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Abstract

One of the important initial events upon recognition of a plant pathogen is the changes in the redox status of the infected cells due to the accumulation of Reactive
Oxygen Species (ROS). Though plants have evolved an array of defensive strategies to resist stresses, including those from attack by pathogens, but the changed redox
cue of the infected cells are often exploited by the plant for specific purpose as well. It is becoming evident gradually that ROS or the redox cue, which are generated during
pathogen attack are recognized by plant as a signaling agent for triggering responses. The necrosis of infected tissue caused by ROS during pathogen infection increases
host susceptibility to necrotrophic pathogen, but exhibit resistance to biotrophic pathogen. Evidences further support the view that ROS serve as a ‘second messenger’
in a systemic signaling network in plant defence leading to the expression of specific genes that trigger hypersensitive Response (HR). Avirulent pathogens often induce
a biphasic ROS accumulation with a weak transient first phase, followed by a more intense continuous phase. A range of enzyme systems like respiratory burst oxidase
homolog (Rboh or NADPH oxidase), Superoxide Dismutase (SOD) have been implicated in ROS turnover following pathogen recognition. In this review we provide the
relevant findings of signaling role of ROS in plant defence responses. Special attention is given to the role of ROS in Programmed Cell Death (PCD) associated with HR

during pathogenesis in plants.

Introduction

Biotic stresses caused by pathogenic infection spur the
generation of ROS in plants through distinct pathways
involving specific ROS-producing enzymatic systems that
results in accumulation of cellular or intercellular prooxidants
[1]. Biotrophic pathogen prefer living, while necrotrophic one
prefer dead cells for nutritional purposes. Therefore, tissue
necrosis caused by ROS during pathogen infection increases
host susceptibility to necrotrophic but resistance to biotrophic
pathogen.

Many pathogen infections to plant induce a radical burst. It
is one of the earliest events in the plant defence response [1].
ROS play pivotal role in survival and death of the plants. Many
regulators are not only involved in growth and development but

are also involved in limiting pathogen ingression, induction of
apoptosis and signal transduction of several defence processes,
thereby playing pivotal role in both cell survival and death
[2]. Pathogen-induced burst of ROS production, particularly ,
Hydrogen peroxide (H,0,), at the plant cell surface drives rapid
peroxidase-mediated oxidative cross-linking of structural
proteins of cell wall, thereby strengthening this physical
barrier against pathogen ingress [3]. After pathogen infection
a battery of enzymes including Rboh or NADPH oxidase,
peroxidases, SOD, oxalates oxidases, Lipoxygenases (LOX),
quinone reductase-b and amine oxidases are up-regulated
and involve in ROS generation and transition [4]. The burst of
ROS production has been implicated in diverse physiological
processes including resistance to biotic and abiotic stress [5].
Deciphering the physiology and implication of oxidative burst
associated with stress elicitation in plants has been the subject
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of investigation for quite a long time. The necessity for ROS
appears to be diverse for resistance to different pathogens [6,7].
ROS seems to play a critical role as signalling intermediates
during the defence responses to bacterial pathogens [8]. In
non-stressed plant tissues both enzymatic and non-enzymatic
antioxidants are able to maintain redox homeostasis by
neutralizing the harmful effects of ROS. In fact, the greater
kinetics of ROS generation and poor antioxidant efficiency in
severe biotic sstresses accelerates cellular necrosis and PCD
[91.

Implication of oxidative stress in plant-pathogen inte-
raction

ROS has been found to be closely integrated with the
damage of the tissue observed during pathogenic infection.
Previous studies exhibited that ROS are produced by plant
cells on invasion of the pathogens [10,11]. The change in redox
status of the infected tissue due to accelerated generation of
ROS following the infection by pathogenic organism is one of
the fastest plant responses to infection. As a result, H,0, is
detected in significantly greater amount within 2-3minutes
following the addition of elicitor prepared from walls of the
pathogen Verticillium dahliae to soybean cell cultures. The
occurrence of fungal cell wall degrading enzymes, elicit a
swift oxidative burst in host cells as well. In fact, the oxidative
burst in infected plant cells is found to happen as almost a
generalized phenomenon in response to pathogen or herbivore
attack [12].

Fascinatingly, with the bacterial pathogens, two oxidative
bursts are detected:

(i) Initial ROS burst, that takes place within half an hour of
inoculation which may persist subsequently for another
half an hour.

(ii) Delayed ROS burst, 4-6 hours post-inoculation that
persist for several hours [13].

The first phase of oxidative burst probably constitutes a
general plant response due to pathogen attack. It occurs in
all types of pathogen i.e. avirulent, virulent or saprophytic.
However, the second phase of oxidative burst is only restricted
to incompatible interactions of plant with avirulent pathogen.
When compared, between the oxidative bursts of two phases,
the second phase of oxidative burst most likely plays the most
important physiological role in the outcome of attack i.e. by
suppressing the bacterial growth through induction of HR
mechanism [11].

Role of oxidative burst in defence response during
infection

The oxidative burst or change in internal redox cue of
the infected tissue has several functions in defence response
against pathogens:

(i) Just after infection it provides ROS H,O, necessary
for establishing cross-linking between the cell wall
proteins by a peroxidase-catalyzed reaction, impeding
further pathogen ingress [11].
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(ii) The elevated concentration of ROS induces a signaling
mechanism thereby activating subset of inducible
defence genes necessary for survival.

(iii) Once the endogenous concentration of ROS reaches a
certain threshold value, cell wall activate PCD, which in
turn has two major functions during pathogenesis -

a) Starving the biotrophic pathogens, that ultimately
deprives them from having essential nutrients [1].

b) Following the breakdown of cell compartmentalization,
toxic antimicrobial chemicals leak out of the vacuole
further poisoning the pathogens.

c) Finally, the high local concentrations of ROS further
destruct the microbial pathogen by oxidative damage.

ROS in plant defence mechanism

H,0,, being a strong oxidant, is an electron-accepting
molecule for Phenol Oxidase (POX) dependent reactions. POXs
are generally considered to be merely ROS-detoxifying enzymes.
The degradation of H,0, by the POX reaction is extremely
dynamic especially in the presence of ROS-scavenging POX
substrates such as polyphenols and flavonoids [14]. Studies
have shown that the Salicylic Acid (SA)-induced extracellular
POX-dependent transient bursts of ROS trigger an initiation
of Ca* signaling [15]. Supplementation of tobacco cell culture
with purified Horse radish peroxidase markedly enhanced the
SA-induced and Aromatic Monoamines (AMA)-induced Ca2*
increments, suggesting peroxidase enhances Superoxide (0,)-
generation and stimulates the Ca>* influx [15]. Thus, the SA-
and AMA-induced extracellular redox signals are transduced
into the intracellular Ca** signal, probably leading to activation
of the defence mechanism [16].

The oxidant H,0, is believed to participate two separate
roles during pathogenesis. The first one involves the restriction
of pathogen growth and the other, induction of the synthesis of
phytoalexins and Pathogenesis Related (PR) proteins. Several
works support the view that H,0, is a putative signal for the
induction of subset of defence genes during pathogenesis. In this
regard, the expression of H,0,-induced enzymes in transgenics
has provided a novel way to study the plant defence resistance.
Expression of a gene encoding glucose oxidase in transgenic
potato led to H,0, accumulation and increased resistance to soft
rot and potato late blight disease. Several author noticed H,0,-
mediated enhancement of expression of PR genes, antioxidant
enzymes, phytoalexins [17,18]. H,0, mediated enhancement in
the accumulation of SA is also noticed [19]. Though, on certain
situations, the plant POXs produces ROS, but there are instances
of extracellularly secreted POX in the elicitor-treated plants as
well [20], although responsible electron-donating substrates
are obscure. Bolwell, et al. [21], has proposed a model for the
H,0,-producing reaction catalysed by an elicitor-stimulated
pi-dependent cell-wall POX. In this hypothetical model,
after the elicitors being recognized by putative membrane
receptors, ion channels are found to be up-regulated, causing
the movements of proton and other ions and changing the
extracellular matrix to an alkaline p¥, eventually activating the
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POX. Since the entire episode solely depends on p" changes
and involves no specific substrate, generation of ROS involving
SA, AMAs and Chitooligosaccharides (COSs) necessitates
alternative mechanism. It is now commonly accepted that in
case of SA signaling ROS production is a prerequisite and it
often recruits Ca’>* as second messenger [22,23].

Plant Mitogen-Activated Protein Kinases (MAPKs) are
uniting point in signaling module after perception of pathogens
and elicitors. As evidence, it is found that ROS act upstream of
the MAPK cascade during ROS-induced activation of MAPKs
associated with pathogenesis. However, investigations
on different plant-pathogen interactions showed that the
secondary peak of the biphasic ROS burst in response to
pathogen infection might be due to MAPK and Ca**-dependent
kinase pathways which may be a part of an amplification
network upstream of Rboh genes. Mutant experiments with
a gain-of-function mutant of tobacco MEK2 (a mitogen-
activated protein kinase kinase 2), when expressed, found to
up-regulate the downstream kinases and induces PCD, even
in the absence of pathogen. The activation and expression of
MEK2 caused failure of membrane potential, electrolyte outflow
and ROS generation in both the organelle chloroplasts and
mitochondria, which was preceded by metabolic dysfunction
of cell [24]. One more piece of corroboration of the role
played by chloroplasts in the early signaling for the HR, came
from studies on the Arabidopsis under the exposure to ozone,
which shares a lot of characters in common with pathogen-
induced HR, including biphasic oxidative burst. It was found
that the early phase of ROS accumulation and redox changes
was confined to the guard cell chloroplasts, followed by
extracellular production of ROS in the plasma membrane of the
same cells (through Rboh activity), which subsequently extend
to adjacent tissues. Those findings suggest that chloroplasts
are the initial source of ROS during the HR, resulting from
shutdown of photosynthetic carbon reduction cycle (PCRC)
of chloroplast stroma, and leading to over-reduction of the
photosynthetic electron transport chain, ultimately generating
0,~ and other ROS. The ROS-linked signals are then one way or
another corresponds to the plasma membrane for apoplastic
oxidative burst and subsequently spread to adjacent cells. The
function of lipid peroxides in propagating the signal from
chloroplasts to other sources of ROS should be investigated at
length for understanding the role of retrograde ROS signaling
in pathogenesis.

ROS signaling during plant defence mechanism

The endogenous titer of ROS in plant cells per se at any
point is determined by the relative rates of ROS generation and
destruction within a given compartment. H 0, being relatively
most stable form of ROS may act as second messenger in
several signaling circuits, since it could diffuse from the site
of production and subsequently cause microburst of ROS
formation. In incompatible plant-pathogen interactions, H,0,
has been implicated in the elicitation of variety of defence
responses [11]. Among these the most significant is the
induction of glutathione S-transferases (GSTs) and glutathione
peroxidase (GPX). ROS, particularly H,0, can influence the
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glutathione turnover by influencing the recycling of oxidised
glutathione (GSSG) and reduced Glutathione (GSH), thereby
have an impact on internal redox status of the cell (by changing
thiol/disulphide exchange ratio) which ultimately can instigate
redox signaling.

Apartfromtheoxidativeburst, expression of several defence-
related genes is also up-regulated by harpin in Arabidopsis
suspension cultures. Such genes include PAL (encoding phenyl
alanine ammonia lyase), a key enzyme of phenyl propanoid
metabolism and GST (encoding glutathione-S-transferase),
necessary for detoxification of lipid hydroperoxides generated
during oxidative stress. The expression of these defence-genes
can be induced by H,0, in a time and dose-dependent manner
[25]. Experiments related to the characterization of catalase
(CAT) as a SA-binding protein along with other relevant
experiments suggest that H,0, is downstream of SA-induced
PR (PR-1) gene induction [26].

Several experiments demonstrated that H,O, is a diffusible
signal in the induction of plant defence genes, namely GST,
GPX etc. A CAT trap, placed between soyabean cells inoculated
with an avirulent pathogen and uninfected cells, blocked the
diffusible signal that originated from infected cells necessary
for defence-gene induction was observed [11]. Transgenic
plants with elevated levels of H,0, due to constitutive over
production of glucose oxidase or repression of peroxisomal
CAT were more resistant to pathogens, accumulated SA and
expressed PR genes [27-29]. Accumulation of H O, in terms
of CAT-deficient tobacco plants was sufficient to induce the
production of defence proteins (GPX, PR-1), not only locally,
but also systematically [29].

A general notion is that H,0, is a diffusible molecule
with half-life of only 1 ms, which essentially excludes of it
being mobile signal for the induction of defensive responses
in systemic tissues. But the work of Alvarez, et al., (1998)
[30], proposed that this problem of short half-life of H,0,
may be overcome by a relay of H,0,-generating micro
bursts, including NADPH oxidase, as a mechanism for the
reiteration of these micro bursts. Such an important model
was projected based on the microscopic observation of lesions
of HR that appear throughout the Arabidopsis plants upon
infection with avirulent bacterial pathogens. This micro-HRs
is correlated with achievement of resistance and expression
of defence-genes (GST, PR-2) and at the same time could be
blocked by the application of an inhibitor of NADPH oxidase,
Diphenyleneiodonium (DPI). Moreover, application of glucose
oxidase, a H,0, generating system, was sufficient to induce
these responses [30].

The ROS, O, or its subsequently resulting products are also
capable of potentiating a signaling process, activating defence
responses. Jabs, et al., (1996) [31] and Jabs (1999) [32] showed
that in soybean phytoalexin synthesis in response to pathogens
or some specific elicitors is inhibited by DPI and SOD, but not
by CAT. In another study it is also shown that O,-, but not
H,0,, is essential to induce accumulation of PR-1 mRNA and
lesion formation in Isd: mutant (lesion-stimulating disease
1 resistance response) of Arabidopsis [32,31]. Furthermore,

Citation: Dey N, Roy UK, Aditya M, Bhattacharjee S (2020) Defensive strategies of ROS in Programmed Cell Death associated with hypertensive response in plant
pathogenesis. Ann Syst Biol 3(1): 001-009. DOI: https://dx.doi.org/10.17352/asb.000004



™ PeertechzPublications

it was also found that one of the members of tomato multi-
gene family capable of encoding extensin is transcriptionally
activated upon treatment with digitonin or xanthine oxidase,
the O, generating compounds, but not with H,0, [33].
Similarly, bacteria and yeast exhibited induction of distinct
defence proteins in response to either O,- or H,0,, though a
substantial overlap present between both the responses. So,
all the previous works conclusively prove the fact that O,~ can
also act as signaling molecule independently of H,0, in defence
responses to implement its stress acclamatory function.

Pathogen-induced ROS are not only detrimental to plant but
may also be considered as intermediary signaling component
of a very complicated ROS signaling network. Modulated
endogenous titre of ROS are perceived by different sensors,
(thiol, non thiol and antioxidant based molecules). Although
ROS receptors are not so well characterized, at present, plant
cells sense ROS via at least four different mechanisms:

(i) Protein associated thiol based receptor

(ii) Heat shock factors capable of working as redox-
sensitive transcription factors

(iii) ROS mediated modulation of phosphatases associated
signaling

(iv)and antioxidant-coupled s sensing mechanisms [2].

The initial responses of plant cells during pathogenesis
include changes in membrane trafficking, which often causes
influx of Ca*>* and proton and efflux of K* and Cl- [34]. Fluxes
of ions then bring about extracellular production of ROS
catalysed by NADPH oxidase, that significantly in the signaling
event as secondary messengers associated with HR and defence
gene expression [1]. Divalent calcium has been shown to be
extremely significant in PR signaling triggered by oxidative
burst. The ROS, H,0, found to trigger calcium influx-mediated
change in stomatal conductance in Commelina communis and
Arabidopsis thaliana [35]. Calcium channel blocker (LaClB) found
to hold back bacterial elicitor-induced ROS production in
tobacco, substantiating further the role of Ca** signaling [13].
Moreover, it is also observed that transient up-regulation of
the gene-ATCNGC11/12, responsible for the synthesis of a cyclic
nucleotide-gated ion channel protein in Nicotiana benthamiana
gave rise to cellular senescence with characteristics of the HR. It
was revealed that this gene could potentiate the role as a Ca* -
conducting channel and those calcium ions were significant for
the observed cell death.

Two diverse models implicating the role of calcium
associated with the redox regulation during pathogenesis
have been proposed. One model (Figure 1) put forward the
fact that an elicitor (pathogen) interacts with a G-protein
coupled receptor which leads to activation of Phospholipases
C/A, ultimately inducing IP, mediated Ca** influx responsible
for activating a Ca*>* dependent protein kinase and ultimately
NADPH oxidase [36]. Another model of calcium associated with
the redox regulation is based on studies of innate resistance in
Arabidopsis. It proposed that pathogens or elicitors after being
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recognised by receptors (mostly unknown), activate calcium
channel, leading to modulation in cytosolic Ca** level and
subsequent Nitric Oxide (NO) generation [37]. Subsequently,
NO along with the other required redox factors such oxidative
burst, could lead to the HR. Oxylipin another by-product of
secondary oxidative stress induced by pathogen attack also
initiate separate signaling mechanism for cell death.

Three phytohormones, namely SA, Jasmonic Acid (JA) and
Ethylene (ET), are known to play significant key roles in a range
of different aspects of plant defence mechanism including
microbial infection. It is widely established that SA induces
defence against biotrophic pathogens, whereas JA activates
defence against wounding and necrotrophic pathogens, though
there are exceptions as well [38]. It has also been claimed of
late that hormone crosstalk associated with plant disease
and defence not only means JA-SA antagonism but also a
key pathogen virulence approach which modulates hormone
signaling, which even includes growth promoters. It is found
that the plant growth inhibitors, particularly JA, SA, and ET
are primarily involved in plant defence mechanism, whereas
Abscisic Acid (ABA), Indole Acetic Acid (IAA), Cytokinins (CK),
Brassinosteroids (BR), Gibberellins (GA) and Strigolactones
(STR) seems to exert their signaling role in defence, either
synergistically or alone. Pathogens have developed strategies
either to interfere with or hijack phytohormone pathways
to induce resistance or susceptibility. Growth regulators like
ET and JA are often placed together in a single signaling
network, but these models are probably too simple, since
the JA and ET signaling pathways can also modulate each
other and other hormones. Furthermore, hemibiotrophic
pathogens in different stages of infection can bring on diverse
and partly antagonistic signaling involving a host promoters
and inhibitors, and make the event more complex [39].
Although our understanding of the mechanisms of pathogen
recognition and subsequent host responses to necrotrophs are
far from complete, it is broadly accepted that there are major
differences in the case of biotrophic and necrotrophic attack.
In general, plants recognize pathogens by exploiting different
mechanisms. Utilization of specific effectors or non-specific
Pathogen Associated Molecular Patterns (PAMPs) or plant R
proteins or Pattern-Recognition Receptors (PRRs) are found to
be the mostly used options. As a consequence of these kind of
pathogen perception, a cascade of defence reactions including
the oxidative burst takes place [40]. Here, the role of specific
effectors and corresponding R proteins are rather to help in
plant-biotrophic pathogen interactions [41]. Navarro, et al.,
(2000) [42], established that the growth-repressing DELLA
proteins though induces susceptibility to biotrophic pathogens
but impart resistance to necrotrophic pathogens by changing
the SA and JA signaling pathways. ROS and oxidative burst can
induce the accumulation of three different stress hormones,
namely SA, JA and ET. These three stress hormones, which
are involved in redox-regulated pathogen signaling, mutually
exhibit antagonistic interactions [43].

After the incidence of pathogen infection, several enzymes
like NADPH oxidase (Rboh), peroxidases, SOD, oxalates
oxidases (OA), LOX, quinine reductase-b (QRb) and Amine

Citation: Dey N, Roy UK, Aditya M, Bhattacharjee S (2020) Defensive strategies of ROS in Programmed Cell Death associated with hypertensive response in plant
pathogenesis. Ann Syst Biol 3(1): 001-009. DOI: https://dx.doi.org/10.17352/asb.000004



™ PeertechzPublications

https://www.peertechz.com/journals/annals-of-systems-biology

l Pathogen I

Plant Pathogen Pathogen Cell wall
hydrolases hydrolases killing glycoprotein
4 oxidative
/ cross-linking
v
Hypersensitive
-
E 02 EI H0, \response
v 4 MLP— Oxylipin
Diffusible  signaling
messenger
SAR
Unknown HZOZ\ induction Cell
receptor - death
2 O,
Apoplast K \ }1
vV Ao hp (e
Plasma
membrane G protein RBOH
+— based
receptor
Cytosol 7/_\
e YU e
H Ca”* NADPH NADP'+ H'
Assembly
Kinases phox protein
activation
Phosphatas Activation of MAPKK

IP5 Signaling

Ca’* Signaling
module

No generation

Figure 1: Origin and consequences of ROS signaling during plant —pathogen interaction (Detail in text).

Oxidases (AO) [4], are in general up-regulated and contribute
in the genesis of oxidative burst and subsequent redox
signaling. In non-infected plant tissues antioxidants are able
to counterbalance the damaging effects of ROS. However, if
severe infection occurs and the antioxidants fail to scavenge
the over-produced ROS, cell death and necrosis takes place.
Consequently, elevation of antioxidant potential of plants
should enhance their tolerance to the development of necrosis
caused by pathogens [9].

ROS and Hypersensitive Response (HR)

The HR put a ceiling on the growth of the pathogen and
is highly competent against biotrophic pathogens, since, with
the sacrifice of host cells, the nutrient delivery is removed
[44]). Apart from that, higher level ROS and phytoalexins
produced in these cells apparently assist to kill the pathogens
[45]. Under unfavourable environmental conditions including
infection, ROS may originate primarily from cell surface,

chloroplasts, mitochondria and peroxisomes [46]. The HR is
often not efficient against necrotrophic pathogens since these
usually kill host cells to feed on them [47]. Therefore, for true
necrotrophic pathogens, such as Botryotinia fuckeliana, it has
been suggested that plant cell death is beneficial for infection,
leading to improved colonisation [44]. On the contrary, there is
a group of pathogens, often considered to be biotrophic, which
are in fact inhibited to some extent by HR, e.g., Pyrenophorateres
and Magnaporthegrisea [48,49]. In fact, the formation of ROS
is the first response detected within minutes of an attack by
virulent or avirulent pathogen [50]. This extremely fast and
transient ROS generation may be due to a biologically non-
specific reaction. After some time, a second, massive and
prolonged ROS production, called oxidative burst, occurs in
cells attacked by avirulent pathogens. This biphasic kinetics of
ROS production and oxidative burst is typical for incompatible
plant-pathogen interactions that are characterized by HR
[1]. Apoplastic SOD isoenzymes are then accountable for the
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formation of H,0, by means of dismutation of O,~. Confirmation
for other sources of ROS has also been given, as LOX acting on
poly unsaturated fatty acids (PUFAs) derived from membrane
lipids during oxidative membrane damage [51,52]. Similarly,
extra-cellular H,0, could be directly generated by means of
a host of apoplastic enzymes, like flavin polyamine oxidases,
copper amine oxidase, and oxalate oxidase [53]. Enhancement
of mechanical barriers slows down pathogen penetration,
allowing plant cells to induce defence responses that require
more time to be activated in biological membranes. Apart from
these, it is also capable of acting as intracellular signal, which
is able to activate defence responses of plants [54].

Generation of ROS in the apoplast, mediated by NADPH
oxidase (Rboh) activities encoded by the Rboh gene family, has
long been considered as a fundamental attribute of the HR.
Plants usually contain several Rboh genes (ten in Arabidopsis)
which are transcriptionally up-regulated by pathogenic
infection, and whose products display a certain degree of
functional overlap [55]. Molecular genetics studies with Rboh
mutants and antisense lines consolidate the role played by
NADPH oxidase isoforms in the pathogen-induced oxidative
burst [55]. Extracellular ROS production has been linked to
direct lipid peroxidation, to the alkalinisation of the apoplast,
thereby propagating the redox signal by alkali-responsive
peroxidases, or to alterations in the levels and/or redox status
of antioxidant pools [56]. Interestingly, down regulation or
elimination of Rboh genes could lead to variable effects on
the HR. For example, although Arabidopsis RbohD and RbohF
mutants exhibited lower ROS accumulation, they displayed
enhanced HR when introduced into a Isd 1 mutant background,
or when challenged with avirulent bacteria [55]. These results
indicate that while NADPH oxidase activity is required for
pathogen induced ROS production in the apoplast, these ROS
might serve different signaling purposes during the HR [55].

At molecular level, ROS-derived signals kick off global
changes in gene expression through regulation and modulation
in activities of a specific subset of transcription factors. Those
changes trigger different genetic programs including PCD [57].
The initial study of H,0,-induced cell death was based on gene
silencing of CAT, which resulted in elevation of endogenous
H,0, levels and triggering of PCD under PCRC [58,57]. In
Arabidopsis H,0,-induced cell death was profiled with a DNA
chip representing 6,000 genes [57]. Using a CAT inhibitor,
which allowed not only transcriptional profiling but also
screening for mutants compromised in H,0,-induced cell death
also corroborate the role of H,0, in the process. Microarray
profiling by means of a DNA chips with near-full genome
coverage of Arabidopsis resulted in identification of many new
H,0,-responsive genes that are likely to participate in the
cell death process. Evaluation of the relevant dataset with the
transcriptional analysis during AAL (Alternaria alternate f.sp.
lycopersici) toxin-induced cell death exposed a group of genes
regulated in an ordinary fashion. A role for the proteasome and
the ethylene pathways in the regulation of cell death, within
formation supported by functional studies with proteasome
and ethylene biosynthesis inhibitors are also proposed. In this
regard genes expressing a number of transcription factors as
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well as other putative or unknown proteins were identified.
Transcription factors like the Zatii, WRKY75 which are very
strongly up-regulated during senescence [59] are also found
to be induced by singlet oxygen and the superoxide radical-
generating chemical, herbicide paraquat [60].

Elicitor treatment was shown to modulate the endogenous
titer of total thiol, GSH and other thiols. Experiments using
an artificial precursor for glutathione treatment suggested
that an increase in intracellular GSH alone was insufficient to
cause phytoalexin accumulation in bean and alfalfa cells [61].
The enhanced level of ROS by changing the ratio of GSH/GSSG
modulates the expression of genes associated with phytoalexin
production. Further, experimental evidences showed that
exogenous application of GSH caused up-regulation in
transcript abundance of the genes PAL (Phenyl-ammonia-
lyase) and CS (chalcone synthase) in bean cell suspensions [62].
A later study reported that both GSH and GSSG elicit Phenyl
ammonia lyase enzyme activity and phytoalexin accumulation
[61].

Inhibition of GHS synthesis in carrot induced phytoalexin
accumulation [59]. Lipid peroxides generated by non-
enzymatic membrane lipid peroxidation (MLP) instigated by
ROS may serve as precursors in the synthesis of JA, a known
regulator of several defence-related genes that expressed
during the HR [63]. This ROS-dependent source of lipid
peroxides may augment an enzymatic pathway for the
production of JA involving phospholipases and LOX [63]. SA,
which is generally believed to be the inducer of specific plant
defence genes during the development of Systemic Acquired
Resistance (SAR), evoke its action by inhibiting CAT activity
[26,64], causing increased H,O, concentrations necessary for
its role as second messenger.

Pathogen, ROS signaling and PCD

Perception and sensing of pathogen activates specific
MAPK, which in turn can make possible translocation of the
signal to the nucleus where it activates transcription factors
through phosphorylation, thereby modulating expression of
genes [65]. In tobacco, SA-Induced Protein Kinase (SIPK) and
Wound-Induced Protein Kinase (WIPK), are regulated by a
common upstream MAPK, which is also found to be involved
in signaling associated with PCD [66]. Another MAPK, Ntf4
when expressed in transgenic tobacco plants, exhibiting a
similar function to SIPK and WIPK, found to up-regulate PCD
under treatment with the elicitor cryptogen from Phytophthora
cryptogea [67]. These experiments unequivocally indicate
signaling role of pathogen elicitor during PCD. The combined
activation of SIPK, Ntf4 and WIPK can also induce an HR-like
PCD [68]. Further evidence for a role of pathogen induced ROS
in signaling has come from the fact that addition of low doses of
ROS or ROS inducers stimulates the induction of detoxification
mechanisms, such as SOD and GST, and activation of other
defence mechanisms in neighbouring cells [11]. Molecular
genetic studies support the existence of positive amplification
loops involving NADPH oxidases in ROS signaling [69].
These feedback loops might be activated by low titer of ROS,
particularly H,0, and result in amplification of the ROS signals.
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It has been reported that a small GTP-binding protein, Rac,
regulates ROS production in rice, most likely through an Rboh,
and induces cell death in rice cells [70]. Togetherly, MAPK
and calcium dependent protein kinases seem to play central
roles in the regulation of pathogen-responsive Rboh or NADPH
oxidases at the transcriptional and post-transcriptional
levels, respectively [71]. It has been suggested that the HR is
triggered only by balanced production of the ROS, H,0, [72].
Signaling pathways downstream to H,0, is yet to be unfolded.
Nevertheless, it has been shown that ROS signaling during
both PCD and defence responses requires several important
second messengers like Ca, Cyclic Adenosine Monophosphate
(cAMP) etc. [73].

Growth regulator SA has been shown to be involved in
defence responses under biotic stress. SA levels increased
significantly in tobacco cells in the periphery of infection
sites when infected with Tobacco mosaic virus [74]. SA along
with ROS acted synergistically in a signal amplification
loop to instigate the HR and the establishment of systemic
defences [5]. SA production can also down-regulate those ROS
scavenging systems that, in turn, can contribute to ROS burst
following pathogen recognition [75]. Further, the activation of
aredox-signaling pathway possessing a MAPK module has also
been reported in response to infection by avirulent pathogens
in Arabidopsis [76].

Molecular genetics study of Arabidopsis or tobacco plants
transformed with the bacterial gene encoding for a salicylate
hydroxylase exhibited that these plants unable to accumulate
SA and are more sensitive to pathogens [77]. The studies
on the effects of pathogens or elicitors in these plants,
also supplemented with the use of mutants, have allowed
researchers to identify the steps of the HR programme that
are SA-dependent [54]. These plants, in which, CAT and
APX (ascorbate peroxidase) are under-expressed, are hyper-
responsive to pathogen attack [78,52]. This fact further
corroborates the fact that the ability of plant cells to control or
regulate the competence of ROS-removal strategies is a vital
point in their resistance against pathogens.

ROS signaling and SAR

A plausible role for local ROS accumulation and redox
changes in systemic signaling leading to the instigation of
SAR was highlighted in molecular genetics experiment with
transgenic tobacco having an antisense CAT gene [28,64].
Exposure of these plants to Excess Photochemical Energy (EPE)
for two successive days resulted in visible necrotic lesions and
induced synthesis of PR proteins in adjacent, light-shielded
systemic leaf tissues. In contrast, exposure to EPE for four
hours up-regulates the synthesis of PR proteins in adjacent,
light-shielded local, but not systemic tissue, in absence of
necrosis. Thus the ROS-mediated up-regulation of SAR genes
could be uncoupled from cell death in local tissues. However,
local ROS-mediated cell death was found to be a prerequisite
for the accumulation of PR proteins in systemic tissues. A local
oxidative burst in response to an avirulent isolate of P. syringae
tomato-induced “microbursts” of ROS formation in systemic
leaf tissue was found. These microbursts drove the formation of
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“micro- HRs,” which subsequently preceded the establishment
of SAR. Co-infiltration of the Rboh or NADPH oxidase inhibitor,
DPI, with avirulent P. syringae tomato ameliorated engagement
of a local oxidative burst and blocked the formation of systemic
microbursts and the development of SAR. In the corresponding
gain-of-function experiment local infiltration of an H,0,-
generating system induced systemic microbursts and
subsequently SAR. Hence, an ROS mediated systemic signaling
network may also found to mediate the establishment of plant
resistance to infection. Pathogen induced changes in redox
status or ROS accumulation may, therefore, integrate a excess
of local and systemic defence reaction.

Conclusion and Perspective

The oxidative burst or rapid production of ROS in host
plant cell in response to pathogenic invasion has immense
physiological significance and not a consequence of plant-
pathogen interaction. It helps the host plant ultimately to
establish different strategies of defensive barriers against
pathogens. The roles of other factors such as plant growth
regulators, environmental cues and activation of different
interactive signaling pathways play an important role for
not only the accumulation of ROS but also its subsequent
physiology. Different types of pathogens and elicitors with
varying ability to trigger ROS production might be possible
reasons for conflicting results. Therefore, pathogen infections
persuade fast accumulation of ROS which are involved in
limiting pathogenic entrance, induction of signal transduction
of many defence responses or PCD.
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