3 h
before treatments.

The oxidative burst has often been described as causing
the HR cell death (Levine et al., 1994; Wojtaszek, 1997;
Desikan et al., 1998; Kazan et al., 1998). In our system, there
was a correlation between high levels of H2O2 and cell
death. Rustérucci et al. (1996) have also reported a corre-
lation between a cryptogein-induced oxidative burst in
tobacco cell cultures and the capacity of cryptogein to
induce tissue necrosis on tobacco leaves. However, our
gain and loss of function experiments clearly indicated that
H2O2 from the oxidative burst was neither necessary nor
sufficient to induce cell death (Fig. 5).

Using another approach based on mutant bacteria, Gla-
zener et al. (1996) reported that the reactive oxygen inter-
mediate response of cultured tobacco cells to incompatible
bacteria was not sufficient to cause HR cell death. Further-
more, there are several reports in which elicitors and
pathogens were shown to trigger a strong oxidative burst
without causing HR cell death (Baker and Orlandi, 1995;
Jabs et al., 1997; Rouet-Mayer et al., 1997). Although H2O2

did not appear as an essential signal for cell death induc-
tion, it could act as a molecule initiating the phenomenon.
Our data do not support such a role. Treatment of cells
with GOG and a sublethal dose of b-megaspermin or a
high dose of a-megaspermin, which does not trigger cell
death but does induce PAL activity and SA accumulation
in a manner similar to the 50 nm b-megaspermin treatment,
did not cause HR death.

Pugin et al. (1997) showed that, when applied to tobacco
cells, cryptogein, an elicitin closely related to b-mega-
spermin, activated a plasma membrane redox system, re-
sulting in the oxidation of NADPH. Activation of this
redox system resulted in extracellular H2O2 accumulation.
The consequence of NADPH oxidation was a large de-
crease in the NADPH to NADP1 ratio in the elicitor-treated
cells, which may result in a change in the redox status of
the cell. Whether this change may explain the observed
intracellular scopoletin consumption remains to be estab-
lished. Another consequence of this redox system activa-
tion was extracellular alkalinization and cytoplasmic acid-
ification; the latter was abolished when cells were treated
with DPI (Pugin et al., 1997). It was proposed that cyto-
plasm acidification induced by cryptogein in tobacco
cells could be a component of the signal cascade leading
to the HR response. In our system, DPI did not abolish
the elicitor-induced cell death, but strongly reduced the

elicitor-induced SA accumulation. The implication of cyto-
plasm acidification and/or of the change in the redox
status of the cell in the synthesis of SA remains to be
demonstrated.

There have been conflicting results concerning the rela-
tionship between H2O2 and PAL gene induction. In soy-
bean cell suspensions, H2O2 was not a signal for PAL
activation (Levine et al., 1994; Delledonne et al., 1998),
while in Arabidopsis and tobacco cultured cells, the addi-
tion of exogenous H2O2 triggered PAL gene expression
(Mehdy, 1994; Desikan et al., 1998). Our own results do not
support a key role for H2O2 in PAL activity induction.
Mimicking the H2O2 burst did not induce PAL activity.
Elicitor-induced PAL activity was not enhanced by exoge-
nous H2O2. Inhibiting the H2O2 burst did not abolish or
even decrease PAL activity triggered by elicitin treatment.
Mehdy (1994) proposed that, depending on the elicitor and
the plant, the degree of inhibition of phytoalexin accumu-
lation by antioxidant mechanisms can vary, suggesting that
pathways independent of the oxidative burst contribute to
the regulation of phytoalexin accumulation. The same hy-
pothesis could apply to other defense responses, such as
the PAL response.

A model was proposed in which H2O2 generated during
phase I would activate benzoate-2-hydroxylase, resulting
in rapid SA accumulation, which would potentiate HR cell
death and defense gene expression (Draper, 1997). In our
system, H2O2 was not able to induce SA accumulation,
suggesting that H2O2 is not sufficient to cause SA produc-
tion. Inhibition of the oxidative burst prevented the elicitin-
induced SA production. Similar results were obtained
when oligosaccharidic elicitors such as linear b-1,3-glucans
and oligogalacturonides were applied to cultured tobacco
cells (O. Klarzynski, B. Plesse, M. Kopp, and B. Fritig,
unpublished data). The DPI block experiment suggested
that H2O2 is necessary for the elicitor-induced SA accumu-
lation. If this inference is correct, then the exogenous ad-
dition of H2O2 via GOG activity to cells treated with the
elicitor and DPI should cause SA accumulation. Such ex-
perimental conditions did not result in increased SA pro-
duction; in fact, the SA level was even lower than that
induced by elicitin treatment. Consequently, one possible
candidate as the active molecule is O2

2, since DPI blocks
NADPH oxidases, which generates O2

2 that is readily
dismuted into H2O2. Studies have involved O2

2 rather
than H2O2 as an essential component involved in defense
activation in parsley (Jabs et al., 1997) and cell death in-
duction in the lsd1 mutant of Arabidopsis (Jabs et al., 1996).
Whether the lack of O2

2 production through DPI activity
explains the inhibition of elicitin-induced SA accumulation
remains to be demonstrated.

The suspension-cultured tobacco cells used in this study
contained rather high constitutive amounts of scopoletin.
The reason(s) behind the presence of scopoletin in undif-
ferentiated cells remains elusive. The decrease in scopoletin
amount after elicitor treatment is also intriguing. Since
scopoletin can be readily oxidized by peroxidase and H2O2

(Levine et al., 1994), the observed scopoletin decrease could
be interpreted as an indirect measure of the oxidative burst.
However, gain and loss of function experiments did not

Oxidative Burst, Cell Death, and Defense Responses 169



support the hypothesis that the extracellular H2O2 burst
was causally linked to the intracellular scopoletin decrease
(Fig. 8). Indeed, the extracellular production of H2O2 via
GOG did not cause a decrease in the intracellular scopole-
tin levels.

H2O2 is able to freely diffuse across plasma membranes.
Thus, if under our experimental conditions some H2O2

diffused inside the cells, it did not react with scopoletin.
Allan and Fluhr (1997) reported the occurrence of an intra-
cellular source for reactive oxygen intermediates of the
oxidative burst in cryptogein-treated epidermal tobacco
cells. That study analyzed reactive oxygen intermediate
production during the first 30 to 40 min after elicitor ap-
plication, whereas the scopoletin decrease in our system
occurred after 1 h of incubation with b-megaspermin. That
such an intracellular burst may explain our data concern-
ing the scopoletin decrease remains to be established.
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