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ABSTRACT Fungal elicitor stimulates a multicomponent
defense response in cultured parsley cells (Petroselinum
crispum). Early elements of this receptor-mediated response
are ion fluxes across the plasma membrane and the produc-
tion of reactive oxygen species (ROS), sequentially followed by
defense gene activation and phytoalexin accumulation. Omis-
sion of Ca?* from the culture medium or inhibition of
elicitor-stimulated ion fluxes by ion channel blockers pre-
vented the latter three reactions, all of which were triggered
in the absence of elicitor by amphotericin B-induced ion
fluxes. Inhibition of elicitor-stimulated ROS production using
diphenylene iodonium blocked defense gene activation and
phytoalexin accumulation. O3 but not HO, stimulated phy-
toalexin accumulation, without inducing proton fluxes. These
results demonstrate a causal relationship between early and
late reactions of parsley cells to the elicitor and indicate a
sequence of signaling events from receptor-mediated activa-
tion of ion channels via ROS production and defense gene
activation to phytoalexin synthesis. Within this sequence, Oz
rather than H,O, appears to trigger the subsequent reactions.

Plants respond to pathogen attack by activating a large variety
of defense reactions, including transcriptional activation of
genes encoding phenylpropanoid-biosynthetic (1) and various
other enzymes and proteins (2, 3), in addition to direct enzyme
activation that leads to both reactive oxygen species (ROS)
production (“oxidative burst”, ref. 4) and reinforcement of the
cell wall (5). Parsley leaf buds respond strongly in this manner
when inoculated with spores of Phytophthora sojae, a fungal
pathogen of soybean. The overall response comprises forma-
tion of small necrotic lesions resulting from hypersensitive cell
death, incorporation of phenolic compounds into, and appo-
sition of callose onto, cell walls at the infection site, as well as
local and systemic activation of defense-related genes, and
secretion of furanocoumarin phytoalexins into the infection
droplet (6, 7). With the exception of hypersensitive cell death
and callose formation, all of these reactions are also stimulated
in cultured parsley cells or protoplasts by treatment either with
a crude elicitor preparation from the mycelium of P. sojae (8,
9), with a 42-kDa glycoprotein elicitor from the same fungus
(10), or with a 13-amino acid oligopeptide fragment (Pep-13)
derived from this protein (11).

Pep-13 has been shown to be necessary and sufficient to
stimulate the complete elicitor response in parsley cells, in-
cluding ion fluxes across the plasma membrane, the oxidative
burst, activation of defense-related genes, accumulation of
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phytoalexins, and production of ethylene (11-13). Binding of
radiolabeled Pep-13 to parsley microsomes or protoplasts was
found to be specific, reversible, and saturable (11). A 91-kDa
plasma membrane protein was specifically labeled by covalent
crosslinking of Pep-13 to parsley membranes (14). Because
identical structural elements of Pep-13 were required for
specific binding, crosslinking and activation of defense reac-
tions (11, 14), this membrane protein appears to represent the
elicitor receptor through which the entire defense response is
initiated.

In parsley as well as other plant cells, pathogen defense
reactions are induced by elicitor only if Ca* is present in the
culture medium (11, 15-17). In tobacco, soybean, carrot, and
parsley, this requirement correlates with rapid elicitor-
stimulated Ca?" influx (11, 18-20), suggesting that Ca?* is an
important element in elicitor-mediated signal transduction, as
it is in many other signaling processes (21, 22). This and other
early responses to elicitor treatment, such as various ion fluxes
across the plasma membrane, synthesis of ROS, and phos-
phorylation and dephosphorylation of proteins, have fre-
quently been discussed as putative components of signal
transduction chain(s) leading to defense gene activation
and/or hypersensitive cell death (4, 15-17, 23-26). However,
unequivocal evidence for a causal relationship and a sequential
order of the signaling elements is still lacking. Here we report
that the elicitor-stimulated oxidative burst in cultured parsley
cells depends on ion fluxes across the plasma membrane and
is necessary and sufficient for triggering phytoalexin accumu-
lation.

MATERIALS AND METHODS

Cell Culture and Elicitor Treatment. Cell suspension cul-
tures of Petroselinum crispum were propagated according to a
published procedure (27). Protoplast preparation 5 days after
subculturing, treatment with elicitor for 24 hr, and quantifi-
cation of furanocoumarins were performed as described (8).
Cell viability was determined by double staining with fluores-
cein diacetate and propidium iodide (28). Crude cell-wall
elicitor was prepared from the mycelium of Phytophthora sojae,
race 1 (27). The oligopeptide elicitor, Pep-13 (11), was syn-
thesized by Kem-En-Tec (Copenhagen). The polyene antibi-
otics, amphotericin B and nystatin, diphenylene iodonium
(DPI), the ion channel blockers, and KO, were applied in
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dimethyl sulfoxide [final solvent concentration, 0.1% (vol/
vol)].

Measurement of Ion Fluxes and ROS. Ion concentrations
were determined using ion-selective electrodes for H*, K™,
and Cl~ or by monitoring the uptake of ¥*Ca?* (11). H,O,
release into the culture medium was quantified by measuring
chemiluminescence produced by ferricyanide-catalyzed lumi-
nol oxidation (29). Briefly, 50 ul medium were added to 750
wl phosphate buffer (50 mM potassium phosphate, pH 7.9)
prior to automated injection of 200 wl luminol (0.3 mM in
phosphate buffer) and 100 ul K5[Fe(CN)g] (14 mM in H,O) by
the luminometer, Lumat LB 9501 (Berthold, Wildbach, Ger-
many). Chemiluminescence was recorded 3 sec after the last
injection with a signal integration time of 5 sec.

For O3 determination (30), 0.5 mM sodium diethyldithio-
carbamate (DDC) was added to the cell suspension culture to
inhibit superoxide dismutases. At different times after addi-
tion of elicitor, 50-ul aliquots were removed from the culture
medium and added to 750 ul glycine-NaOH buffer (100 mM
glycine, pH 9.0/1 mM EDTA), immediately followed by
automatic injection of 200 ul lucigenin solution (550 uM
lucigenin in glycine-NaOH buffer) and 100 ul glycine-NaOH
buffer. Chemiluminescence was recorded for 10 sec after the
last injection. The signal was calibrated using 50 uM xanthine
and 0.025-25 milliunits xanthine oxidase or KO,.

RNA Isolation, Blot Hybridization, and Run-On Transcrip-
tion. Total RNA from parsley protoplasts was prepared as
described (8) and heat-denatured at 65°C for 15 min. RNA
samples (7.5 pg) were electrophoresed in agarose using 3-(N-
morpholino)propanesulfonic acid-EDTA buffer and trans-
ferred to nylon filters. UV crosslinking of RNA to the filter,
prehybridization, hybridization, and 3?P-labeling of cDNA
probes were carried out as described (31). Transcriptionally
active nuclei were isolated from cultured parsley cells (32, 33)
and used in run-on transcription experiments (9, 33). Parsley
cDNA probes encoding 18 elicitor-responsive genes (9, 34),
one light-responsive gene (33), and two constitutively ex-
pressed genes (9, 34) were employed in these analyses.

RESULTS

Elicitor treatment stimulated rapid and transient uptake of
4Ca’" by cultured parsley cells (Fig. 14). The increase in Ca?*
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Fic. 1. Time courses of changes in Ca?* (4), HT (B), KT (C) and
Cl~ (D) concentrations stimulated in suspension-cultured parsley cells
by treatment with crude cell-wall elicitor (50 ug/ml; ®), amphotericin
B (50 uM, m), nystatin (50 uM, 0OJ), digitonin (50 uM, A), or sterile
water (O).
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flux commenced within 2-4 min, thus representing one of the
earliest detectable reactions of the cells. Increases in extracel-
lular CI- and K* concentrations and alkalinization of the
culture medium were stimulated with similar kinetics, indicat-
ing concomitant effluxes of CI~ and K* and uptake of protons
(Fig. 1 B-D). Because all of these elicitor-stimulated ion fluxes
occurred along their concentration gradients, various iono-
phores were tested for their ability to simulate these fluxes and
thereby activate defense reactions in the absence of elicitor.
Nigericin, A23187, valinomycin, and ionomycin stimulated
Ca?* and K™ fluxes, but only nigericin and A23187 stimulated
Cl~ fluxes as well. However, all of these compounds failed to
stimulate alkalinization of the culture medium or phytoalexin
accumulation in the absence of elicitor. The saponin, digitonin,
which induces callose but not phytoalexin synthesis (35),
stimulated Ca?* influx (Fig. 14) but none of the other ion
fluxes (Fig. 1 B-D). The polyene antibiotics, amphotericin B
and nystatin, stimulated ion fluxes qualitatively similar to those
observed in response to elicitor; however, the relative inten-
sities and durations of the individual fluxes varied greatly (Fig.
1). The changes in ion concentrations caused by amphotericin
B reached ~50% of the elicitor-stimulated levels, though at
considerably lower initial rates, and were of similar duration.
In contrast, nystatin induced external C1~ and K* levels almost
identical to those induced by elicitor, and very similar initial
rates of Ca?* uptake and medium alkalinization. However, the
changes in intracellular Ca?* levels and medium alkalinization
occurred only transiently. Nystatin failed to induce phytoalexin
accumulation in parsley cells and protoplasts, in contrast to
amphotericin B and elicitor (35), both of which induced the
formation of the same relative amounts of the various furano-
coumarin derivatives with similar efficiency.

Another almost immediate reaction of parsley cells to
elicitor treatment was the oxidative burst, measured as an
increase in luminol-mediated chemiluminescence caused by
H>0, in the culture medium. Within 4—6 min after addition of
the elicitor, the H,O, concentration of the culture medium
began to increase, reaching a first maximum of ~20 uM at
15-20 min and a second, more sustained one at 3-6 hr (Fig. 2).
Maximal concentrations (=~25-30 uM) reflected about a 50-
fold increase above the level in the medium of untreated cells
(<0.6 uM H,05). Similar timing and extent of O3 production
were observed with lucigenin in the medium of elicitor-treated
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FiG. 2. Time courses of H»O; accumulation in the medium of
cultured parsley cells treated with crude cell wall-elicitor (50 pg/ml;
@), amphotericin B (50 uM, W), nystatin (50 uM, OJ), digitonin (50 uM,
A), or water (O).
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cells, when DDC was used to inhibit superoxide dismutases. In
the absence of elicitor, DDC treatment of parsley cells resulted
in a steady Oz accumulation up to ~70% of the oxidative burst
maximum. In the absence of DDC, O5; was not detectable.
These results suggested that the O3 -generating system was
continuously active at low rates, producing ROS that were
probably removed immediately by extracellular superoxide
dismutases or other protective systems. No reduction in cell
viability was observed within 24 hr of elicitor treatment.
Amphotericin B caused a massive but comparatively slow
release of H,O, into the culture medium, whereas the struc-
turally related polyene antibiotic, nystatin, and digitonin were
incapable of stimulating this response (Fig. 2). The ionophores,
A23187, ionomycin, nigericin, and valinomycin, also failed to
stimulate an oxidative burst. Analogous results were obtained
at the level of defense gene activation. Results from run-on
transcription of 18 defense-related genes as well as one elicitor-
repressed (rep), one light-responsive (chs), and two constitu-
tively expressed genes (ubi4 and r18s) are shown in Fig. 3.
While amphotericin B activated all elicitor-responsive genes,
nystatin and digitonin induced the transcription of distinct
subsets of these genes.

Several ion channel blockers, belonging to the classes of
anthracene-9-carboxylate (A-9-C), diphenylamine-2-carboxy-
late and indanyloxyacetate (IAA-94) derivatives, were tested
with respect to their effects on elicitor-inducible reactions. The
same inhibitors have been applied successfully in both mam-
malian (36) and plant tissues (37). As shown in Table 1, all ion
channel blockers analyzed inhibited elicitor-induced Cl~ and
K* effluxes, H,O, production, and phytoalexin accumulation.
Similar inhibitor concentrations were required to cause a 50%
inhibition of these reactions. The A-9-C derivatives were
slightly less effective in inhibiting medium alkalinization, and
the diphenylamine-2-carboxylates and IAA-94 did not affect
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F16. 3. Run-on transcription of defense-related genes in nuclei
isolated from cultured parsley cells 3 or 6 hr after treatment with water
(“untreated”), crude cell-wall elicitor (50 ug/ml), amphotericin B (50
uM), nystatin (50 uM), or digitonin (50 uM). The homologous cDNA
probes used for hybridization encode phenylalanine ammonia-lyase
(pal), 4-coumarate:CoA ligase (4cl), chalcone synthase (chs), S-
adenosyl-L-methionine:bergaptol O-methyltransferase (bmt), tyrosine
decarboxylase (tyrdc), hydroxyproline-rich glycoprotein (hrgp), an-
ionic peroxidase (per), S-adenosyl-L-homocystein hydrolase (shh),
S-adenosyl-L-methionine synthetase 1 (sms1), intracellular pathogen-
esis-related proteins 1 and 2 (pr!/ and pr2), proteins of unknown
function (eli3, eli6, eli7, eli8, eli10, elil2, elil6, elil 7, rep), polyubiquitin
(ubi4), and ribosomal 18S RNA (r18s).
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elicitor-stimulated Ca?* influx at all, suggesting that the
different classes of ion channel blockers acted on separate
target sites. Benzoic acid (up to 500 uM), which is frequently
used as an inactive analog of A-9-C in electrophysiological
experiments, inhibited neither the oxidative burst nor furano-
coumarin synthesis. The same was true for 5-nitro-2-[3-(4-
aminophenyl)propylamino]benzoic acid (NH,-NPPB), an in-
active amino derivative of the CI~ channel blocker 5-nitro-2-
(3-phenylpropylamino)benzoic acid (NPPB) (38). The viability
of parsley protoplasts remained unchanged within 24 hr of
treatment with inhibitory concentrations of any of the ion
channel blockers tested. Benzoic acid, A-9-C, niflumic acid,
and TA A-94 did not affect the mRNA level of the constitutively
expressed gene, ubi4, whereas elicitor-induced pal, 4cl, tyrdc,
and elil2 mRNA accumulation was strongly inhibited by 10
uM A-9-C, 20 puM niflumic acid, or 100 uM IAA-94, but not
by 10 uM benzoic acid.

To evaluate the role of H,O; in elicitor signal transduction,
parsley cells were treated with catalase (2 mkat/l) 10 min
before the addition of elicitor. Catalase completely abolished
detection of H>O; by the luminol assay, indicating that luminol
oxidation indeed was caused by H>O; from the oxidative burst.
However, catalase treatment did not affect elicitor-induced
phytoalexin synthesis, nor did external application of H>O; (0.1
uM to 20 mM) or generation of H,O; in the culture medium
by addition of 0.3—670 units/liter glucose oxidase and 5 mM
glucose stimulate phytoalexin accumulation. On the other
hand, inhibition of the oxidative burst by DPI, a suicide
substrate inhibitor of the mammalian NADPH oxidase (39),
blocked phytoalexin formation without affecting cell viability
and elicitor-stimulated alkalinization of the culture medium.
The ICso concentrations required to half-maximally inhibit
H,0; and phytoalexin accumulation were 0.8—1.2 and 1.0-2.1
uM DPI, respectively, similar to the ICsy value of 0.5 uM
reported for the macrophage NADPH oxidase (40). The
corresponding ICsg values for diphenyl iodonium, a less potent
inhibitor of the mammalian NADPH oxidase, were 152-178
and 115-180 uM, respectively, as compared with 80 uM for
inhibition of the macrophage NADPH oxidase (40). A con-
centration of 5 uM DPI was also sufficient to strongly inhibit
the elicitor-induced accumulation of various defense-related
mRNAs without affecting the ubi4 mRNA level.

These results suggested that the primary product of the
NAD(P)H oxidase reaction, O3, was involved in transmitting
the elicitor signal, even though O3 accumulation was detect-
able in the culture medium only in the presence of the
superoxide dismutase inhibitor, DDC. The finding that elicitor
treatment of parsley cells in the presence of increasing
amounts of superoxide dismutase (1-35 pkat/ml) at pH 7
inhibited phytoalexin production up to 60% in a dose-
dependent manner further supported this conclusion. Addi-
tion of DDC to parsley cells in the absence of elicitor stimu-
lated phytoalexin accumulation to 18 = 4% of the elicitor
response, suggesting that the amount of O generated when its
rapid degradation was inhibited by DDC were sufficient to
trigger this reaction. Because xanthine oxidase alone greatly
inhibited all elicitor-stimulated reactions, direct gain-of-
function experiments were performed by adding KO, to the
culture medium. In the presence of DDC, KO, stimulated the
production of phytoalexins in the absence of elicitor to levels
of 67 £ 6% of the elicitor response (Fig. 4), whereas it was
inactive in the absence of DDC. In a control experiment,
addition of equivalent amounts of KCl to cultured parsley cells
in the presence of DDC did not stimulate phytoalexin accu-
mulation. The furanocoumarins induced by KO, were the
same as those observed after elicitor treatment. KO, treatment
also abolished the inhibitory effect of DPI on elicitor-induced
phytoalexin synthesis, in contrast to H,O, which had no effect.
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Table 1. Inhibition of elicitor-stimulated reactions in cultured parsley cells by anion
channel blockers
1Cs0, uM
Ca2+ K* Cl- H* Phyto-
Inhibitor influx efflux efflux influx H,0, alexins
Anthracene-9-carboxylate
Anthracene-9-carboxylate 15 24 16 87 39 4
Anthracene-9-carbaldehyde 7 40 55 87 20 10
Anthraquinone-2-carboxylate 15 17 12 31 15 3
Xanthene-9-carboxylate ND 30 16 108 34 8
2-Aminoanthracene* ND — — — — —
Benzoic acid* — — — — — —
Diphenylamine-2-carboxylate
Niflumic acid — 3 7 19 15 11
Flufenamic acid — 11 1 17 2 11
Mefenamic acid — 11 4 78 6 12
Tolfenamic acid — 3 3 33 11 5
NPPB — 28 5 36 35 10
NH,-NPPB* ND ND ND — — —
TIAA-94 — 86 160 300 150 47

Concentrations required to inhibit the individual reactions by 50% (ICso) were determined by treating
cells with the inhibitor 15 min before addition of crude cell wall elicitor (50 ug/ml) and measuring the
indicated reactions 30 min (Ca?*, K*, CI~, H*, H>O>) or 24 hr (phytoalexins) after initiation of elicitor
treatment {ND, not determined; —, no effect; NPPB, 5-nitro-2-(3-phenylpropylamino)benzoate; NH-
NPPB, 5-nitro-2-[3-(4-aminophenyl)proylamino]benzoate; IAA-94, indanyloxyacetate 94; *, inactive

derivative}.

DISCUSSION

Our present results indicate the causal connections and the
sequence of elicitor-induced reactions depicted in Fig. 5. Ion
fluxes across the plasma membrane were prerequisites for all
subsequent reactions in cultured parsley cells, thus represent-
ing the most upstream-located elements so far identified
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cells by Oz. KO3 (250 uM, suspended in dimethyl sulfoxide [0.1%])
was added to the culture medium. Equivalent amounts of dimethyl
sulfoxide were added to the incubations without KO». For comparison,
parsley cells were treated with the peptide elicitor, Pep-13 (400 nM).
The inhibitors DDC and DPI were applied at 0.5 mM and 10 uM,
respectively. Error bars indicate standard deviations (9-28 indepen-
dent experiments) within a 95% confidence level.

within the signal cascade. Patch-clamp analysis of parsley
protoplasts recently identified one particular ion channel that
was transiently activated by elicitor to mediate Ca?>" influx
under physiological conditions (41). However, the existence of
additional, directly or indirectly elicitor-responsive ion chan-
nels in the plasma membrane must be postulated, since Ca?*
fluxes are obviously necessary but not sufficient for the
initiation of downstream reactions. This hypothesis gains fur-
ther support from the different potencies of ion channel
inhibitors to block the individual elicitor-stimulated ion fluxes.
Moreover, the involvement of distinct types of Ca?* channels
in elicitor signal transduction in different plants was suggested
by the finding that piperazines inhibit Ca?* fluxes and phy-
toalexin accumulation in parsley (17) but not in soybean cells
(18). In contrast, La* efficiently inhibited both elicitor-
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stimulated reactions in parsley (41) as well as soybean (42, 43),
carrot (44), and tobacco (19).

Major differences among species were also observed in
gain-of-function experiments. While similar durations and
intensities of all four elicitor-stimulated ion fluxes appear to be
required to activate the oxidative burst, defense gene tran-
scription and phytoalexin synthesis in parsley in the absence of
elicitor, the Ca?™ ionophore A23187 alone stimulated phytoa-
lexin accumulation in soybean (42) and carrot cells (44). In
tobacco cells, A23187 mimicked elicitor-stimulated CaZ*
fluxes and medium alkalinization but did not induce phytoa-
lexin production (19). A common prerequisite in all of these
experimental systems is the elicitor-stimulated activation of
Ca?" influx for initiation of all subsequent defense reactions.
In some systems, these Ca?* fluxes across the plasma mem-
brane are apparently sufficient, whereas in others additional
ion channels and pumps seem to be required for the induction
of downstream effects. Plasma membrane-located ion chan-
nels have also been identified as important components of
signal transduction cascades in plant responses to various other
environmental and hormonal signals (45). In this context it is
interesting to note that different sets of genes are transcrip-
tionally activated in parsley cells upon variation of the nature,
duration, and intensity of ion fluxes, possibly indicating a
simple means of specifically converting many different external
signals into appropriate gene expression patterns by modulat-
ing the activities of a comparatively small number of ion
channels.

We have now shown that, in parsley cells, elicitor-stimulated
ROS production was a prerequisite for defense gene activation
but not for the stimulation of ion fluxes, and that inhibitors of
elicitor-stimulated ion fluxes blocked the oxidative burst as
well as defense gene activation and phytoalexin accumulation.
Thus, the oxidative burst must be localized downstream of the
ion flux changes, but upstream of defense gene activation,
which in turn precedes phytoalexin production. Furthermore,
the loss and gain-of-function experiments demonstrate that O3
(or a product derived from O3) rather than H,O, is an
essential element of the signal cascade leading to phytoalexin
production. O3 generated by a plasma membrane-located
NAD(P)H oxidase was initially suggested by Doke et al. (46)
to be involved in triggering phytoalexin synthesis and hyper-
sensitive cell death in potato. Different experimental systems
have since been employed to investigate possible causal links
between ROS and these defense reactions, but have not
yielded unambiguous results (4, 25). In contrast to the results
presented here for parsley, DPI was reported not to affect
elicitor-induced chalcone synthase mRNA accumulation in
soybean (47), nor phytoalexin production in tobacco cells (48),
although the oxidative burst was inhibited in both cases. In
soybean cells, both loss and gain-of-function experiments
indicated that the oxidative burst was involved in triggering
hypersensitive cell death (47, 49). Strong correlations between
H,O; production and cell death were also observed in incom-
patible interactions of cultured tobacco and soybean cells with
Pseudomonas syringae (25, 50). This correlation was lost,
however, when tobacco cells were cocultivated with a P.
syringae strain carrying the avr gene together with mutations in
the hrmA region (50). In this interaction, the plant cells
responded with an oxidative burst but showed no hypersensi-
tive cell death, suggesting that ROS from the oxidative burst
were necessary but not sufficient for triggering cell death. This
interpretation gains further support from our finding that
elicitor treatment of parsley cells did not induce cell death,
although the oxidative burst caused by this treatment was very
similar to that observed in soybean and tobacco cells coculti-
vated with avirulent bacterial strains (25, 50). Furthermore,
Oz rather than H,O, was demonstrated to be necessary and
sufficient for induction of lesion formation and PR-1 mRNA
accumulation in the “lesion simulating disease resistance

Proc. Natl. Acad. Sci. USA 94 (1997)

response” mutant, Isdl, of Arabidopsis thaliana (51). Thus,
accumulating evidence supports the notion that ROS from the
oxidative burst are involved in pathogen defense-related sig-
naling in plants. It remains to be established, whether con-
trasting results obtained with different systems regarding the
nature of individual ROS species that mediate defense gene
activation and/or cell death reflect differences in experimental
detail or species specificity of the signaling mechanisms.
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