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Abstract

Plant resistance to pathogens requires the activation of complex metabolic pathways in the infected cells, aimed at recognizing pathogen
presence and hindering its propagation within plant tissues. In spite of this both compatible and incompatible responses induce alterations in
plant metabolism, only in the latter the plant is able to efficiently block pathogen penetration without suffering excessive damage. One of the
most studied incompatible responses is based on the hypersensitive response (HR), in which cells surrounding the site of pathogen penetration
switch on genes encoding for phytoalexin synthesis and other pathogenesis related proteins before activating programmed cell death (PCD).
The production of reactive oxygen species (ROS) is a key event in HR. Several enzymatic systems have been proposed to be responsible for
the oxidative burst characterizing HR. In this review, the involvement of antioxidant redox systems, in particular those related to ascorbate
(ASC) and glutathione (GSH), in activating both compatible and incompatible plant responses is analysed. Increasing lines of evidence
indicate that alterations in the levels and/or redox state of ASC and/or GSH, as well as in the activity of their redox enzymes, occur during the
HR programme. These alterations do not seem to be a mere consequence of the oxidative stress induced by the massive ROS production, but
they are induced as part of the transduction pathways triggering defence responses and PCD. The possibility that ASC and GSH systems are
links in a redox signalling chain activating defence strategies is also discussed.
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1. Introduction

Plants have developed elaborate mechanisms to defend
themselves against attack by pathogens such as bacteria,
viruses, invertebrates and even other plants. Only a small
number of pathogens are able to provoke disease in a certain
species or cultivar (compatible response), whereas most po-
tential aggressors are recognised and blocked in their pen-
etration by plant defences (incompatible response). Plants
possess physical barriers, such as the cuticle and cell wall and
a number of biological and molecular mechanisms to coun-
teract pathogen attacks. Some defences, such as secondary

metabolites, are constitutive and located in specific cell com-
partments ready to be utilised against attack. A sophisticated
sensory system enables plants to perceive chemical signals
from potential pathogens and to translate them into appropri-
ate biochemical responses. In most incompatible responses
the rapid induction of highly localised events determines
unfavourable conditions for pathogen growth. This defence
response culminates in a localised cell death, called hyper-
sensitive response (HR), designed to impair pathogen spread.
In addition, systemic acquired resistance to subsequent at-
tack by normally virulent pathogens develops throughout the
rest of the plant. In the last decades the interest for improving
the resistance of agronomic plants to phytopathogens has
greatly stimulated research aimed at the identification of
molecular signals produced in plant–pathogen interaction as
well as the steps required for the activation of defence
mechanisms. It has been reported that biotic and abiotic
stresses often affect the same metabolic pathways. Ozone
induces the formation of necrotic spots in the fumigated
leaves which have the same characteristics of HR[80]. More-
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over, an alteration in reactive oxygen species (ROS) scaven-
ger enzymes occurs both under abiotic and biotic stress
conditions [58].

2. ROS scavenging machinery in plant cells

In plant cells, enzymes and redox metabolites act in syn-
ergy to carry out ROS detoxification. SOD catalyses the
dismutation of O2

– to H2O2, catalase (CAT) dismutates H2O2

to oxygen and water, and ascorbate peroxidase (APX) re-
duces H2O2 to water by utilising ascorbate (ASC) as specific
electron donor. These are considered the main enzymatic
systems for protecting cells against oxidative damage. These
enzymes are present with different isoenzymatic forms in
several cell compartments and their expression is genetically
controlled and regulated both by developmental and environ-
mental stimuli, according to the necessity to remove ROS
produced in cells [26,63,73]. The balance between SOD and
APX or CAT activities in cells is crucial for determining the
steady-state level of O2

– and H2O2.
Redox metabolites, such as ASC and the tripeptide glu-

tathione (GSH), also protect plant cells against ROS-induced
damage, either by directly removing reactive chemical spe-
cies or blocking the oxidative chain reactions triggered by
ROS. Both ASC and GSH are present in all cell compart-
ments that have been analysed.

Several studies on plant responses to abiotic stress condi-
tions (ozone, heavy metals, light, UV radiation) suggest that
the activity of ROS-detoxifying enzymes and the levels of
their related molecules are tightly coordinated in order to
maintain ROS under threshold values that are compatible
with the metabolism of each cellular compartment [26,54,
62,65]. A coordinated regulation of different antioxidant
systems is further confirmed by genetically transformed
plants in which the expression of ROS-scavenging enzymes
has been altered or by cellular lines identified for their im-
proved capability to synthesise a particular antioxidant. The
higher resistance to oxidative stress exhibited by tobacco
plants over-expressing Cu/Zn SOD requires a proportional
rise in APX. The latter probably occurs as a homeostatic
consequence of the increased H2O2 production in the trans-
genic plants [69]. The over-expression of GSH reductase in
poplar plants induces a twofold increase in the foliar ASC
availability, as a consequence of a higher efficiency in recy-
cling dehydroascorbate (DHA) by means of GSH-dependent
DHA reductase [37]. A sunflower cellular line selected for its
capability to synthesise high levels of tocopherol is also
characterised by increased contents of ASC and GSH [12].

A plethora of data indicate that under abiotic stress condi-
tions, which induce an over-production of ROS into cells,
plant resistance is due to the capability to increase the activity
of ROS-detoxifying enzymes or the biosynthesis or regenera-
tion of antioxidant metabolites [4,58,63,70]. Results reported
in the literature indicate that alteration in the expression/
activity of ROS-scavenging enzymes could also be a key step
in the activation of phytopathogen defence.

3. Reactive oxygen species and hypersensitive response

The production of ROS is the first response detected
within minutes of an attack by virulent or avirulent pathogen
[1]. This weak and transient ROS generation is due to a
biologically non-specific reaction. After some hours, a sec-
ond, massive and prolonged ROS production, called oxida-
tive burst, occurs in cells attacked by avirulent pathogens.
This two-phase kinetics of ROS production is typical of
incompatible plant–pathogen interactions that are character-
ized by HR [52]. The massive production of ROS occurring
during HR is reminiscent of that following neutrophil activa-
tion in the mammalian immune system [3].

Although a number of ways to generate intracellular or
extra-cellular ROS have been proposed [9,61], many phar-
macological, immunological and molecular studies strongly
support the idea that the primary ROS generating system in
plant cells is a membrane-bound NAD(P)H oxidase analo-
gous, but not identical, to that found in the mammalian
phagocytes [10,25,47]. This is also supported by the recent
identification of genes in Arabidopsis that are homologous to
the large subunit of the human NADPH oxidase [10,49,74].
Moreover, Kawasaky et al. [48] report that, in rice, the small
GTP-binding protein Rac, known to regulate mammalian
NADPH oxidase, may mediate HR-dependent responses in a
ROS-dependent manner, thus supporting the involvement of
NAD(P)H oxidase as an activator of ROS generation in the
oxidative burst preceding HR in plants. Analogously to the
situations in mammalian phagocytes, plant NAD(P)H oxi-
dase transfers reducing equivalents from cytosolic NAD(P)H
to extra-cellular oxygen, generating superoxide. Apoplastic
superoxide dismutase (SOD) isoenzymes are then respon-
sible for H2O2 production by means of superoxide (O2

–)
dismutation. Evidence for different sources of ROS has also
been provided, as a lipoxygenase acting on polyunsaturated
fatty acids derived from membrane lipids [19]. Extra-cellular
H2O2 could be directly produced by means of apoplastic
enzymes such as copper amine oxidase, flavin polyamine
oxidases and oxalate oxidase [9,66,72]. Some data suggest
that secretory peroxidase is able to produce an oxidative
burst under conditions generated by pathogen attack
[7,10,39,42].

ROS can act directly against phytopathogen attack by
killing the micro-organism. The co-presence of H2O2 and
O2

–, or the reaction of H2O2 with transition metals, induces
the generation of the extremely reactive hydroxyl radical
(OH•), the devastating effect on bio-molecules of which is
well known. Moreover, H2O2 also hinders micro-organism
penetration in plant tissues because it contributes to wall
stiffening by facilitating peroxidase reactions catalysing in-
tra– and inter-molecular cross-links between structural com-
ponents of cell walls and lignin polymerisation [67]. The
consequent increase in mechanical barriers slows down
pathogen penetration allowing plant cells to arrange defences
that require more time to be activated. As H2O2 is a diffusible
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molecule in biological membranes, it also acts as intracellu-
lar signal, which is able to activate defence responses [31].

Apart from the oxidative burst, HR is characterised by
other metabolic disturbances, such as ion flux across the
plasma membrane (Ca2+ influx and K+, Cl– efflux) as well as
changes in pH and plasma membrane depolarisation [45].
Moreover, it has been demonstrated that the cell death occur-
ring during HR is a programmed cell death (PCD) and not a
necrotic event. It requires ATP generation and consumption
as well as ex novo gene expression and protein synthesis.

4. ROS-scavenging and plant defence against
pathogens

4.1. Plant–pathogen interplay

It has been suggested that the oxidative burst occurring
during HR produces such large amount of ROS that the
cellular antioxidative defences are overwhelmed [52]. On the
other hand, an increasing body of data supports the hypoth-
esis that a fine regulation of antioxidant systems is part of the
signalling pathways activating defence responses. However,
the diversity in the systems used for studying plant–pathogen
interplay makes it difficult to formulate a clear picture of
whether, and to what extent, changes in antioxidant systems
are directly involved in the activation of plant defence re-
sponses or are a mere consequence of the oxidative stress
occurring in the attacked cells. The involvement of antioxi-
dant systems in plant–pathogen interaction has been studied
in plants infected by pathogens which are different (a) from a
systematic point of view, such as fungi, bacteria or viruses;
(b) in their attack strategies, whether biotrophic or ne-
crotrophic, extra-cellular or intra-cellular micro-organisms;
(c) in the virulence of their interaction with plants (Table 1).

The identification of common strategies involving antioxi-
dant systems is further hindered by the fact that only some of
the parameters among those working in the ROS-scavenging
machinery are analysed in each study. Moreover, the possi-
bility of species-specific responses further complicates the
emerging picture.

Among the ubiquitous antioxidants present in plant cells,
considerable attention has been given to GSH. An increasing
amount of evidence suggests a central role for GSH in plant

defence activation. Depletion of GSH or increase in its oxi-
dised form, glutathione disulfide (GSSG), induces accumu-
lation of phytoalexins [40,41,71]. On the other hand, an
increase in GSH content has been reported in leaves attacked
by avirulent biotrophic pathogens [33,35,75,76]. Since the
whole infected leaf was used in the latter experiments, and
not only the cells in which the HR was activated, it is difficult
to establish whether the increase in GSH is part of the
transduction pathway activating HR or the defence responses
occurring in the neighbouring cells and aimed at limiting
oxidative damage in restrained zones. It is worth noting that
an increase in the expression of glutathione S–transferase and
glutathione peroxidase has been identified in the soybean
cells adjacent to those undergoing the hypersensitive cell
death induced by an avirulent phytopathogen [53]. Hydrogen
peroxide accumulation and GSH oxidation occur in different
sites and with different timing in leaves of a resistant barley
line attacked by powdery mildew [77]. A decrease in GSH
content was observed in tomato leaves infected with the
necrotrophic Botrytis cinerea [51] as well as in Avena sativa
leaves inoculated with another virulent necrotrophic fungus
[38]. In these cases, the decrease in antioxidant defences
could promote the spread of necrotic areas that facilitate the
penetration of necrotrophic phytopathogens. In some cases,
the GSH increase is followed by its oxidation. In cotyledons
of tomato carrying Avr-genes and injected with race-specific
elicitors of Cladosporium fulvum, almost 90% of GSH pool
are present in the oxidised form [55]. GSH seems to act at the
transcription level [79]. GSH-responsive elements has been
identified on promoters of phenylalanine ammonia-lyase and
chalcone synthase [28].

The fact that GSH acts in synergy with other signals in the
activation of defence strategies has been underlined by the
investigation on phytopathogen-induced diseases in Arabi-
dopsis mutants having GSH levels 70% lower than the wild-
type parental ecotype. The infection of the Arabidopsis mu-
tant with either virulent or avirulent fungal and bacterial
pathogens gives the same responses with wild-type [56]. An
explanation of these results could be a GSH compensation
with other antioxidant molecules and enzymes. Indeed, the
ASC levels are higher in the mutant than in the wild-type
[56]. Moreover, in animal systems with depleted GSH, an
increase in ASC guarantees resistance against oxidative dis-

Table 1
Plant–pathogen interactions studied for the involvement of antioxidant systems

Host Plant pathogen Fungus Bacterium Virus References
Avena sativa Blumeria graminis (biotroph) + [76]
A. sativa Drechslera spp (necrotroph) + [38]
Arabidopsis thaliana Peronospora parasitica (biotroph) + [56]
A. thaliana Pseudomonas syringae + [56]
Hordeum vulgare Botrytis graminis (biotroph) + [11,33,75,77]
Lactuca sativa P. syringae pv phaseolicola + [6]
Lycopersicon esculentum B. cinerea (necrotroph) + [51]
Nicotiana tabacum TMV ( tobacco mosaic virus ) + [35,59,60,61]
Phaseolus vulgaris P. syringae pv phaseolicola + [19]
Prunus armeniaca PPV ( plum pox virus ) + [46]
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eases. Compensation between GSH and thioredoxin–glu-
taredoxin systems has also been reported in Escherichia coli
mutants [57].

The role of the ASC system in regulating ROS level during
plant–pathogen interaction has only been sporadically exam-
ined. It has recently been suggested that a suppression of
APX is required in cells undergoing HR [6,59]. CAT activity
has also been reported to decrease in cells undergoing HR.
However, the suppression mechanisms of these two H2O2–
scavenging enzymes are different. CAT is down-regulated at
the transcription level [27], whereas, APX regulation in HR
involves both transcription and translation (or post-
translation) processes. In tobacco leaves, inoculated with
tobacco mosaic virus (TMV), a rise in APX mRNA occurs
[61], probably as an antioxidant response triggered by the
increasing presence of H2O2 within cells and similar to that
activated under abiotic stress [50]. In spite of the increase in
its expression, the activity of the enzyme is strongly sup-
pressed in the TMV-infected cells by a mechanism, still not
well characterised, that acts at the transcriptional or
post-transcriptional level [59]. The transcriptional/post-
transcriptional regulation of APX is unique to HR-related
incompatible response and reflects the necessity of accumu-
lating ROS during this defence process. Interestingly, it has
been reported that in a compatible response between barley
and powdery mildew the cytosolic isoenzyme of APX is
up-regulated in both epidermal and mesophyll cells. In these
cells, that are not able to trigger a response able to stop
pathogens, the APX increase limits the propagation of oxida-
tive processes allowing cells to maintain their viability, a
condition required for the penetration of biotrophic powdery
mildew in plant tissues [11]. This up-regulation of APX
confirms previous results reporting an increase in APX activ-
ity during successful infection of barley leaves by biotrophic
compatible pathogens [33,51,75] and has also been reported
to occur in leaves of susceptible apricot infected by plum pox
virus [46].

As far as the alterations during plant–pathogen interaction
of the other ASC redox enzymes and ASC/DHA levels are
concerned, the available data are still very fragmentary.
However, an increase in ASC free radical reductase, the
enzyme responsible for the reduction of the first product of
ASC oxidation, seems to occur in the compatible responses,
thus mimicking the behaviour of APX [11,46]. On the other
hand, DHA reductase, the enzyme that reduces DHA to ASC
using GSH as reductant, and GSSG reductase, the enzyme
responsible for GSH recycling, seem not to show behaviour
clearly indicative of resistance or susceptibility [11,46,
51,75]. A decrease in ASC content has been reported to occur
in leaves of barley cultivars inoculated with powdery mildew
[33]. The decrease in ASC is only transient in the resistant
cultivar, since it returns to the values of non-infected plants
after HR induction, whereas it is much more evident and
irreversible in the susceptible cultivars [33]. However, other
results do not agree with the pattern proposed above [35,75].
This is probably due to the fact that the various factors that

regulate ASC level and redox state (biosynthesis, oxidation
pathways and recycling enzymes) can be differently affected
in plant–pathogen interactions, both due to different plant
species-specific sensitivity and because, in different plant–
pathogen interactions, the suppression or strengthening of
ROS detoxification could be obtained in different ways.

4.2. Use of elicitors in studies on the activation of plant
defence responses

The complexity of HR and related responses as well as the
short time with which they are deployed hinder the identifi-
cation of the individual pathways, the activation of which is
required for successful plant defence. An alternative ap-
proach to the analysis of the alterations induced by pathogens
is the treatment of plant tissues with molecules that are
generated in the interplay between plant and phytopathogens
and act as signal molecules. The use of cell cultures has also
been of great help for the identification of the signalling
pathways and timing of the events activated during plant
defence responses. This is because they are uniform systems
in which identical cells are equally exposed to a certain
stimulus and, thus, simultaneously activate their response. A
pioneering study demonstrated that application of exogenous
salicylic acid (SA) or its derivatives induces synthesis of
pathogenesis related proteins and partial resistance to patho-
gens [78]. SA is accumulated at high concentrations in the
immediate vicinity of incompatible infection sites and is
considered a key endogenous regulator of defence responses,
being involved both in localised defences and systemically
acquired resistance [15]. Despite its mode of action remain-
ing a much debated question, a soluble protein that specifi-
cally binds SA has been identified and characterised as a
CAT [16,17]. On the basis of these results, it has been
proposed that, among other actions, SA elevates the cellular
level of H2O2 by limiting its CAT-dependent removal. In
vitro studies indicate that SA inhibits CAT activity by chelat-
ing the heme iron, without specifically binding the enzyme
[68]. SA has also been shown to act as a one-electron-
donating substrate that shifts the catalytic activity of CAT
from dismutation to peroxidation, thereby trapping the en-
zyme in a less active state and determining a slowing down of
H2O2 removal [30]. Several proteins containing heme iron in
their catalytic site are inhibited in vitro by SA, including
APX, another key H2O2 scavenger [29,31]. The occurrence
of direct in vivo action of SA on these ROS-scavenging
enzymes has been questioned by the fact that different CAT
isoenzymes have marked differences in SA sensitivity and
that in vivo SA has been reported to not significantly affect
APX expression at least in some plant systems [14,59].
Moreover, H2O2 is produced independently of SA under
plant–pathogen interaction and seems to act upstream of SA
in the induction of pathogen-related protein expression [8].
Finally, as reported above, down-regulation of CAT expres-
sion and post-transcriptional suppression of APX seem to be
required events in the pathogen-induced HR. All together,
this evidence overshadows the role of SA in increasing ROS
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levels through blocking the activity of ROS-scavenging en-
zymes.

Treatments of leaf tissues with oligogalacturonides, well
known elicitors produced during the degradation of plant cell
wall pectins by phytopathogen fungi, also induce an increase
in H2O2 [5]. However, at present it is not known whether
these elicitors alter ROS levels by affecting ROS-production
or ROS-scavenging machineries or both. Exopolysaccha-
rides purified from phytopathogenic bacteria determined an
impairment in the ASC-dependent ROS scavenging system;
however, their effects were not strong enough for HR activa-
tion [22].

In recent years increasing attention has been paid to nitric
oxide (NO) as a signal molecule acting in plant–pathogen
interaction [18,23,24,32]. Recently the production of NO in
plant cells has been found to occur as a consequence of
phytopathogen attack [36]. Results obtained with cultured
tobacco cells, in which hypersensitive PCD is induced by
simultaneous treatments with NO and H2O2 generators, indi-
cate that suppression of APX and decreases in the ascorbate
(ASC + DHA) and glutathione (GSH + GSSG) pools are key
events in PCD [21]. Moreover, during the HR process, redox
balances of ASC and GSH are strongly shifted towards the
oxidised forms. These changes in the cellular antioxidant
systems are not a mere consequence of the presence of NO
and H2O2, because neither NO nor H2O2 alone induces
variations similar to those observed when they are generated
together in the cell cultures [21]. Furthermore, these alter-
ations are not a consequence of oxidative processes due to an
undefined reactive chemical species generated in the interac-
tion between NO and H2O2. Indeed, when PCD is blocked by
treatment with protein synthesis inhibitors in the cells in
which HR has been triggered by simultaneous generation of
NO and H2O2, the suppression of APX and the decrease in
ASC and GSH pools are also reverted [21]. This supports the
hypothesis that changes in the cellular redox balance are not
a simple consequence of disease conditions but part of the
transduction signalling pathway that triggers defence re-
sponses under the opportune stimuli. It has been recently
reported that, similar to the GSH/GSSG pair, the level and
redox state of ASC play a regulatory role in cell metabolism,
both acting at the level of gene expression and altering
enzymatic pathways [13,20,34,64]. Even if, at present, no
data supporting this hypothesis are yet available, the imbal-
ance in the ASC redox pair produced during HR programme
could also supply an additional signal that contributes to
triggering the required metabolic alterations.

The involvement of changes in the level or redox balance
of specific metabolites in inducing hypersensitive PCD has
also been suggested by the release of cytochrome c from
mitochondria. This event occurs in a very precocious phase
of PCD induced by a variety of unrelated stimuli both in
animal and plant cells.After its release, cytochrome c leads to
the activation of caspases, key executioner proteases in-
volved in the onset of PCD [2,54]. It has been reported that,
in the cytosol, cytochrome c is maintained in the reduced

form by GSH or ASC. In conditions of depletion or shift to
the oxidised form of these redox molecules, both of which
have been reported to occur in cells undergoing HR, the
oxidised form of cytochrome c increases within cells. Since
cytochrome c reductase or antioxidant treatments block the
cytochrome c–dependent PCD processes, it has been hypoth-
esized that the conformational changes, due to cytochrome c
oxidation, are responsible for caspase activation [44]. More-
over, cytochrome c release in the cytoplasm could be an
additional cause of the ASC and GSH oxidation during HR.

5. New insights from transgenic plants

Control of plant pathogens by genetic engineering has
long been one of the first goals of biotechnology. Several
plants, in which resistance to a given pathogen has been
induced by genetic transformation, are currently available.
Genetic transformation has also been used as a tool for
studying steps of the transduction pathway triggering HR, as
in the case of Arabidopsis or tobacco plants transformed with
the bacterial gene encoding for a salicylate hydroxylase [43].
These plants, unable to accumulate SA, are much more
sensitive to pathogens. The studies on the effects of patho-
gens or elicitors in these plants, also supplemented with the
use of mutants, has allowed researchers to identify the steps
of the HR programme that are SA-dependent [31].

As far as the antioxidant systems is concerned, transgenic
antisense tobacco plants with reduced capability to scavenge
H2O2 have also been obtained. These plants, in which CAT
and APX are under-expressed, are hyperresponsive to patho-
gen attack [60]. This further confirms that the ability of plant
cells to regulate the efficiency in their ROS-removal strate-
gies is a key point in their resistance against pathogens.

6. Concluding remarks

The increasing knowledge of plant defence mechanisms
against pathogens is casting light on a process that appears to
be more and more complex. In this scenario the antioxidant
redox systems seem to have an increasing importance. Dif-
ferently from what happens during abiotic stress in which
ROS-scavenging systems are enhanced to restore ROS at
cellular steady-state levels, the success of the HR incompat-
ible response seems to be dependent on the suppression of
ROS-scavenging systems and, probably, on the unbalance in
the ASC–GSH redox state (Fig. 1). Indeed, these events seem
to be an integral part of the incompatible response against
biotrophic phytopathogens that allow plant cells to counter-
act their penetration by surrounding them with an extremely
oxidative environment. Moreover, ASC and GSH could per
se act as redox sensors able to activate genetic defence
responses. However, considering the many interactions be-
tween the signal molecules produced in the plant–pathogen
interplay, and the possibility that differences in the metabolic
alterations could be a consequence of species-specific behav-
iour rather than the activation of a common defence response,
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more studies are required in order to clarify how and to what
extent the alterations of the antioxidant redox systems repre-
sent a common strategy of plant defence against pathogens.
The identification of the signals and the transduction path-
ways that enable plant to increase or decrease antioxidant
systems, according to the presence of a virulent or avirulent
phytopathogens, is also of great relevance for the possible
applications in plant engineering programmes that are fo-
cused to increase phytopathogen resistance.
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