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Research in the area of active oxygen species is going through
a reflective stage. There is controversy whether multiple
mechanisms for active oxygen species generation exist and
some data may need reassessing since the discovery of a role
for NO in defence responses. Important work concerning
upstream and downsteam signalling in this area is emerging,
and the stage is set for approaches utilising transgenic knock-
outs and mutants to resolve many questions.
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Abbreviations
AOS active oxygen species
CDPK calcium-dependent protein kinase
DPI diphenylene iodonium
HR hypersensitive response
JA jasmonic acid
MAPK(KK) mitogen-activated protein kinase (kinase kinase)
NO nitric oxide
NOS nitric oxide synthase
PCD programmed cell death
SA salicylic acid
SAR systemic acquired resistance
SIPK salicylate-induced protein kinase
WIPK wound-induced protein kinase

Introduction
Living systems have developed defence mechanisms that
utilise active oxygen species. Of these, the formation of
hydrogen peroxide, superoxide and possibly nitric oxide are
ubiquitous in plant systems. They are often formed as
byproducts of normal metabolism as a result of leaky elec-
tron transport systems, but it has also become apparent that
there is a rapid and deliberate production of these in
defence against pathogens. This review assesses the role of
active oxygen species (AOS) and nitric oxide (NO) in these
processes, but we need to be reminded pathogens have
evolved a battery of enzymes and also utilise antioxidants
and free radical scavengers to combat these. Plant
pathogens are not passive players and will be able to acti-
vate their defences in a molecular conflict that will result in
resistance or susceptibility of the host. Generation of AOS
is thought to be an early event that can fundamentally
influence the balance of the interaction between the plant
and pathogen. The area of research continues to be some-
what controversial, despite the impression given in a large
number of reviews, which have concentrated on one partic-
ular type of mechanism. However, besides these rather
focused treatments (e.g. [1,2,3•]), there are a smaller num-
ber of reviews that adopt a broader, more critical position

[4,5,6••]. Nevertheless, they are all worth consulting. The
present review is written on the premise that it is timely to
highlight areas where knowledge is not quite as incontro-
vertable as might be thought at first sight. There is actually
no universal agreement on the source of AOS or NO and
the signal transduction leading to their generation.
Furthermore, the physical and structural consequences of
AOS production are being reappraised, whereas the part
played by H2O2 and NO and their interaction in down-
stream signalling already appears complex.

Mechanisms for generation of active
oxygen species
There is still an ongoing debate about the identity of the
oxidative burst generator(s). If one accepts that plants are
the quintessential biochemists in evolving multiple path-
ways, then there would seem to be no problem in
accepting the existence of multiple systems for generation
of active oxygen species. Yet, when one reads the literature
in this area, one could be forgiven for believing that only
one mechanism exists and that it is analogous to the mam-
malian neutrophil NADPH oxidase. The original
definition of the oxidative burst in mammalian systems
was ‘sudden increase in the consumption of oxygen by
phagocytes that was resistant to inhibitors like azide and
cyanide’. Many systems where an oxidative burst has been
demonstrated in plants, have measured superoxide and
H2O2 production rather than oxygen uptake [6••] and
made assumptions about the source. However, assays for
AOS are currently being reassessed due to growing con-
cerns about their specificity [7–9]. Furthermore, reliance
on inhibitor studies to define mechanisms has been ques-
tioned recently in publications and correspondence
highlighting problems in the specificty of azide, cyanide
and DPI [9–13]. As a result, it would be very unwise to
base a hypothesis on ‘uninhibited use of inhibitors’ in this
area in future [11]. The concern about the specificity of
DPI also has an impact upon nitric oxide metabolism stud-
ies, as it is a potent inhibitor of nitric oxide synthase (NOS)
in mammalian systems. Thus, some of the involvement of
NO in plant–pathogen interactions may have been missed
previously as DPI has widely been assumed to be specific
for NADPH oxidase inhibition. No doubt these problems
will be resolved in due course, but it is sobering to reflect
that a disproportionate number of publications have
already relied heavily on inhibitor use to define the mech-
anism of AOS production.

Several sources are known to exist for the generation of
reactive oxygen species [5]. These include plasmamem-
brane localised NADPH and NADH oxidases, apoplastic
peroxidases, amine oxidases and oxalate oxidases and
protoplastic sources from mitochondria, chloroplasts and
peroxisomes. Of these systems, the neutrophil-like
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NADPH oxidase system has received most attention in
plant–pathogen interactions. Analogues of the mammalian
gp91phox have been cloned from rice [14], Arabidopsis
[15••,16••] (including inducible forms [17]), and parsley
(D Scheel, personal communication). The cognate protein
from Arabidopsis, ATRBOH, has a much larger amino-ter-
minus than the 69 kD apoprotein of the mammalian
gp91phox. This is followed by two EF hand motifs
involved in Ca2+ binding, and these lead to six transmem-
brane domains of which the third has a probable
haem-binding site. The FAD and NADPH adenine and
ribose binding sites are situated at the carboxy-terminus.
ATRBOH is a member of a superfamily of plasmamem-
brane flavocytochromes, some of which are involved in
iron uptake [18•]. The ferric chelate reductases (FROs)
and ATRBOHs fall into two separate clades in sequence
trees so there is probably no overlap in functionality
(NJ Robinson, personal communication).

The search for additional equivalent functional components
of the mammalian NADPH oxidase complex has fared less
well. This may be that the plant gp91phox carries regulato-
ry domains that are the function of separate subunits in the
mammalian complex. Plant equivalents of the mammalian
cytosolic components, p22phox, p47 and p67 have only
been demonstrated so far by cross-reactivity with antibodies
to the subunits of the mammalian complex [6••]. The most
meaningful of these studies demonstrated association of the
epitopes with membrane fractions following elicitation of
cultured tomato cells [19]. However, other studies have
failed to demonstrate such cross-reactivity and the use of
these antibodies to screen expression libraries have either
been negative or resulted in acquisition of cDNAs coding
for enzymes of known and unrelated functions [6••]. An
equivalent of the fourth cytosolic component, p21rac, has
been cloned, however [20•], and is potentially involved in
hydrogen peroxide production in differentiating xylem, a
comparative model with the hypersensitive response (HR)
for programmed cell death (PCD) in plants [21•].

Attempts have been made to understand NADPH oxidase
activation from biochemical studies. Plasmamembrane
NADPH oxidases have either been purified in an empirical
approach from rose [7], bean [22] and parsley with the
cloning of the cognate cDNA (D Scheel, personal commu-
nication), or in a directed way by using an antibody raised
against a conserved peptide of ATRBOH [15••]. Although
activation of NADPH oxidation by membranes can be
achieved by the addition of cytosolic factors from elicited
cells (E Blumwald, personal communication), reconstitution
of activity is still to be achieved. This approach is necessary
to understand the function of plant gp91phox, as it is unlike-
ly to be activated in exactly the same way as its mammalian
counterpart. Indeed, experiments involving complementa-
tion of mammalian cells deficient in gp91phox with the
plant protein have not yet resulted in restoration of function
(D Scheel, personal communication).

In some plant species, oxygen uptake in the burst is cyanide
sensitive and apoplastic peroxidases are thought to be a
direct source of AOS in these cases. Peroxidases have been
shown to generate hydrogen peroxide through a superoxide-
binding intermediate (designated compound III) that
requires neutral to alkaline pH and the presence of a suit-
able reductant [4,5,6••]. The basis for considering this to be
a valid mechanism for generating the oxidative burst
depends on the ability of particular isoforms to carry out this
reaction in vitro at pHs known to be achieved during extra-
cellular alkalinization in model systems. Added to this
evidence from cell culture systems, directed secretion of
peroxidase to infection sites has been demonstrated [23••].
Figure 1 shows the colocalisation of a peroxidase isoform
capable of generating hydrogen peroxide at pH7, together
with H2O2 detected by cerium chloride staining [24••] in a
bacterial infection site. The next stage in establishing a role
for peroxidase in AOS production needs a molecular
approach. Preliminary results from antisense-expression of
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Figure 1

Colocalisation of (a) the peroxidase responsible for the oxidative
burst in French bean and (b) hydrogen peroxide, as revealed by
cerium chloride staining at bacterial infection sites. B, bacteria; CW,
cell wall. Arrows indicate immunogold deposits detecting the
peroxidase in (a) and cerium chloride deposits in (b). For a fuller
treatment refer to [24••].

CW

CW

B

B

(a)

(b)

Current Opinion in Plant Biology



the French bean oxidative burst peroxidase in Arabidopsis
demonstrate an enhanced disease susceptibility (eds) pheno-
type (GP Bolwell and F Ausubel, unpublished data).

One outstanding problem with the apoplastic peroxidase
model is the nature of the reductant that is synthesised or
secreted into the wall. Particularly good reductants are thi-
ols: less so, ascorbate and NAD(P)H, although this may be
dependent on the particular peroxidase isoform [25]. There
are examples of these reductants in the apoplast and there
may be lack of specificity by relatively non-discriminatory
peroxidases. There may even be cases of a lack of a reduc-
tant where peroxidase can act as a superoxide generator
during the oxidative burst [26]. Attempts have been made to
identify the reductant when it appears in apoplastic fluid
during the response by HPLC separation and by GC- or
LC-MS/MS and by testing identified components in a lumi-
nol-based in vitro peroxidase assay. Surprisingly, the best
producers of hydrogen peroxide were saturated fatty acids
[27]. Further investigation has so far failed to detect fatty
acid oxidation products such as alkanes, although this would
have had intriguing implications for the growing awareness
of additional lipid signalling in plant–pathogen interactions.
There appears to be a requirement for phospholipases in the
generation of AOS and one of the eds mutants (eds1) appears
to be a lesion in a novel lipase [28•]. Could there be a new
generation of lipid signals waiting to be discovered?

Both NAD(P)H oxidase and peroxidase may function in the
interaction of some species with pathogens. Thus in cotton

leaves there are at least two AOS generating systems [26]. In
addition to an NADPH oxidase the involvement of peroxi-
dase was indicated by stimulation of activity by Mn2+ and 2,4
dichlorophenol [29,30••]. This method to demonstrate per-
oxidase involvement has been reported recently in soybean
roots [31]. It should be emphasised that there are multiple
mechanisms for AOS generation, and there may be more to
be found in specialised interactions such as oxalate oxidase
generation of H2O2 in cereal–pathogen interactions [5].

Mechanisms for generation of NO
The study of NO has had a stimulating history in animals
and is now a huge field — as anyone who has conducted an
electronic  literature search on nitric oxide will know! There
were 1500 papers in 1998 alone. Although much more in its
infancy, studies of NO in plants have recently received a big
boost and this has come from the pathogenesis area
[32••,33••]. However, as the evidence for the generation of
NO is circumstantial thus far, it is imperative that the source
is identified. In mammalian systems there are several nitric
oxide synthases, which have haem-thiolate spectra like
cytochrome P450 and require NADPH, FAD, FMN and
tetrahydrobiopterin. Biochemical studies and partial purifi-
cation of plant NOS indicate it may be closest to the iNOS
isoform (J Barroso, Abstract p54, Society of Free Radicle
Research, Granada, Spain, December 17–19 1998).
However, data base searches have not yet to identified a
plant homologue of mammalian NOS. If a plant NOS is not
found there are alternative sources related to nitrate and
nitrite metabolism (e.g. through the activity of NAD(P)H
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Figure 2

Models for the activation of (a) the apoplastic
peroxidase dependent oxidative burst as found
in French bean cells [27] and (b) the NADPH
oxidase-dependent oxidative burst as thought to
occur in a number of systems [1,2,3•]. In both
cases receptor–ligand interactions are coupled
through G-proteins either directly or via
adenylate cyclase to open the ion channels. In
(a) potassium and proton fluxes bring about the
extracellular alkalinisation required. The calcium
influx may be related through a CDPK to
secretion of the reductant in cells or both
peroxidase and reductant at infection sites
[23••]. The reductant or substrate is oxidized
directly to H2O2. In (b) gp91phox is activated
either directly by Ca2+ or by PKC or CDPK with
the participation of p21Rac. NADPH is used to
generate superoxide which dismutates to H2O2.
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nitrate reductase or through non-enzymatic reduction of
nitrite). The challenge would then be to understand their
activation. There have been sporadic reports of the occur-
rence of NO in stress metabolism [34–36], but it took the
two ground-breaking publications [32••,33••] to stimulate
enormous interest in this area [37,38•]. These studies —

using inhibitors of NO generation and observing the
consequences of exogenous NO generating systems — have
been instrumental in establishing a role for NO in
plant–pathogen interactions [32••,33••]. This was particular-
ly exciting as NO may be responsible for some of the roles
previously ascribed dubiously to AOS.

Signalling leading to the generation of AOS
Although early events in R-gene-mediated responses and
other elicitor–receptor based systems are discussed in
other articles in this issue, it is important to elucidate
which ion-fluxes, protein kinases and phospholipases may
be involved in activating the oxidative burst to derive a
model (Figure 2). Both the NADPH oxidase system and
the apoplastic peroxidase system are coupled to the calci-
um influx, which is a universal feature of elicitor
treatments (e.g. [39]), and has now been demonstrated in
fungal–plant cell interactions [40•]. ATRBOH has Ca2+

binding sites, which could serve for direct activation, and
apoplastic peroxidases require Ca2+ for optimal activity.
The gp91phox has also been considered a target for kinase
action linked to Ca2+ fluxes [3•]. It has been postulated
that the mammalian NADPH oxidase is activated by a pro-
tein kinase C PKC mediated phosphorylation of p47 and
p67. A functional homologue of PKC involved in elicitor
action in potato has been described [41]. However, PKC
inhibitors had no effect on the oxidative burst in tobacco
cells transformed with the Cf9 gene and elicited with the
Avr9 gene product [42•]. Calcium-dependent protein
kinases (CDPKs) have been implicated in stress responses
[43] and a role for a CDPK in the oxidative burst has been
postulated [3•] without direct evidence thus far. The pos-
sibility of MAP kinase activation of gp91phox has been
eliminated [44••], although the involvement of these
kinases in orchestrating pathogen-related stress responses
in general is becoming very apparent [45,46]. Pto is a very
well studied kinase that may act immediately down-stream
of R gene–avr gene product interaction. Over-expression of
Pto in tomato plants results in a phenotype that has all the
hallmarks of affecting the oxidative burst as PCD, induc-
tion of pathogenesis related genes, and salicylate
accumulation all resemble some of the down-stream
effects of AOS production discussed below [47•].
However, no direct connection between Pto and the AOS
generating systems has been established yet.

Proton fluxes are also ubiquitous in elicitor systems and
seem to be inward except in one case [3•]. Extracellular
alkalinization is obligatory for the apoplastic oxidative burst
[48]. Alkalinization is also seen in the response to systemin,
the wound signal, although systemin itself only potentiates
the oxidative burst [49]. The parallel cytoplasmic acidification

can activate gene expression including that of genes
involved in phytoalexin production [50•,51]. Potassium
fluxes also appear to be outward, contribute to pH changes,
but are not necessarily coupled to proton exchange. What
couples receptor–ligand interaction to this opening of ion
channels is rather speculative, although other systems have
pointed to G-proteins, cyclic nucleotides such as cAMP and
cGMP [52•] and protein kinase activation. The apoplastic
oxidative burst can be potentiated considerably in French
bean cells by forskolin, the adenylate cyclase activator, indi-
cating that cAMP may open potassium channels in
response to elicitor also. Furthermore, the appearance of
the third component, the substrate in the apoplast may be
dependent upon secretion, and we have shown activation
of CDPKs by elicitors in bean cells [27]. This CDPK phos-
phorylates both phenylalanine ammonia-lyase and actin
depolymerising factor [53]. The latter is down-regulated by
phosphorylation, but it remains to be shown if this is impor-
tant for cytoskeletal rearrangement and directed secretion
to infection sites in vivo [23••,27].

Phospholipases are involved in the activation of the mam-
malian NADPH oxidase, and equivalent roles have been
searched for in the plant oxidative burst. Phospholipase D  is
particularly significant in redox changes in animal cells, but no
evidence was found for similar role in plants [54]. However,
inhibitors of phospholipase A2 did have an effect on the
oxidative burst in the Cf9/avr9 interaction [42•] and the role
of phospholipases probably deserves further investigation.

Role of active oxygen species
A number of possible roles for AOS have been proposed:
direct killing of pathogens, involvement in structural changes
in the cell wall, promotion of PCD of host cells in the HR,
and induction of defence gene expression [2]. One obvious
consideration is an antimicrobial effect restricting growth or
resulting in killing of the pathogen. Surprisingly, there is lit-
tle conclusive available evidence for the latter. However,
constitutive expression of a glucose oxidase of fungal origin
[55,56•], over-expression of Pto [47•] and mutant forms of
calmodulin [57•] and antisense knock outs of catalase expres-
sion [58•] leading to enhanced AOS production, have been
shown to restrict growth of bacterial pathogens. However,
the question of active killing remains unresolved [59].

What is indisputable, however, is a role in oxidation of host
proteins with resultant effects on pathogens. One effect is
cross-linking of a subset of proteins and seems to be confined
to O-glycosylated glycoproteins, in particular those contain-
ing hydroxyproline [2,5]. These targets have been identified
in a number of systems by antibody cross-reactivity and
direct sequence identification. More recently cross-linking
has been completely reconstituted in vitro, using compo-
nents isolated from cell walls and under conditions where the
apoplastic peroxidase is able to generate H2O2 without hav-
ing to add it [60]. In plants, this process is integral to papilla
formation and cross-linked proteins have been demonstrated
by staining [61] and immunolocalisation [24••]. Papillae seen
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in fungal infections are constructed of cross-linked proteins
and phenolics together with callose, and serve to immobilise
fungal hyphae penetrating the wall. Resistant responses to
bacterial pathogens also involve paramural deposits that can
be extensive. Isolating bacterial colonies in this way allows
sealing off of an infection site by cell wall and suberin depo-
sition by living cells surrounding the HR.

A second target for killing would be the host cells that
expire during the hypersensitive response [21•]. A few
comments are pertinent in the context of this review.
There is now ample evidence that this form of PCD can be
uncoupled from AOS production, and a number of elicita-
tion systems generate AOS without cell death [21•,42•].
Hypersenstive cell death seems to be coupled to cysteine
protease expression, as in other forms of PCD [21•]. It is
intriguing that serine protease inhibitors potentiate the
oxidative burst [62], although serine proteases are also
involved in developmental cell death [63]. NO seems to be
the more important player in PCD [21•,32••,33••].
Exogenous generation of NO together with AOS synergis-
tically promotes cell death [32••]. This introduces the
possibility of the formation of peroxynitrite from the reac-
tion of NO and superoxide and it may turn out in the
future that this compound is a potent player in plants too.
Some of the biochemical and toxicological effects of NO
are now thought to occur through peroxynitrite and its
reactions to form nitrotyrosine in proteins, and this reac-
tion leads to changes in the internal redox status and
promotion of apotosis through the activation of transcrip-
tion factors. There is good evidence that both AOS and
NO are signals for transcriptional activation.

Involvement of hydrogen peroxide and NO in
downstream signalling
Many of the effects of AOS are probably localised.
However, systemic responses can give rise to distant gen-
eration of AOS [64•]. This has engendered interest in
possible reactive oxygen intermediates as participants in
systemic acquired resistance. Hydrogen peroxide is
thought to be the more important AOS species involved in
down-stream signalling, but links between its generation
and the main systemic signals — SA, jasmonate and ethyl-
ene [65••] — are yet to be established.

H2O2 itself has been implicated as a signalling molecule.
These considerations arrive from defence gene activation by
administration of H2O2 or constitutive production in trans-
genic plants. Transcriptional activation of genes such as
glutathione-S-transferase, and phenylalanine ammonia lyase
(PAL) by H2O2 has been well-documented [2], and to this
the involvement of NO [32••,33••] can now be added. H2O2
can activate MAP kinase cascades in Arabidopsis protoplasts
and the target MAP kinase is equivalent to tobacco WIPK
(Y Kovtun and J Sheen, personal communication). H2O2
could activate MAPK by direct action on MAPKKK, but it
is important to note that RAC protein can activate MAP
kinases and NADPH oxidase simultaneously in mammalian

systems. H2O2 can also affect Ca2+ mobilisation. The induc-
tion of PAL by H2O2 is important. PAL is probably the first
enzyme in SA biosynthesis, so elevated levels of H2O2 also
function through salicylate [64•,66•,67•,68] in an ‘agonist-
dependent gain control that amplifies pathogen signal’ — a
very neat concept that links AOS to SAR [69]. SA itself also
acts through kinase-stimulation; SIPK is another MAP
kinase [67•].

Involvement of AOS in SAR throws open one intriguing
question as to the relationship to lipid-based signals, as the
jasmonate pathway involving allene oxide synthase and
lipoxygenase is antagonistic to the SA pathway ([65••];
C Lamb, personal communication). However, AOS pro-
duction is bound to lead to some lipid oxidation. It has
recently emerged that alkanes can act as signalling mole-
cules [70•] and a number of novel lipid oxidizing systems
are emerging [71]. It may be that there are other potential
lipid-based signalling pathways waiting to be discovered.

Besides possible synergy with AOS, NO has defined tar-
gets of its own. Thus the data from plants so far is
consistent with an interaction with G-proteins leading to
generation of cGMP and cyclic ADP ribose as second mes-
sengers [33••]. This study of NO effects has now been
extended to identifying the targets down stream such as
aconitase, a major target for NO toxicity in animal systems
(D Klessig, personal communication). Other signalling
functions for NO are possible. Work in the medical field,
interestingly, shows that anti-inflamatories such as salicy-
late down regulate NO synthesis. It would be intriguing if
SA worked as a feed-back inhibitor of NO synthesis in
plants. Shutting down of defence responses outside hyper-
sensitive lesions is a neglected area and has only been
touched upon [21•]. This may also involve kinases [72].
With NO and possibly peroxynitrite, we may be seeing fur-
ther convergence of eukaryotic defence mechanisms with
just enough flavour unique to plants.

Conclusions
There are clearly a number of areas of fundamental impor-
tance where our knowledge is lacking. This paticularly
concerns the generation of superoxide, H2O2 and NO, where
no one mechanism has been unequivocably proven to oper-
ate in plant cells. This lack of molecular targets hampers
understanding signal transduction upstream, and although
the phamacological approach offers tantalising insights of
how ligand–receptor interactions may be linked to the gen-
eration of AOS and NO, we probably need to identify more
mutants compromised in the oxidative burst to advance in
this area. Generation of transgenic plants also promises
much. We await with some excitement the results of knock-
outs of ATRBOH. Already insertion mutants have been
identified in all six Atrboh genes which necessitates a six-fold
knockout to deduce a phenotype (JDG Jones, personal com-
munication). Likewise, the evidence is good for peroxidases
but necessitates targetting the correct peroxidase isoform for
down-regulation. Identifying the reductant continues to be a
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problem. We also have a long way to go to identify the NO-
generating system. The area of down-stream signalling is
going through an exciting phase with understanding inter-
play between SA, JA and ethylene. The evidence as to what
extent the generation of these signals is dependent upon
AOS, NO and peroxynitrite looks promising. However,
although the targets for NO are probably already known we
still do not know the mode of action of H2O2.

Acknowledgements
This review was compiled and written when the author was visiting Professor
of Genetics in the laboratory of one of the editors of this issue, Professor Fred
Ausubel. The author is grateful for the many stimulating hours spent with his
group. The author is also grateful to the insights shared by correspondence
with many workers in this field and apologies for not having the space to
name them all. I thank Mary Wildermuth for preparing the figures.

References and recommended reading
Papers of particular interest, published within the annual period of review,
have been highlighted as:

• of special interest
••of outstanding interest

1. Doke N, Miura Y, Sanchez LM, Park HJ, Noritake T, Yoshioka H,
Kawakita K: The oxidative burst protects plants against pathogen
attack: mechanism and role as an emergency signal for plant bio-
defence — a review. Gene 1996, 179:45-51.

2. Lamb CJ, Dixon RA: The oxidative burst in plant disease resistance.
Annu Rev Plant Physiol Plant Mol Biol 1997, 48:251-275.

3. Blumwald E, Aharon GS, Lam BC-H: Early signal transduction
• pathways in plant-pathogen interactions. Trends Plant Sci 1998,

3:342-345.
This review presents an intriguing model of how the NADPH oxidase might
be activated during early events following pathogen recognition.

4. Wojtaszek P: Oxidative burst: an early plant response to pathogen
infection. Biochem J 1997, 322:681-692.

5. Bolwell GP, Wojtaszek P: Mechanisms for the generation of
reactive oxygen species in plant defence — a broad perspective.
Physiol Mol Plant Pathol 1997, 51:347-366.

6. Murphy TM, Asard H, Cross AR: Possible sources of reactive
•• oxygen during the oxidative burst in plants. In Plasma membrane

redox systems and their role in biological stress and disease. Edited by
Asard H, Berczi A. Dordrecht: Kluwer Academic Press; 1998:215-246.

This review, although a book chapter, gives a balanced and comprehensive
critique of the biochemistry of AOS production during the oxidative burst.

7. Murphy TM, Vu H, Nguyen T: The superoxide synthases of rose
cells — comparison of assays. Plant Physiol 1998, 117:1301-1305.

8. Able AJ, Guest DI, Sutherland MW: Use of a new tetrazolium-based
assay to study the production of superoxide radicals by tobacco
cell cultures challenged with avirulent zoospores of Phytophthora
parasitica var. nicotianae. Plant Physiol 1998, 117:491-499.

9. Bolwell GP, Davies DR, Gerrish C, Auh C-K, Murphy TM:
Comparative biochemistry of the oxidative burst produced by
rose and French bean cells reveals two distinct mechanisms.
Plant Physiol 1998, 116:1379-1385.

10. Ros Barcelo AR: Use and misuse of peroxidase inhibitors. Trends
Plant Sci 1998, 3:418.

11. Bestwick C, Bolwell P, Mansfield J, Nicole M, Wojtaszek P:
Generation of the oxidative burst — scavenging for the truth.
Trends Plant Sci 1999, 3:88-89.

12. Baker CJ, Deahl K, Domek J, Orlandi EW: Oxygen metabolism in
plant/bacterial interactions: effect of DPI on the pseudo-NAD(P)H
oxidase activity of peroxidase. Biochem Biophys Res Comm 1998,
252:461-464.

13. Frahry G, Schopfer P: Inhibition of the O2-reducing activity of
horseradish peroxidase by diphenylene iodonium. Phytochem
1998, 48:223-227.

14. Groom QJ, Torres MA, Fordham-Skelton P, Hammond-Kosak KE,
Robinson NJ, Jones JDG: RbohA, a rice homologue of the mammalian
pg91phox respiratory burst oxidase gene. Plant J 1996, 10:515-522.

15. Keller T, Damude HG, Werner D, Doerner P, Dixon RA, Lamb C: A
•• plant homolog of the neutrophil NADPH-oxidase gp 91phox

subunit gene encodes a plasma membrane protein with Ca2+

binding motifs. Plant Cell 1998, 10:255-266.
A simultaneous report to [16••] of the cloning of the plant gp91phox from
Arabidopsis. It includes a detailed comparison of the domain structure of the
plant and animal NADPH oxidases and highlights differences.

16. Torres MA, Onuchi H, Hamada S, Machida C, Hammond-Kosak KE,
•• Jones JDG: Six Arabidopsis thaliana homologues of the human

respiratory burst oxidase (gp91-phox). Plant J 1998, 14:365-370.
Contains less analysis of domain structure than [15••], but extends the
knowledge of the gene family and sets up future mutagenesis and transgenic
analysis of the function of these proteins.

17. Desikan R, Burnett EC, Hancock JT, Neill SJ: Harpin and hydrogen
peroxide induce the expression of a homologue of gp91-phox in
Arabidopsis thaliana suspension cultures. J Exptl Bot 1998,
49:1767-1771.

18. Robinson NJ, Procter CM, Connolly EL, Guerinot ML: A ferric-chelate
• reductase for iron uptake from soils. Nature 1999, 397:694-697.
An intriguing paper, important in its own field, which extends knowledge of
the related members of the superfamily.

19. Xing T, Higgins VJ, Blumwald E: Race-specific elicitors of
Cladosporium fulvum promote translication of cytosolic
components of NADPH oxidase to the plasma membrane of
tomato cells. Plant Cell 1997, 9:249-259.

20. Potikha TS, Collins CC, Johnson DI, Delmer DP, Levine A: The
• involvement of hydrogen peroxide in the differentiation of

secondary walls in cotton fibres. Plant Physiol 1999, 119:849-858.
Although not a paper on plant–pathogen interactions, it does give evidence
from transgenic plants that RAC is involved in activation of NADPH oxidase.

21. Richberg MH, Aviv DH, Dangl JL: Dead cells do tell tales. Curr Opin
• Plant Biol 1998, 1:480-485.
An excellent review that describes the importance of PCD in the HR and the
mechanisms leading to it.

22. Van Gestelen P, Asard H, Caubergs RJ: Solubilization and separation
of a plant plasma membrane NADPH-O2

– synthase from other
NAD(P)H oxidoreductases. Plant Physiol 1997, 115:543-550. 

23. McLusky SR, Bennett MH, Beale MH, Lewis MJ, Gaskin P, 
•• Mansfield JW: Cell wall alterations and localized accumulation of

feruloyl-3¢-methoxytyramine in onion epidermis at sites of
attempted penetration by Botrytis allii are associated with actin
polarisation, peroxidase activity and suppression of flavonoid
biosynthesis. Plant J 1999, 17:523-534.

Elegant demonstration in a monocot of the dynamics of the involvement of
peroxidase in papilla formation and how it is secreted to the probable site of
an oxidative burst.

24. Brown I, Trethowan J, Kerry M, Mansfield J, Bolwell GP: Localization
•• of components of the oxidative cross-linking of glycoproteins and

of callose synthesis in papillae formed during the interaction
between non-pathogenic strains of Xanthomonas campestris and
French bean mesophyll cells. Plant J 1998, 15:333-343.

This paper gives good circumstantial evidence for the peroxidase dependent
oxidative burst by colocalisation of the isoform responsible and hydrogen
peroxide at infection sites.

25. Bolwell GP, Butt VS, Davies DR, Zimmerlin A: The origin of the
oxidative burst in plants. Free Rad Res 1995, 23:517-532.

26. Martinez C, Montillet JL, Bresson E, Agnel JP, Dai GH, Daniel JF,
Geiger JP, Nicole M: Apoplastic peroxidase generates superoxide
anions in cells of cotton cotyledons undergoing the
hypersensitive reaction to Xanthomonas campestris pv
malvacearum Race 18. Mol Plant–Microbe Int 1998, 11:1038-1047.

27. Bolwell GP, Davies DR, Butt VS, Gerrish C, Minibayeva F, Blee K,
Rowntree EG, Wojtaszek P, Gardner SL: The origin of the apoplastic
oxidative burst in plants. Free Rad Res 1999, in press.

28. Falk A, Feys BJ, Frost LN, Jones JDG, Daniels MJ, Parker JE: EDS1,
• an essential component of R gene-mediated disease resistance

in Arabidopsis has homology to eukarytic lipases. Proc Natl Acad
Sci USA 1999, 96:3292-3297.

Of special interest in other contexts, this work may prove to be important in
the context of the oxidative burst, as any release of lipids would expose them
to AOS and the possible production of novel oxidized lipid signals.

292 Biotic interactions



29. Bestwick CS, Brown IR, Bennett MH, Mansfield JW: Localization of
hydrogen peroxide accumulation during the hypersensitive reaction
of lettuce cells to Pseudomonas syringae pv phaseolicola. Plant Cell
1997, 9:209-221.

30. Bestwick CS, Brown IR, Mansfield JW: Localized changes in
•• peroxidase activity accompany hydrogen peroxide generation

during the development of a nonhost hypersensitive reaction in
lettuce. Plant Physiol 1998, 118:1067-1078. 

With [23••] and [24••] gives further support to a peroxidase dependent
oxidative burst in three diverse species.

31. Frahry G, Schopfer P: Hydrogen peroxide production by roots and its
stimulation by exogenous NADH. Physiol Plant 1998, 103:395-404.

32. Delledonne M, Xia Y, Dixon RA, Lamb CJ: Nitric oxide functions as a
•• signal in plant disease resistance. Nature 1998, 394:585-588.
Together with [33••] is responsible for opening up a whole new field in sig-
nalling in plant pathogen inteactions. Although there have been sporadic
reports of NO signalling in plants these two contributions will be looked
upon as the seminal papers in this area. Both papers use a wide range of
evidence to establish a role for NO and only stop short of identifying its for-
mation from an endogenous source.

33. Durner J, Wendehenne D, Klessig DF: Defense gene induction in
•• tobacco by nitric oxide, cyclic GMP and cyclic ADP ribose. Proc

Natl Acad Sci USA 1998, 95:10328-10333.
See annotation for [32••].

34. Leshem YY, Willis RBH, Ku VV-V: Evidence for the function of the
free radical gas — nitric oxide (NO) — as an endogenous
maturation and senescence regulating factor in higher plants.
Plant Physiol Biochem 1998, 36:825-833.

35. Cueto M, Hernandez-Perera O, Martin R, Bentura ML, Rodrigo J,
Lamas S, Golvano MP: Presence of nitric oxide synthase activity in
roots and nodules of Lupinus albus. FEBS Letts 1996, 398:159-164.

36. Mathieu C, Moreau S, Frendo P, Puppo A, Davies MJ: Direct detection of
radicals in intact soybean nodules: presence of nitric oxide-
leghaemoglobin complexes. Free Rad Biol Med 1998, 24:1242-1249. 

37. Dangl J: Plants just say NO to pathogens. Nature, 1998,
394:525-526.

•38. Hausladen A, Stamler JS: Nitric oxide in plant immunity. Proc Natl
Acad Sci USA 1998, 95:10345-10347.

A very nice, informative review from real experts in the animal field that puts
the contributions of [32••, 33••] in a wider context.

39. Chandra S, Stennis M, Low PS: Measurement of Ca2+ fluxes during
elicitation of an oxidative burst in aequorin-transformed tobacco
cells. J Biol Chem 1997, 272:28274-28280.

40. Xu H, Heath MC: Role of calcium in signal transduction during the
• hypersensitive response caused by basidiospore-derived

infection of the cowpea rust fungus. Plant Cell 1998, 10:585-598.
Excellent proof of calcium fluxes occurring in an actual plant–pathogen
interaction.

41 Subramaniam R, Despres C, Brisson N: A functional homolog of
mammalian protein kinase C participates in the elicitor-induced
defense response in potato. Plant Cell 1997, 9:653-664.

42. Piedras P, Hammond-Kosack KE, Harrison K, Jones JDG: Rapid, Cf9
• and Avr-dependent production of active oxygen species in tobacco

suspension cultures. Mol Plant–Micro Interact 1998, 11:1155-1166.
Not only a paper describing a new model system with defined interacting
components, but also a very informative and comprehensive comparative
review of this system with other cell culture systems.

43. Sheen J: Ca2+-dependent protein kinase and stress signal
transduction. Science 1996, 274:1900-1902.

44. Romeis T, Piedras P, Zhang S, Klessig DF, Hirt H, Jones JDG: Rapid
•• Avr-9- and Cf-9–dependent activation of MAP kinases in tobacco

cell cultures and leaves. Convergence of resistance gene, elicitor,
wound and salicylate responses. Plant Cell 1999, 11:273-288.

Although a negative paper with respect to involvement in the activation of the
oxidative burst, it places MAP kinase activation in the signalling networks.
There may still be a link to be found upstream.

45. Ligterink W, Kroj T, zur Nieden U, Hirt H, Scheel D: Receptor-
mediated activation of a MAP kinase in pathogen defense of
plants. Science 1997, 276:2054-2057.

46. Zhang S, Klessig DF: Resistance gene N-mediated de novo
synthesis an activation of a tobacco mitogen-activated protein
kinase by tobacco mosaic virus infection. Proc Natl Acad Sci USA
1998, 95:7433-7438.

47. Tang X, Xie M, Kim YJ, Zhou J, Klessig DF, Martin GB:
• Overexpression of Pto activates defense responses and confers

broad resistance. Plant Cell 1999, 11:15-30.
Together with [55,56•–58•], demonstrates that a number of transgenic sys-
tems can lead to inhibition of pathogen growth — probably as a result of con-
stitutive over-production of AOS.

48. Schaller A, Oecking C: Modulation of plasma membrane H+-
ATPase activity differentially activates wound and pathogen
defence responses in tomato plants. Plant Cell 1999; 11:263-272.

49. Stennis MJ, Chandra S, Ryan CA, Low PS: Systemin potentiates the
oxidative burst in cultured tomato cells. Plant Physiol 1998,
117:1031-1036.

50. Roos W, Evers S, Hieke M, Tschope M, Schumann B: Shifts of
• intracellular pH distribution as a part of the signal mechanism

leading to elicitation of benzophenanthridine alkaloids. Plant
Physiol 1999, 118:349-364.

This work shows real-time pH changes in elicited cells. Apoplastic alkalin-
ization is an essential of the peroxidase-dependent oxidative burst.

51. He D-Y, Yazaki Y, Nishizawa Y, Takai R, Yamada K, Sakano K, Shibuya
N, Minami E: Gene activation by cytoplasmic acidification in
suspension-cultured rice cells in response to the potent elicitor, N-
acetylchitoheptose. Mol Plant Micro Interact 1998, 12:1167-1174.

52. Volotovski ID, Sokolovski SG, Molchan OV, Knight MR: Second
• messengers mediate increases in cytosolic calcium in tobacco

protoplasts. Plant Physiol 1998, 117:1023-1030.
Though not a pathogen related paper, it does strengthen the idea that cyclic
nucleotides can open ion channels.

53. Smertenko AP, Jiang C-J, Simmons NJ, Weeds AG, Davies DR,
Hussey PJ: Ser6 in the maize actin-depolymerisation factor
ZmADF3 is phosphorylated by a calcium-stimulated protein
kinase and is essential for the control of functional activity. Plant J
1998, 14:187-193.

54. Schroeder-Taylor AT, Low PS: Phospholipase D involvement in the
plant oxidative burst. Biochem Biophys Res Comm 1997, 237:10-15.

55. Wu G, Shortt BJ, Lawrence EB, Leon J, Fitzsimmons KC, Levine EB,
Raskin I, Shah DM: Activation of host defense mechanisms by
elevated production of H2O2 in transgenic plants. Plant Physiol
1997, 115:427-435.

56. Kazan K, Murray FR, Goulter KC, Llewellyn DJ, Manners JM: Induction
• of cell death in transgenic plants expressing a fungal glucose

oxidase. Mol Plant–Micro Interact 1998, 11:555-562. 
See annotation for [47•].

57. Harding SA, Roberts DM: Incompatable pathogen infection results
• in enhanced reactive oxygen and cell death responses in

transgenic tobacco expressing a hyperactive mutant calmodulin.
Planta 1998, 206:253-258.

See annotation for [47•].

58. Chamnongpol S, Willekens H, Moeder W, Langebartels C,
• Sandermann H, Van Montagu M, Inze D, Van Camp W: Defense

activation and enhanced pathogen tolerance induced by H2O2 in
transgenic tobacco. Proc Natl Acad Sci USA 1998, 95:5818-5823.

See annotation for [47•].

59. Baker CJ, Orlandi EW, Anderson AJ: Oxygen metabolism in plant
cell culture/bacteria interactions: role of bacterial concentration
and H2O2 — scavenging in survival under biological and artificial
oxidative stress. Physiol Mol Plant Pathol 1997, 51:401-415.

60. Wojtaszek P, Trethowan JB, Bolwell GP: Reconstitution in vitro of
the components and conditions required for the oxidative cross-
linking of extracellular proteins in French bean (Phaseolus
vulgaris L). FEBS Letts 1997, 405:95-98.

61. Thordal-Christensen H, Zhang Z, Wei Y, Collinge DB: Subcellular
localization of H2O2 in plants. H2O2 accumulation in papillae and
hypersensitive response during the barley-powdery mildew
interaction. Plant J 1997, 11:1187-1194.

62. Guo Z-J, Lamb CJ, Dixon RA: Potentiation of the oxidative burst and
isoflavonoid phytoalexin accumulation by serine protease
inhibitors. Plant Physiol 1998, 118:1487-1494.

63. Groover A, Jones AM: Tracheary element differentiation uses a
novel mechanism coordinating programmed cell death and
secondary cell wall synthesis. Plant Physiol 1999, 119:375-384.

Role of active oxygen species and NO in plant defence responses Bolwell    293



64. Alvarez ME, Pennell RI, Meijer P-J, Ishikawa A, Dixon RA, Lamb CJ:
• Reactive oxygen intermediates mediate a systemic signal network

in the establishment of plant immunity. Cell 1998, 92:773-784.
Besides the oxidative burst at the site of infection, the authors show spec-
tacularly the induction of microbursts in vascular tissue areas at a distance
during SAR. 

65. Dong X: SA JA, ethylene and disease resistance in plants. Curr
•• Opin Plant Biol 1998, 1:316-323.
An excellent review, which integrates pathways by interpreting the complex
evidence from study of mutants.

66. Van Camp W, Van Montagu M, Inze D: H2O2 and NO: redox signals
• in disease resistance. Trends Plant Sci 1998, 3:330-334.
Interprets the evidence for AOS and NO in activating down-stream events in
plant–pathogen interactions including SAR and cell death.

67. Zhang S, Klessig DF: The tobacco wounding activated mitogen
• activated protein kinase is encoded by SIPK. Proc Natl Acad Sci

USA 1998, 95:7225-7230.
An important paper that identifies MAP kinase cascades as targets for sali-
cylate activation.

68. Zhang S, Du H, Klessig DF: Activation of the tobacco SIP kinase by
both a cell wall-derived carbohydrate elicitor and a purified

proteinaceous elicitin from Phytophthora spp. Plant Cell 1998,
10:435-450.

69. Shirasu K, Nakajima H, Rajasekhar VK, Dixon RA, Lamb C: Salicylic
acid potentiates an agonist-dependent gain control that amplifies
pathogen signals in the activation of defense mechanisms. Plant
Cell 1997, 9:261-270.

70. Fauth M, Schweizer P, Buchala A, Markstadter C, Riederer M, Kato T,
• Kauss H: Cutin monomers and surface wax components elicit

H2O2 in conditioned cucumber hopocotyl segments and
enhance the activity of other H2O2 elicitors. Plant Physiol 1998,
117:1373-1380.

An interesting paper that may form the basis of a whole family of new lipid
signal molecules in plant–pathogen interactions.

71. Sanz A, Moreno JI, Castresana C: PIOX, a new pathogen induced
oxygenase with homology to animal cyclooxygenase. Plant Cell
1998, 10:1523-1537.

72. He ZH, He D, Kohorn BD: Requirement for the induced expression
of a cell wall associated receptor kinase for survival during the
pathogen response. Plant J 1998, 14:55-63.

294 Biotic interactions


	Role of active oxygen species and NO in plant defence responses
	Introduction
	Mechanisms for generation of active oxygen species
	Mechanisms for generation of NO
	Signalling leading to the generation of AOS
	Role of active oxygen species
	Involvement of hydrogen peroxide and NO in downstream signalling
	Conclusions
	Acknowledgements
	References and recommended reading

	Figures
	Figure 1
	Figure 2


