PHYSIOLOGIA PLANTARUM 119: 56–68. 2003
Printed in Denmark – all rights reserved

Copyright # Physiologia Plantarum 2003
ISSN 1399-3054

Minireview

Stress response, cell death and signalling: the many faces of reactive
oxygen species
Ramamurthy Mahalingam and Nina Fedoroff*
Biology Department and Life Sciences Consortium, Pennsylvania State University, University Park, PA 16802, USA
*Corresponding author, e-mail:nvf1@psu.edu
Received 2 January 2003; revised 25 February 2003

Plants respond to pathogens and abiotic stresses by transient
increases in the production of reactive oxygen species (ROS)
and ion fluxes, which activate both local programmed cell
death and systemic increases in stress- and pathogen-

resistance. The present essay explores the emerging complexity of the multiple roles that ROS play in intra- and
intercellular communication in both stressed and unstressed
organisms.

Introduction

use analogous systems to monitor and react to oxidants
(Inze and Van Montagu 2002, Martindale and Holbrook
2002).

Contemporary organisms live in an oxidizing environment and generate highly reactive partially reduced oxygen species while converting light energy into chemical
energy and chemical energy into biomass and motion.
Common oxidants produced in organisms include reactive oxygen species (ROS), such as hydrogen peroxide
(H2O2), superoxide ( O2–), hydroxyl radical (OH–), and
singlet oxygen, as well as reactive sulphur and nitrogen
species, particularly nitric oxide (NO), and lipid hydroperoxides. The hazards of reactive oxygen species (ROS)
have long been recognized, as has their role in disease
and ageing in animals (Beal 2002, Melov 2002, Perry
et al. 2002). Comprehensive overviews of the extensive
plant stress response literature are provided by a recent
volume on oxidative stress in plants (Inze and Van
Montagu 2002), as well as a special issue of the Journal
of Experimental Botany devoted to ROS and antioxidants
(Smirnoff 2002). But although the concept of redox regulation is an old one in enzymology, there is a new and
growing awareness that ROS and redox regulation are
central to cell signalling and to both transcriptional and
post-transcriptional regulation (Sauer et al. 2001, Droge
2002, Ermak and Davies 2002). The focus of the present
review is on ROS in plants, but we will also refer to
relevant studies in animals, because plants and animals
*

Oxidative stress and the oxidative burst
It is conventional wisdom that the oxidative stress
response is triggered by an imbalance in the production
and metabolism of ROS. Almost paradoxically, however, a variety of stress conditions, both biotic and abiotic, trigger a transient, enzymatically mediated increase
in ROS, predominantly O2– and H2O2, in plant and
animal cells. Initially termed the ‘oxidative burst’ or
‘respiratory burst’, the transient output of ROS was
long believed to be responsible for the ability of phagocytic cells to kill engulfed micro-organisms through
direct ROS toxicity (Babior et al. 1973). This provided
a widely accepted paradigm that was adopted by plant
biologists when a similar oxidative burst was discovered
in plant cells exposed to pathogens (Doke 1983, Mehdy
1994, Doke et al. 1996).
The oxidative burst in plant cells is a biphasic response
that extends over many hours after exposure to a pathogen (Lamb and Dixon 1997). It comprises a primary
peak 1–2 h after infection, followed by a secondary
peak of greater magnitude 3–6 h after infection. The
*

Abbreviations – ABA, abscisic acid; DAG, diacylglycerol; DPI, diphenylene iodonium; NO, nitric oxide; HR, hypersensitive response; IP3,
inositol 1,4,5,-trisphosphate; JA, jasmonic acid; LOX, lipoxygenase; H2O2, hydrogen peroxide; NAADP, nicotinic acid adenine dinucleotide;
PA, phosphatidic acid; PLC, phospholipase C; PLD, phospholipase D; RNS, reactive nitrogen species; ROS, reactive oxygen species; SA,
salicylic acid; SAR, systemic acquired resistance; XOD, xanthine oxidase.
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second phase is triggered by avirulent pathogens, which
do not infect the plant, but instead evoke a localized cell
death program, termed the hypersensitive response
(HR). The second phase is not observed with virulent
pathogens, which are able to infect the plant (Lamb and
Dixon 1997, Scheel 2002). A biphasic oxidative burst is
also induced by the air pollutant ozone, considered to be
an abiotic trigger of the pathogen defence response
(Sandermann et al. 1998, Schraudner et al. 1998).
Increased ROS production is also observed in response
to a variety of other abiotic stressors, including extremes
of temperature, high light levels, water deficit, herbicides,
cycloheximide, amines and air pollutants, such as SO2
and NO2 (Allan and Fluhr 1997, Tenhaken and Rubel
1998, Scheel 2002). Thus the endogenous production of
ROS is a central feature of a generalized plant stress
response.
The emerging picture of the plant oxidative burst is
complex and its physiological significance is by no means
clear. Although there is substantial overlap between the
responses observed with pathogens and with abiotic elicitors, such as amines and the ROS derived from ozone
gas, increasingly detailed studies show that they can be
distinguished enzymatically, as well as temporally and
spatially (Overmyer et al. 2000, Scheel 2002). The enzymatic sources of ROS are both extracellular and intracellular (Bolwell et al. 1995, Allan and Fluhr 1997,
Pellinen et al. 1999, Bolwell et al. 2002). Major ROS
sources are peroxidases and amine oxidases located in
cell walls, NADPH oxidase located in the plasma membrane, and intracellular oxidases and peroxidases in
mitochondria, chloroplasts, peroxisomes and nuclei
(Allan and Fluhr 1997, Bolwell and Wojtaszek 1997,
Bowler and Fluhr 2000, Laurenzi et al. 2001, Bolwell
et al. 2002, del Rio et al. 2002, Scheel 2002). Plants
produce NO, a reactive nitrogen species (RNS), which
can interact with ROS to form the highly reactive peroxynitrite anion, ONOO– (Neill et al. 2002). In addition,
highly reactive lipid hydroperoxides are generated by
direct ROS lipid oxidation and by lipoxygenase activity
(Jalloul et al. 2002, Porta and Rocha-Sosa 2002). Both
NO and lipid hydroperoxides are important in elaboration of the defence response (Delledonne et al. 1998,
Rusterucci et al. 1999, Delledonne et al. 2001).
The magnitude and rapidity of the increase in ROS, as
well as whether its origin is intra- or extracellular,
depends on the eliciting agent, the tissue and the organism (Allan and Fluhr 1997, Bolwell et al. 2002). Furthermore, the intracellular localization of the initial ROS
burst can differ. For example, it was reported that
L-arginine-evoked ROS are concentrated at the periphery
of tobacco epidermal cells, while cryptogein, a small
fungal protein produced by Phytophthora cryptogea
elicited ROS predominantly in chloroplasts and the nucleus
(Allan and Fluhr 1997). The reasons for these differences
are not yet well-understood. However, it is already clear
that different ROS-producing enzymes are activated by
different input signals and that input signals are communicated by different routes. Thus, the L-arginine-evoked
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ROS burst in tobacco epidermal cells was reported to be
abrogated by catalase and superoxide dismutase implying that the primary response is due to activation of
extracellular enzymes, such as cell wall peroxidases
(Allan and Fluhr 1997). By contrast, the ROS burst
elicited by cryptogein in the same tissue was sensitive to
inhibitors of signal transduction, including okadaic acid
(a phosphatase 2 A inhibitor) and staurosporine (a protein
kinase C inhibitor). It was also sensitive to diphenylene
iodonium (DPI), an inhibitor of flavin-containing oxidases, among them NADPH oxidase and xanthine
oxidase (Allan and Fluhr 1997). The foregoing observations imply that there are at least two qualitatively different mechanisms that trigger the oxidative burst: direct
enzyme activation and indirect activation triggered by
receptor-mediated signal transduction.

Receptor-mediated signalling
A plant’s response to a pathogen is based on its ability to
recognize signature molecules produced by the pathogen.
These molecules are called elicitors and are primarily
proteins and cell wall-derived oligosaccharides. In a
type of host–pathogen interaction termed ‘gene-forgene’, each race-specific elicitor encoded by an avirulence
(Avr) gene in the pathogen is specifically recognized by a
protein encoded by a resistance (R) gene in the plant
(Bonas and Lahaye 2002). Most, but not all, proteins
encoded by R genes recognize Avr proteins through
either extra- or intracellular leucine-rich repeat (LRR)
domains and initiate signalling through kinase domains
or by interacting with kinases (Blumwald et al. 1998).
Recent studies on the signal transduction pathway triggered by flagellin, a bacterial elicitor of a non-race specific or innate defence response, have identified an LRR
receptor kinase, as well as members of the MAP kinase
cascade that convey the signal to the transcriptional
apparatus (Asai et al. 2002).
Although it has been known for some time that pathogen recognition by the interaction between an elicitor and
a receptor results in the rapid activation of ion fluxes and
an oxidative burst, the proteins and small molecules that
transduce these signals are not fully characterized. Early
evidence for the involvement of a heterotrimeric G protein
was quite indirect (Legendre et al. 1992, Vera-Estrella et al.
1994, Beffa et al. 1995), but has received support from
more recent studies that link G protein signalling with
activation of both Ca12 channels and the membranebound NADPH oxidase in the plant defence response
(Xing et al. 1997a, Aharon et al. 1998). The heterotrimeric
G-protein is located in the plasma membrane, as well as
the nucleus and may be in structures analogous to mammalian lipid rafts (Peskan and Oelmuller 2000, Peskan et al.
2000). Although detailed information about how G proteins exert their regulatory effects on Ca12 channels is not
yet available in plants, Ca12 channels in animals are
known to be regulated both by direct interaction with the
Gbg heterodimer and indirectly through second messengers
(Dascal 2001).
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The membrane-bound NADPH oxidase of mammalian neutrophils comprises two membrane-bound flavocytochrome subunits, gp91phox and p22phox, as well as a
cytosolic complex comprising three proteins designated
p47phox, p67phox, and p40phox, and the small GTPase
Rac1/Rac2 (Forman and Torres 2001). Upon stimulation of neutrophils, the cytosolic components assemble
on the membrane to form the active enzyme that uses
NADPH to reduce O2 to O2–. Initial studies using
antibodies to mammalian NADPH oxidase proteins suggested that similar proteins were assembled on the
plasma membranes of elicited tomato cells (Xing et al.
1997b). But although two of the six recently identified
Arabidopsis homologs of the gp91phox catalytic component are required for production of ROS, there appear to
be no homologs of the p47phox or p67phox regulators in
the Arabidopsis genome (Torres et al. 1998; Torres et al.
2002). As well, the plant catalytic subunit has an
extended N-terminal region containing an EF-hand
calcium-binding motif consistent with its observed
regulation by calcium (Sagi & Fluhr 2001; Torres et al.
1998). However, there is evidence that the regulatory link
between the heterotrimeric G protein and the NADPH
oxidase is mediated by a Rac GTPase in plants, as it is in
animals (Suharsono et al. 2002). Rice mutants in a gene
encoding a Ga subunit neither produce an oxidative burst
in response to elicitation, nor do they exhibit an HR in
response to pathogen infection. Expression of a constitutively active rice Rac1 gene restores elicitor-mediated
defence signalling, ROS production, and pathogen
resistance (Suharsono et al. 2002).
Receptor and G protein activation also stimulate the
oxidative burst indirectly through phospholipid second
messengers. Phospholipase C (PLC) hydrolyses phosphatidylinositol 4,5-bisphosphate to inositol 1,4,5,-trisphosphate (IP3) and diacylglycerol (DAG) (Munnik et al.
1998, Laxalt and Munnik 2002). IP3 stimulates release
of calcium from intracellular stores in guard cells
(MacRobbie 1998) and there is evidence that pathogen
signalling stimulates IP3 production and intracellular
calcium release (Ortega and Perez 2001). Pathogen signalling has also been reported to stimulate the phospholipase C-dependent production of phosphatidic acid (PA)
via phosphorylation of DAG (Laxalt and Munnik 2002).
PLC inhibitors neomycin and U73122 suppress the oxidative burst, whereas PA induces it (Sang et al. 2001,
Laxalt and Munnik 2002).
PA is also generated by phospholipase D (PLD),
which hydrolyses phophatidyl-choline to choline and
PA. PLD is activated by the plant stress hormone abscisic
acid (ABA), pathogens, osmotic stress and wounding
(Laxalt and Munnik 2002). PA activates a kinase that
phosphorylates two cytoplasmic subunits of the neutrophil NADPH oxidase (McPhail et al. 1999). Although
such activity has not been identified in plants, MAPK
cascade activation by PA has been reported (Lee et al.
2001). There is also some evidence that phospholipases
A1 and A2, which hydrolyse phospholipids to produce a
lyso-phospholipid and a free fatty acid, are activated in
*
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the pathogen defence response (Dhondt et al. 2000, Laxalt
and Munnik 2002). Fatty acid oxidation by a lipoxygenase (LOX) is the first step in the synthesis of
oxylipin second messengers, such as jasmonic acid (JA)
(Farmer et al. 1998, Schaller 2001).

The ‘ROS signature’
The foregoing discussion shows that the oxidative burst
is not a simple unitary response, but rather reflects the
activation of a spatially localized subset of the cellular
enzymes that produce ROS in response to a specific
stimulus. Because the ROS-producing enzymes are
located in different cell compartments, their activation
depends on the nature of the triggering stimulus and the
route by which it is perceived. We suggest the unique
spatial and temporal pattern of ROS production be
designated the ‘ROS signature.’ Fig. 1 shows a diagrammatic representation of the various intra- and extracellular sources of ROS that can contribute to such an ROS
signature. The potential complexity of an ROS signature
should not be underestimated, because differences in the
location, duration and intensity of the initial ROS burst
can, in turn, generate secondary signals that differ in
their chemical identity, subcellular localization, timing,
and intensity, as well as their potential for intercellular
propagation.
The challenge is to determine the subcellular location
and molecular identity of the ROS-producing enzymes
activated by a particular stimulus. This is complicated
both by the multiplicity of enzymes that produce ROS
and the paucity of means to discriminate among them, as
well as their ability to carry out multiple reactions.
Although it is often assumed that inhibition by DPI
uniquely identifies the membrane-bound NADPH oxidase, this is not the case (Baker et al. 1998, Li and Trush
1998). Plant peroxidases, for example, oxidize NADH
and NADPH to produce ROS and it was recently
reported that this reaction is sensitive to DPI (Baker
et al. 1998). It should also be borne in mind that peroxidases are enzymes that are capable of multiple reactions
(Chen et al. 2000). A soybean plasma membrane-bound
NADH oxidase has also been described whose activity
changes to that of a protein disulphide isomerase in
response to auxin (Chueh et al. 1997).

The ‘calcium signature’
Rapid influx of Ca21 is correlated with elicitor-mediated
induction of the pathogen defence response and with
activation of the stress response by ROS and other abiotic stressors (Price et al. 1994, Levine et al. 1996, Chandra et al. 1997, Jabs et al. 1997, Clayton et al. 1999,
Davies et al. 1999). The lag time, magnitude, peak time,
intensity, and duration of the increase in [Ca21]cyt
depend on the eliciting agent and can differ even between
two different pathogen-derived proteinaceous elicitors
that bind to the same cellular protein (Bourque et al.
1998, Lebrun-Garcia et al. 1999, Grant et al. 2000,
Physiol. Plant. 119, 2003

Fig. 1. Extra- and intracellular sources of ROS in plants. XOD, xanthine oxidase.

Lecourieux et al. 2002). The initial increase in Ca21 is
from the extracellular medium and both ROS production
and other components of the defence response can be
inhibited by calcium chelators in the extracellular medium
(Lecourieux et al. 2002). Neomycin, an inhibitor of
phospholipase C and IP3-mediated release of Ca21 from
internal stores, also changes the calcium signature
(Lecourieux et al. 2002). This implies that Ca21 release
from internal stores and Ca21 influx from the extracellular medium contribute to the calcium signature.
Because the H2O2-induced Ca21 increase can be inhibited
by La31, a Ca21 channel inhibitor, the seemingly
paradoxical observation that exogenous ROS can induce
a typical biphasic increase in [Ca21]cyt is likely to be due
to a redox feedback loop that modulates channel activity
(Lecourieux et al. 2002). In animal cells, H2O2 has been
shown to activate the ryanodine-sensitive Ca21 release
channel of the sarcoplasmic reticulum (Hamilton and
Reid 2000, Hara et al. 2002) and a recent report describes
a Ca21-permeable cation channel that is activated by low
concentrations of H2O2 and agents that produce ROS
and RNS, leading to cell death (Hara et al. 2002). Moreover, activation of NADPH oxidase has been reported to
increase the sensitivity of intracellular Ca21 stores to the
second messenger IP3 (Hu et al. 2000).

Compartmentalization: what is a ‘signature’?
The results of a recent study on the effect of hyperosmotic stress on Fucus rhizoid cells illustrate the spatial and
temporal dimensions of the ROS and Ca21 signatures.
Hyperosmotic stress elicits increases in both [Ca21]cyt
and ROS production that initiate at the growing cell
apex and travel as waves through the cell. Based on
inhibitor studies, the first ROS component arises by
Physiol. Plant. 119, 2003

activation of the NADPH oxidase at the rhizoid apex
at sites of adhesion between the plasma membrane and
cell wall (Coelho et al. 2002). The NADPH oxidase
produces extracellular O2–, which is then rapidly dismutated to H2O2. The H2O2 activates Ca21 channels at
the rhizoid apex, initiating a Ca21 wave that travels
through the cell, activating ROS production by mitochondria. Curiously, only the peripheral ROS production is required for osmotic adaptation (Coelho et al.
2002).
The foregoing examples begin to reveal the rich complexity of the ROS and calcium ‘signatures.’ The nature
of the initiating signal and how and where it is received
determine the subsequent cellular responses both qualitatively and quantitatively. Because the plant NADPH
oxidase is calcium-regulated, either directly or indirectly
through a calmodulin-regulated NAD kinase (Pou De
Crescenzo et al. 2001, Sagi and Fluhr 2001) and because
calcium channels are redox regulated (Hamilton and
Reid 2000, Hara et al. 2002, Lecourieux et al. 2002), an
initial perturbation of either signature can alter both.
The various enzymes that generate ROS are spatially
localized, as are calcium stores with different properties
(Bowler and Fluhr 2000, Lee 2000, Pani et al. 2001).
Moreover, secondary signalling molecules, including
IP3, cyclic ADP ribose, nicotinic acid adenine dinucleotide phosphate (NAADP), and calcium itself can act on
specific calcium stores, amplifying calcium release
(Galione and Churchill 2000, Lee 2000, Navazio et al.
2000, Patel et al. 2001).
Thus Ca21 and ROS might be viewed as the cell’s
‘common currency’, connecting specific cues in the external environment with the cell’s genetic and biochemical
networks to implement precise and appropriate physiological responses. As calcium-binding proteins are very
*
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abundant and because ROS are both inherently shortlived and subject to rapid enzymatic conversion to less
reactive molecules, both signals operate over very short
times and distances required for communication within
individual cells and between adjacent cells. But here is
the riddle of common currency: how does the buyer
(signal) find the appropriate seller (response)? That is,
what is the underlying molecular apparatus and how is it
organized in time and space?
The emerging view of the cell as a highly structured
assembly (or perhaps network) of gel-like compartments
comprising one to many proteins and associated membranous structures, each with specific functions, provides
the basis for a physical interpretation of ROS and Ca21
signatures (Pollack and Reitz 2001, Pollack 2001). We
suggest that a ‘signature’ is the manifestation of the
combined outputs – in time and space – of the particular
subset of compartments activated in response to each
cue. A cue can be a chemical that directly activates an
enzyme (or ion channel) or it can be one whose effect is
mediated by a cell-surface receptor. Signatures are often
characterized by oscillatory changes in concentration of
Ca21, ROS, or other metabolites, a subject considered
below. A common feature of ROS and Ca21 is that they
can modify protein structure directly to activate and
inactivate proteins and channels. Changes in both ROS
and [Ca21] can also be transmitted through other proteins, such as thioredoxin and calmodulin. In turn, these
signals trigger a variety of more specialized responses
mediated by enzymes that either synthesize additional
messengers or modify specific target proteins.

The oxidative burst: is it really a killer?
The localized programmed cell death of the HR is closely
correlated with the oxidative burst and it was initially
attributed to the toxicity of ROS (Levine et al. 1994,
Wojtaszek 1997, Desikan et al. 1998). However, evidence
is accumulating that the connection between ROS and
cell death is less direct and more complex than initially
conceived (Hoeberichts and Woltering 2003). Cell death
is not always associated with a strong oxidative burst
and there are elicitors that cause cell death, but do not
evoke a strong oxidative burst (Yu et al 1998, Dorey et al.
1999, Jabs 1999). The Arabidopsis dnd1 mutation in a
gene that encodes a cyclic nucleotide-gated ion channel
in some measure uncouples cell death from the defence
response (Yu et al. 1998; Clough et al. 2000). Moreover,
double mutants in both AtrbohD and AtrbohF genes
encoding the Arabidopsis homologs of gp91phox subunit
of the NADPH oxidase do not produce ROS, but exhibit
a residual HR (Torres et al. 2002).
Several observations suggest that one function of ROS
in the plant stress and defence responses is that of an
intercellular messenger. Diffusion of H2O2 from cultured
tobacco cells treated with an elicitor into unelicited cells
activates gene expression (Levine et al. 1994). Intracellular ROS generated by exposing tobacco epidermal cells
loaded with rose bengal (4,5,6,7-tetrachloro-20 ,40 ,50 ,70 60

tetraiodofluoroscein) to a focused light beam quickly
travel to neighbouring cells (Allan and Fluhr 1997).
The ROS signal is sensitive to catalase, implying that it
is H2O2 and can be detected in cells with no direct
symplastic connection to the source cell over a distance
of several cell diameters (Allan and Fluhr 1997). Studies
on how the local introduction of a pathogen leads to a
rapid systemic increase in pathogen resistance have
implicated ROS as an essential component of the distributed response (Alvarez et al. 1998). It was reported that a
local source of enzymatically produced H2O2 induced the
accumulation of H2O2 in small groups of cells at distant
sites, often near veins, and sufficed for the development
of systemic resistance. However, H2O2 is a relatively
short-lived molecule, hence it appears likely that a
longer-lived secondary signal mediates the systemic
response. Results of recent experiments to distinguish
direct from indirect effects suggest that ROS induce
production of the intercellular messenger, but are not
themselves the second messengers (Costet et al. 2002).

Second messengers
Although both ROS and Ca21 have been called ‘second
messengers’, the foregoing observations suggest that
ROS and Ca21 have rather different functions than
other molecules given the same designation (Dong
1998, McAinsh and Hetherington 1998, Orozco-Cardenas
et al. 2001). Among the latter are salicylic acid (SA),
jasmonic acid (JA), and systemin, as well the classical
plant hormones ABA and ethylene (Dong 1998, Ryan
and Pearce 2001, Kunkel and Brooks 2002). There is
abundant evidence that SA accumulation is associated
with the development of pathogen resistance and it has
long been postulated to be the signal that initiates systemic acquired resistance (SAR) (Gaffney et al. 1993,
Chen et al. 1995, Lawton et al. 1995). However, several
observations cast doubt on the systemic signalling function of SA. Using grafts between wild-type tobacco plants
and plants expressing a bacterial salicylate hydroxylase
gene (NahG) that encodes an enzyme that degrades SA,
it was demonstrated that a signal for SAR could be communicated from inoculated NahG-expressing leaves to
grafted wild-type leaves, but not from wild-type leaves to
grafted NahG-expressing leaves (Ryals et al. 1995). This
implies that SA could be a local cell-to-cell signal, but is
not likely to function as the systemic signal initiating the
development of SAR.
The observation that SA binds to and inhibits catalase
gave rise to the hypothesis that H2O2 is the direct inducer
of defence gene expression (Conrath et al. 1995). However, SA binds to a variety of iron-containing enzymes
other than catalase, including lipoxidase and peroxidase
(Ruffer et al. 1995). There is evidence that SA induces
O2– and H2O2 through peroxidase-catalysed oxidation
of SA to the SA , which in turn generates O2–. by the
direct reduction of O2 (Kawano and Muto 2000). Loss of
the SA-potentiated oxidative burst decreases resistance
to an avirulent pathogen (Mur et al. 2000). At the
*
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cellular level, SA production appears to be necessary for
defence gene activation and for limiting the extent of cell
death in response to both avirulent pathogens and ozone,
an abiotic stressor (Ryals et al. 1995, Dong 1998, 2001,
Rao et al. 2002). Genetic resistance to pathogens is suppressed in plants that are SA-deficient either by virtue of
mutations or expression of a salicylate hydroxylase
transgene and such plants also exhibit enhanced tissue
damage in response to ozone (Ryals et al. 1995, Rao and
Davis 1999).
JA and ethylene are also produced in response to both
pathogens and ozone and are important determinants of
the biological response (Sandermann et al. 1998, Kunkel
and Brooks 2002). As noted earlier, JA is a fatty acid
derivative and has been implicated in defence gene
expression in response to the peptide hormone systemin,
induced by wounding, and to pathogen-derived oligosaccharide elicitors (Doares et al. 1995). Mutations that
interfere with JA biosynthesis or perception increase
pathogen susceptibility and increase ozone sensitivity
(Overmyer et al. 2000, Kunkel and Brooks 2002).
Ozone and pathogens induce ethylene biosynthesis by
activating expression of genes encoding ACC synthase,
the rate-limiting enzyme of ethylene biosynthesis (Knoester
et al. 1995, Moeder et al. 2002, Rao et al. 2002). In
turn, ethylene production influences the plant defence
response, as judged by the altered disease susceptibility
and ozone-sensitivity of plants with mutations in ethylene perception (Overmyer et al. 2000, Kunkel and
Brooks 2002, Rao et al. 2002). Mutants that overproduce
ethylene show enhanced sensitivity to ozone, whereas
mutants that cannot perceive ethylene are less sensitive
(Overmyer et al. 2000). Ozone-induced ethylene biosynthesis depends on SA and is not observed in NahG
plants (Rao et al. 2002).
The foregoing molecular signals are involved in the
spatial evolution of the initial small lesions that arise
either on elicitation, pathogen infection or ozone treatment (Greenberg et al. 2000). The relationships among
these signals are far from clear. However, the current
level of understanding suggests that SA and ROS are
signals that initiate lesions, and both SA and ethylene
are necessary for their propagation, whereas JA attenuates lesion propagation (Overmyer et al. 2000; Rao et al.
O2–
2000). The observation that extracellular
is produced at the outward edges of lesions, suggests that
a positive feedback loop involving ROS, SA and ethylene
propagates the lesion (Jabs et al. 1996, Overmyer et al.
2000, Aviv et al. 2002).
Insight into the relationship between lesion formation
and the biphasic oxidative burst is beginning to emerge
from studies on lesion development after ozone treatment (Lamb and Dixon 1997, Overmyer et al. 2000,
Moeder et al. 2002, Scheel 2002). By contrast with local
lesion induction by pathogens or elicitors, ozone treatment results in the uniform exposure of the entire plant
to the initiating oxidative stress. Nonetheless, ozone
induces ROS production in clusters of cells near the
vasculature, just as is observed with the microbursts
*
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reported after pathogen elicitation. Transcription of a
number of genes, including the ozone-inducible ACC
synthase gene, is bi-phasic, with an early peak at
approximately 1 h after ozone treatment and a second
later peak which depends on ethylene evolution (Moeder
et al. 2002). Thus it appears likely that the second phase
of the oxidative burst, which is ethylene-induced, mediates cell death.
Details of the temporal and spatial relationships
among the cells, signals and responses remain to be
elucidated. In view of the known links between ethylene
and ABA signalling and synthesis (Fedoroff 2002a), it is
surprising that few studies have addressed the role of
ABA in the stress and defence responses (Audenaert
et al. 2002). Moreover, the role of lipid signalling
remains poorly investigated. Massive production of free
polyunsaturated fatty acid hydroperoxides has been
observed during HR in response to cryptogein
(Rusterucci et al. 1999). Expression of lipoxygenase
antisense constructs in transgenic tobacco plants
suppresses the HR to an avirulent pathogen (Rance et al.
1998). The Arabidopsis EDS4 and PAD4 genes, which
encode lipase-like proteins, are also required for pathogen resistance and affect the HR (Feys et al. 2001,
Rusterucci et al. 2001). Thus it appears likely that there are
lipid signalling molecules other than JA and they may
trigger cell death.

Phase transitions
The foregoing discussion reveals the complexity of the
signalling systems underlying plant stress and defence
responses. However, it also raises questions about the
precise role of ROS in the progression of biochemical
events that allows plants to resist pathogen attack and
respond to changes in environmental conditions. Before
addressing potential primary regulatory targets of ROS,
we briefly discuss recent experiments that reveal some
new aspects of how ROS are produced and used. The
long-standing concept that mammalian neutrophils produce ROS to kill bacteria is being challenged. Neutrophils deficient in their ability to produce proteases, but
capable of a normal oxidative burst, are unable to
destroy bacteria (Reeves et al. 2002). The results of
these studies suggest that the important consequence of
activating the vacuolar membrane NADPH oxidase,
which moves electrons across the membrane to reduce
oxygen, is to raise the pH and ionic strength of the
vacuole. This releases granule-bound proteases from
their anionic proteoglycan matrix, thereby activating
them to kill and digest bacteria (Reeves et al. 2002).
These striking observations open a new aspect of ROS
production: the potential to trigger transitions – or phase
changes – that can restructure cell compartments and
whole cells. Cryptogein, a 10-kDa peptide elicitor
secreted by the oomycete Phytophthora cryptogea,
induces a rapid and extensive disruption of the microtubular network in tobacco cells (Binet et al. 2001).
Moreover, ABA induction of stomatal cell closure
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similarly requires ROS production, inactivation of Rac1
GTPase, and involves massive cytoskeletal restructuring
(Pei et al. 2000, Lemichez et al. 2001, Murata et al. 2001).
Cytoskeletal changes in response to oxidants are well
known and may be mediated by changes in the redox
state of actin itself or they may be catalysed indirectly by
redox-sensitive enzymes (Dalle-Donne et al. 2001).

Oscillations
Yet another dimension of mammalian neutrophils is the
oscillatory release of ROS during cell migration.
Although it was reported some time ago that extracellular ROS production by migrating neutrophils is oscillatory (Kindzelskii et al. 1998), the recent application of
high-speed microscopy revealed that the neutrophil is
polarized and exhibits a travelling wave of NADPH
that moves parallel to the cell’s long axis (Kindzelskii
and Petty 2002). An ROS plume is released when the
wave arrives at the lamellipodium, presumably because it
delivers substrate to the membrane-bound NADPH oxidase. The authors infer that the spatial and temporal
properties of the NADPH waves are transformed into
the pulsatile release of superoxide into the extracellular
environment. The pulsatile release of ROS may also
account for the previous observation of periodic membrane disruption in target tumour cells undergoing cytotoxic destruction by neutrophils (Kindzelskii and Petty
1999). However, the pulsatile release of ROS may also be
an intercellular signal to activate other cells.
Regular oscillations have been reported in the intracellular concentrations of a variety of small molecules,
including Ca21 ions, NADPH, ATP, ROS and glucose.
A well-studied example is provided by the correlated
oscillations among intracellular oxygen consumption,
intracellular free calcium and glucose consumption in
pancreatic b-cells secreting insulin (Jung et al. 2000,
Kennedy et al. 2002). The oscillations are set up by the
positive and negative feedback loops between Ca21, glycolytic and respiratory enzymes and result in the pulsatile release of insulin. Thus a change in the external
glucose concentration stimulates increased respiration,
increasing the ATP/ADP ratio. This increase, in turn,
suppresses glycolysis, decreasing glucose consumption,
blocking the KATP channel and depolarizing the cell. As
a consequence, Ca21 entry is stimulated, which enhances
respiration and increases oxygen consumption by activating mitochondrial dehydrogenases. The elevated
intracellular Ca21 concentration leads to a decrease in
the ATP/ADP ratio and cell repolarization, which in
turn decreases oxygen consumption and inhibition of
glycolysis, initiating a new cycle (Jung et al. 2000,
Kennedy et al. 2002).
The information content of short-period oscillatory
processes in plants is just beginning to be explored,
perhaps because techniques that permit the monitoring
of oscillatory processes in single plant cells are not yet
well-developed (Allen and Schroeder 2001). The most
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extensively characterized rapid oscillations in plant cells
are those involving intracellular [Ca21]. Using both
calcium-sensitive dyes and a green fluorescent protein-based
calcium sensor, stomatal guard cells have been shown to
exhibit characteristic [Ca21]cyt oscillations in response to
changes in external calcium concentration ABA and H2O2
(Allen et al. 2000).
A number of molecular mechanisms have been postulated to account for calcium oscillations in diverse types
of animal cells, and it appears likely that multiple inputs
contribute to and modify the oscillations. The postulated
contributors include agonist-stimulated dissociation of
the Ga subunit from the Gbg complex, activation of
PLC and the consequent increase in IP3, which, in turn,
stimulates calcium-induced Ca21 release (Kummer et al.
2000). In some cases the instability is attributed to the
properties of the Ca21 channel itself and the autocatalytic process of Ca21-induced Ca21 release, whereas in
other cases it is attributed to the oscillatory production
of IP3 by a feedback loop involving desensitization of the
receptor by protein kinase C, or the self-enhanced activation of the Ga subunit of the heterotrimeric G protein
(Berridge et al. 2000, Kummer et al. 2000, Haberichter
et al. 2001, Nash et al. 2001, 2002).
The observation that the Ga subunit is redox regulated
suggests a possible feedback loop connecting the
NADPH oxidase to the signalling complex (Nishida
et al. 2002). Another potential oscillatory link between
the signal receptor and ROS production is provided by
observations on Rac1, the small GTPase whose activation by Gbg through the Rac exchange factor P-Rex1
triggers the assembly and activation of the NADPH
oxidase (Weiner 2002). The ROS produced by the activated NADPH oxidase, in turn, stimulate the proteasomemediated degradation of Rac1 (Kovacic et al. 2001).
Finally, it is perhaps worth pointing out that some of
the classical single enzyme oscillators are plant oxidases
and peroxidases (Kummer et al. 1996, Morre and Morre
1998, Morre et al. 1999). This includes the intensively
studied oscillatory horseradish peroxidase–oxidase reaction, which uses molecular oxygen to oxidize NADH,
dihydroxyfumaric acid and indole acetic acid and forms
ROS as intermediates (Kirkor and Scheeline 2000, Hauser
et al. 2001, Olsen et al. 2001). Sustained oscillations
are observed in the presence of methylene blue and certain phenolic or aromatic compounds (Hauser and Olsen
1998, Olsen et al. 2001). Cell wall peroxidases promote
H2O2-dependent polymerization of hydroxycinnamyl
alcohols in lignin biosynthesis and rapid cross-linking
of cell wall proteins, in addition to the foregoing
NADH, NADPH, and IAA oxidase reaction (Bestwick
et al. 1998). It has been reported that a plant membranebound NADH oxidase that also functions as a protein
disulphide isomerase exhibits regular oscillatory behaviour that can be entrained by light (Morre et al. 1999).
Interestingly, a similar mammalian enzyme has been
shown to exhibit inverse oscillations of its oxidase and
disulphide isomerase activities (Chueh et al. 2002).
It seems quite likely, although not yet experimentally
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established, that such fundamental enzymatic oscillators
can also drive calcium oscillations directly by controlling
the supply of NADPH and ROS, and indirectly by altering the activity of disulphide oxidoreductases.

ROS: mediators and targets
While major categories of enzymes known to be redox
regulated are phosphatases and cysteine proteases, evidence is rapidly accumulating that structural changes
driven by the reduction and oxidation of disulphide
bridges within and between proteins is as fundamental
a regulatory principle as protein phosphorylation (Fig. 2).
In some cases, ROS oxidize target proteins directly, particularly peroxiredoxins and other peroxidases, but also
including transcription factors (Aslund et al. 1999, Park
et al. 2000, Delaunay et al. 2002, Goyer et al. 2002).
However, most redox regulation is mediated by a family
of protein disulphide oxidoreductases, including thioredoxins, peroxiredoxins, glutaredoxins, and protein disulphide isomerases (Nishiyama et al. 2001, Jacquot et al.
2002a, b, Rouhier et al. 2002). These are enzymes that
commonly, although not always, contain pairs of reactive cysteines that function to create and reduce disulphide bonds in other proteins. Thioredoxins are small
(approximately 12 kDa), ubiquitous proteins with disulphide-reducing activity. They are oxidized either directly
by ROS or as a consequence of their ability to reduce
disulphides on target proteins such as peroxiredoxins

(thioredoxin peroxidases). Thioredoxins are themselves
reduced by thioredoxin reductase, an NADPH-dependent
enzyme.
There is growing evidence that thioredoxins and similar proteins are enzymatic mediators of the regulatory
effects of ROS at the biochemical, transcriptional and
cellular levels (Nishiyama et al. 2001). Thioredoxin binds
to the p40phox subunit of the mammalian NADPH oxidase, suggesting direct redox regulation of the latter
(Nishiyama et al. 1999). Stimuli such as UV irradiation
promote translocation of thioredoxin to the mammalian
nucleus, where it activates stress transcription factors
NF-kB and AP-1 by enhancing DNA binding (Hirota
et al. 1999, Karimpour et al. 2002). Thioredoxin binds
directly to NF-kB p50, but interacts indirectly with AP-1
through Redox factor-1 (Ref-1) (Karimpour et al. 2002).
By contrast, thioredoxin suppresses degradation of the
NF-kB inhibitor IkB in the cytoplasm (Hirota et al.
1999). In mammalian cells, a variety of cytotoxic stresses,
including H2O2 and tumour necrosis factor-a (TNF-a),
activate the c-Jun N-terminal protein kinase family (JNK
MAPK) (Kamata and Hirata 1999, Barr and Bogoyevitch
2001). Apoptosis signal-regulating kinase (ASK) 1
is a MAP kinase kinase kinase (MAPKKK) that activates the JNK MAPK cascades (Ichijo et al. 1997).
Reduced, but not oxidized, thioredoxin binds directly
to the N-terminus of ASK1, inhibiting its kinase activity
as well as ASK1-dependent apoptosis (Saitoh et al.
1998).

Fig. 2. Potential routes by which ROS can influence gene expression. (ROS, reactive oxygen species; MAPK, mitogen-activated protein kinase;
MAPKK, MAPKkinase; MAPKKK, MAPKK kinase; TF, transcription factor, coTF, transcriptional cofactor).
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Plants have distinct chloroplastic, mitochondrial and
cytoplasmic redox regulatory systems (Jacquot et al.
2002b, Rouhier et al. 2002). In chloroplasts, the ironsulphur protein ferredoxin is photoreduced by photosystem I. The reducing power is transferred by ferredoxin
thioredoxin reductase to thioredoxin, which then interacts with target enzymes (Jacquot et al. 2002a). There are
distinct cytosolic and mitochondrial thioredoxins in
plants, and these are reduced by NADPH-dependent
thioredoxin reductases (Rouhier et al. 2002). The targets
of plant thioredoxins are just beginning to be identified
and are likely to include the same categories of proteins,
including enzymes, signalling proteins, and transcription
factors, that have been identified in mammalian cells.
Among the best-studied redox regulatory plant proteins
are several RNA-binding proteins that control the translation or stability of specific chloroplastic mRNAs in
response to light by way of the ferredoxin-thioredoxin
system (Danon 2002, Fedoroff 2002b).

Summary
This brief essay brings us to the conclusion that ROS and
redox regulation are far more integral to both intra- and
intercellular communication than was apparent even a
decade ago. Plant studies on ROS began with the detection of a bi-phasic oxidative burst in plants exposed to
pathogens (Doke 1983, Lamb and Dixon 1997). Today
we know that ROS production is a central aspect of how
plants defend themselves against pathogens and abiotic
stress, but we do not yet know in molecular detail how its
effects are translated into the biochemical and transcriptional changes that kill some cells, while reinforcing the
plant’s ability to withstand further stresses. We know, as
well, that the production of ROS is central to both ABAand auxin-mediated physiological responses (Pei et al.
2000; Joo et al. 2001; Murata et al. 2001; Rodriguez
et al. 2002). Many important and exciting questions
remain for future research. For example, what are the
direct protein targets oxidized by ROS and the indirect
targets regulated by association with the redox-regulated
primary targets? What transcription factors are redoxregulated and what are their target genes? What is the
spatial and temporal organization of the ROS and Ca12
signatures? That is, how are the redox- and Ca12-regulated proteins compartmentalized in cells and how do the
compartments communicate chemically to translate
external signals into changes in cell structure, viability,
and function?
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