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Apoptosis, a ubiquitous programmed cell death (PCD),
is the essence of the biological system. Like animals,
plants also endure apoptosis for growth and develop-
ment and in response to environmental insults. In plant
disease response, localized PCD is a characteristic phe-
notype, and stands for both a symptom of susceptibility
and resistance. Sphingolipid and its phosphorylated
derivatives, synthesized in plants through ceramide
biosynthetic pathway, are the signal molecules negoti-
ated by the pathogens to trigger the endogenous PCD
during susceptible disease response. A resistant disease
response in most cases is characterized by hypersensi-
tive response (HR)-linked PCD at the infection site of
an avirulent pathogen in recognition of a number of in-
trinsic signals such as caspases, reactive oxygen/nitro-
gen species, salicylic acid, mitogen-activated protein
kinase, membrane ion channels, etc., cascading either
alone or in combinations through a ‘coordinated signal
transduction’ pathway. Selective inhibition or induction
of apoptosis can be successfully employed to control plant
diseases caused by necrotrophic or biotrophic patho-
gens respectively. Transgenic expression of animal anti-
apoptotic genes in plants provides broad-spectrum
disease resistance against compatible obligate pathogens.
Similarly, plant- and animal-derived proapoptotic genes
can be engineered to be expressed in plants for acti-
vating HR-linked resistant disease response against
biotrophic pathogens. The promises and challenges of
therapeutic modulation of apoptosis for plant disease
management are also discussed.

DEATH is the default. But deliberate attempt to attain death
or to initiate processes leading to self-destruction is known
as suicide. Even though suicide, in human terms, is regar-
ded as ‘impulsive or irrational and not consistent with
balanced behaviour’; it is, in cellular terms, ‘pervasive,
organized, rational, and leads to organized balance, both
in development and in response to stress’'. Cells in multi-
cellular organisms commit suicide to achieve and maintain
homeostasis by specifically ordered metabolic changes
during normal development, environmental stress, or patho-
gen attack. This functionally conserved and gene-directed
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cell suicide process is known as programmed cell death
(PCD). It is a physiological death process involved in the
selective elimination of unwanted cells’, and comprises
cytoplasmic shrinkage, membrane blebbing, loss of cell-
to-cell contact, fragmentation of nDNA at interchromosomal
sites and ordered disassembly®*. This orderly process of
PCD, known as apoptosis (a term originally introduced
by Kerr ef al.’ as ‘a basic biological phenomenon with
wide-ranging implications in tissue kinetics’), depends on
the active participation of the dying cells, and is regulated
by genetically controlled, well-orchestrated cell suicide
machinery. At the molecular level, the apoptotic cell death
follows two pathways — the interaction of a death receptor
with its ligand and the participation of mitochondria, most
notably release of cytochrome ¢ from the mitochondrial
intermembrane space’. Since it plays an important role in
tissue sculpting and disease, the genes and signal mole-
cules involved in apoptosis are being used for therapeutic
manipulation of both degenerative and proliferative dis-
eases of animals and humans”®,

Although as early as in 1982, Barlow’ recognized that
cell death was ‘an integral part of plant development’, it
took, in fact, nearly a decade-and-a-half after that for PCD
and its biological importance to be appreciated in the plant
system. Today there is ample evidence to support that cell
death during plant development and environmental challenge
involves PCD'’. In plants, PCD resembles either a common
form seen in animals called apoptosis or it resembles a
morphologically distinct form of cell death''. Typical bio-
chemical hallmarks of apoptosis in plants include calcium
influx, exposure of phosphatidylserine, activation of specific
proteases, nDNA fragmentation leading to nucleosomal
ladders and cytochrome c release from mitochondria'”.
PCD occurs in numerous vegetative as well as reproductive
phases of plant development'>', including senescence of
leaves', development of tracheary elements'®, timely
death of petals after fertilization'’, post-embryonic decay
of aleurone layers'®, root cap development'®, somatic'® as
well as zygotic embryogenesis® and sex determination®'. Cell
death in the plant system in response to abiotic stresses
such as waterlogging and hypoxia is a clear example of PCD.
Hypoxia stimulates ethylene production, which in turn
activates a signal transduction pathway involving phospho-
inositides and Ca®", suggesting the event to be a typical
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process of PCD*. The progression of aluminum-toxicity
in plants has also been shown to occur via a PCD-related
signal transduction pathway™.

In plants, the occurrence of PCD in response to pathogen
infections has been legitimized even before circumstantial
evidence came to support its involvement in normal plant
development and in response to different abiotic stimuli.
Plant cell death regulation is linked to a number of signalling
pathways, and serves not only to amplify disease defence
responses, but also to promote the aggressiveness and/or
dissemination of some pathogens®. PCD occurs when the
pathogen unsuccessfully parasitizes the host as well as
when the pathogen successfully causes disease. Therefore,
the exact role and regulation of PCD during plant—pathogen
interactions are of great importance to understand the relation-
ship between cell death and activation of defence mecha-
nisms. Plant—pathogen interactions depend on the classical
gene-for-gene resistance model, requiring an avirulence
gene (Avr) in the pathogen and a corresponding resistance
gene (R) in the plant™ >, This results in an incompatibility
reaction leading to successful disease resistance. A com-
patibility reaction due to loss or alteration of either plant
R gene or pathogen Avr gene leads to disease®. Avirulent
pathogenic infections are usually characterized by a rapid,
localized cell death known as hypersensitive response
(HR), which results in the formation of necrotic lesions
around the infection sites”. HR helps the plant defence
by limiting the spread of microorganisms, and represents
a form of PCD™. Several lines of evidence suggest that
the death of host cells during HR results from the activation
of an intrinsic cell death programme that is encoded by
the plant genome. HR is also believed to generate a signal
that activates host defence mechanisms, and in many cases,
induces long-lasting systemic acquired resistance (SAR)
to a broad spectrum of pathogens®'*?. Induction of SAR
is accompanied by an increase in the rate of synthesis of
several pathogenesis-related proteins and the accumulation
of a complex network of signalling molecules.

Over the past one decade, efforts have been directed to un-
derstand plant disease and/or defence mechanisms in rela-
tion to PCD. They have evoked many a question than
resolving few riddles. If the present understanding allows
us to speculate as to why and how plant cells die when
encountered with a pathogenic infection, we are not so
certain how precisely some of these host defence mechanisms
are activated even in the absence of a pathogen. Is there a
genetically defined pathway for PCD during the disease
response? How are the PCD genes regulated at appropriate
space and time during susceptible or resistant disease reac-
tion? What are the exact PCD signals and how are they
propagated during disease reactions leading to active
plant defence response? In this review, we discuss the
present understanding of apoptosis during plant disease
reactions and its possible role in activating defence res-
ponse.
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Apoptosis in compatible plant—pathogen
interactions: Perception and perceptibility of
susceptible disease response

In a susceptible disease response, plant cells are killed either
directly by toxins produced by the pathogens or indirectly
by a metabolic catastrophe due to secretion of virulence
factors, or by an endogenous cell death programme trig-
gered in recognition of specific signal molecules''. Over
the past one decade, great efforts have been directed to
study the process of PCD in plants undergoing a suscepti-
ble response to pathogens to identify gene or gene products
that may modulate the process. That cell death during
susceptible interactions is genetically programmed comes
from the identification of disease lesion mimic mutants
(LMMs) across the plant kingdom™**. The characteriza-
tion of LMMs has further enabled identification of genes
that might regulate PCD and dissection of the defence
signalling pathway®. One of the systems most extensively
used to study PCD during susceptible disease response is the
Alternaria stem canker disease of tomato caused by Alter-
naria alternaria f. sp. lycopersici. This system offers unique
opportunities for studying PCD during susceptible disease
reaction because the pathogen expresses host-selective
toxins that are primary determinants of the disease, and
the host in return expresses a gene that determines susceptibi-
lity or resistance to the pathogen and to the toxins'?.

Ceramide signalling: Execution or suicide?

Ceramide signalling pathway as a critical second-messenger
system has been studied in detail to understand apoptosis
during both degenerative and proliferative disease expressions
in animal systems35’37. It is also known to play multiple
roles in growth regulation, stress response, membrane bio-
logy and protein sorting in animals™. The balance between
the bioactive sphingolipid ceramide and its phosphorylated
derivatives has been proposed to modulate the PCD not
only in animals®’, but also in plants®>*’. Sphingolipids are
ubiquitous membrane components in bacteria and eukaryotic
cells and are generated by the addition of a polar head
group to ceramides® (Figure 1). As second messengers,
sphingolipids and sphingoid bases regulate cell behaviour
at many levels, including cell-to-cell communication, growth
factor receptors, growth, differentiation and transforma-
tion™. The interplay between sphingolipid metabolite
sphingosine-1-phosphate and heterotrimeric G proteins
represents an evolutionary conserved signal transduction
mechanism in plants®. Investigations of sphinganine-analogue
mycotoxins (SAMs), which include fumonisins (synthesized
by Fusarium moniliforme) and AAL toxins (synthesized
by A. alternata), have provided evidences for involvement
of sphingolipids and ceramide signalling in PCD during
plant disease response. The most abundant and active
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SAM congeners, AAL toxin TA and fumonisins B, (FB,),
are functionally potent inhibitors of ceramide synthase in
plants* resulting in activation of PCD, which is charac-
terized by accumulation of free long-chain bases (LCBs),
TUNEL-positive cells, DNA ladders, Ca*"-activated nu-
cleosomal DNA cleavage and formation of apoptotic-like
bodies'>**. FB,-induced PCD in Arabidopsis protoplasts
has been shown to be light-dependent and linked to jasmo-
nate-, ethylene- and salicylate-dependent signal transduction
pathways®™. In Arabidopsis, the fbr mutants—resistant to
PCD-inducing toxin fumonisin—also showed reduced disease
symptoms and pathogen replication when challenged by
virulent Pseudomonas syringae*®, suggesting the involve-
ment of PCD in susceptible disease response. A recently
identified Arabidopsis ceramide kinase (CERK) mutant,
called acd5, accumulates CERK substrates, and shows
apoptosis-like PCD dependent on defence signalling in late
developmental stage followed by enhanced disease symptoms
during pathogen attack; the phosphorylated derivatives
of ceramide partially block plant PCD, suggesting the in-
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Figure 1. A tentative pathway for de novo sphingolipid biosynthesis
in plants. Letters bold-faced and within grey ovals represent metabolites
and enzymes respectively. Steps involving LCB desaturations, substrate
specificities of the enzymes involved and formation of complex sphin-
golipids are hypothetical. Glucosylceramide and glycosylceramide
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and/or C6 to C1 of an o-glucuronosyl residue (R;).
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volvement of ceramide phosphorylation in modulating cell
death. Victorin, a host-specific toxin secreted by Cochlio-
bolus victoriae, induces apoptotic-like PCD, including mito-
chondrial alterations in oat plants, supporting further the
involvement of PCD in susceptible disease response*”*.

The genetic basis for susceptible disease response to
SAMs has been mapped to the co-dominant Asc locus of the
tomato plants"'>*. The fungus 4. alternata f. sp. lyco-
persici infects tomato plants of the homozygous recessive
genotype asc/asc by utilizing AAL toxin that kills the
host cells by inducing PCD. The gene Asc-1 has been found
to confer resistance to AAL toxin in homozygous condition
(Asc/Asc). A schematic model of ceramide signalling path-
way in activating PCD vis-a-vis susceptible disease res-
ponse in tomato plants in relation to co-dominant Asc
locus is shown in Figure 2. The Asc locus, which is homolo-
gous to the yeast longevity assurance (LAGI) and LAC!
genes essential for ceramide synthase activity™, is conserved
in most eukaryotes’'. By labelling tomato leaf discs with
tritiated serine, Spassieva et al.”> showed that AAL toxin
blocked sphingolipid biosynthesis in asc/asc leaf discs,
and the presence of Asc-/ was able to relieve this AAL
toxin-induced block that would otherwise lead to PCD.
Myriocin, a toxin known to inhibit the first enzyme of de
novo sphingolipid biosynthesis (serine-palmitoyltransferase),
did not cause PCD, but blocked de novo sphingolipid bio-
synthesis™. This strongly indicates that the LCBs could
be the cell death signal in AAL toxin-induced PCD. However,
exogenously applied ceramide could not prevent the accumu-
lation of LCBs from inhibition of ceramide synthase’'.
Therefore, it appears that an interaction between the levels
of ceramide and LCBs controls the decision to enter the
PCD with no single factor taking the decision alone™.

The genetic dissection of 4sc locus in tomato showed that
Asc-1 produced a protein, Asc-1p, believed to be a com-
ponent of or is associated with ceramide synthase enzyme
in the sphingolipid biosynthesis pathway. asc-/ is a recessive
allele which carries a two-base-pair deletion in exon 2
that leads to a premature stop codon, resulting in production of
a non-functional proteinSI, asc-1p. As a result, the asc/asc
tomato plants lacking Asc-1p protein become sensitive to
AAL toxin, while the presence of Asc-1p protein makes
Asc/Asc plants insensitive. However, the changes in sphingo-
lipid profile in lag/ lacl yeast mutant expres sing the
Asc-1 gene’' indicate that Asc-1p protein enables the sphin-
golipid pathway to utilize different substrates™. Accordingly,
Spassieva et al> have proposed a ceramide-transduction
model for PCD based on ‘change in substrate utilization’
in relation to 4sc locus of tomato plants showing susceptible
disease response (Figure 3). Endoplasmic reticulum-to-
Golgi transport of glycosylphosphatidylinositol (GPI)-
anchored proteins (EGGAP transport) has also a role in
apoptosis vis-a-vis susceptible disease response in plants.
In Saccharomyces, deletion of both LAGI and DGTI (delayed
GPI-anchored protein transport) genes led to delayed
EGGAP transport and abnormal multilayered cell walls™;
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Figure 2. Ceramide signalling pathway leading to susceptible disease response through activation of apoptosis in
Lycopersicon esculentum following infection with Alternaria alternata f. sp. lycopersici. AAL toxin secreted by fungus
activates apoptosis through competitive inhibition of ceramide synthase, a key enzyme in sphingolipid biosynthesis,
and this effect is modulated by co-dominant Asc locus of tomato plants.
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Figure 3. A ‘change in substrate utilization” model of ceramide signalling for susceptible disease response through

activation of apoptosis in tomato plants in relation to co-dominant Asc locus™. It is presumed that ceramide synthase
exists in two forms — one utilizing Asc-1p, a product of 4sc-/ (labelled as ceramide synthase A) and another utilizing
Asc-1pH, a homologue of Asc-1p (labelled as ceramide synthase B). AAL toxin secreted by 4. alfernata f. sp. Iyco-
persici does not inhibit ceramide synthase A, but inhibits ceramide synthase B. In asc/asc tomato plants, which pro-
duce only Asc-1pH, ceramide synthase B is inhibited by AAL toxin leading to apoptosis followed by susceptible
disease response. However, in Asc/4sc tomato plants, ceramide synthase A utilizing Asc-1p is not inhibited by AAL
toxin. As a result, sphingolipid biosynthesis continues leading to inactivation of apoptosis and elicitation of resistant
disease response.

two cDNA homologues of LAGI (AF 198179 and AF
198180) have been identified to encode two putative ceramide
synthases in Arabidopsis’. A schematic model of EGGAP
transport mechanism for activation or inactivation of apo-
ptosis leading to susceptible or resistant disease responses
respectively, in tomato plants in relation to Asc locus is
shown in Figure 4. That PCD during susceptible disease
response results from host-encoded functions has been
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supported by recent findings in other plant systems too.
Arabidopsis LMM mutant acd5, exhibited increased disease
symptoms and modestly increased growth of P. syringae
when infected before spontaneous lesion formation™. As
has been mentioned earlier, the mutant acd5, encodes a
ceramide kinase (CERK) that is induced during virulent
P. syringae infection™. Ceramide induces PCD, but CERK-
reaction products, i.e. phosphorylated derivatives of ceramide
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partially block PCD. The accumulation of increased
amounts of acd5 CERK substrate in acd5 LMM mutants
suggests that ceramide-activated PCD function is respon-
sible for P. syringae virulence during susceptible disease
response.

Taken together, the current lines of evidence suggest that
cell deaths in many susceptible interactions are caused by
pathogen-derived factors, taking advantage of endogenous
PCD to effect their functions. The ability of a pathogen to
interdict and disrupt evolutionarily conserved signal transduc-
tion pathways of plant development would fulfil the functio-
nal requisites of pathogenicity factors and expose a funda-
mental genetic vulnerability of plants to pathogens'>”.
Since diverse pathogens may interdict conserved deve-
lopmental pathways in plants leading to PCD, molecular
dissection of the signal transduction pathways could identify
genes common to plant development and disease response.
For example, the current state of information indicates
that ceramide biosynthetic pathway in plants is a target of
pathogens for initiating one of the apoptotic routes involved
in compatible disease reaction. Since the enzyme ceramide
synthase is known to utilize a variety of substrates, it appears
over-simplistic to explain PCD in tomato plants (4sc locus)
in terms of only ‘alteration in substrate utilization’

Endoplasmic
reticulum {(ER)

i
LAY

target
membranes

tomato

1 GP" GPI ﬁﬁﬁﬁﬁﬁ
(zzzzts‘::) ‘ / ‘ ‘ —> g Jl g g g Jl
ED \ QSQ / target
membranes
f_ pae \ ) o
tomato ‘GP{ ascl ﬁ 7/) \\ﬁc\\%
(asclasc) x> — > APOPTOSIS
= | | R
o~o
Figure 4. A working hypothesis of endoplasmic reticulum (ER)-to-

Golgi transport of glycosylphosphatidylinositol (GPI)-anchored proteins
(EGGAP transport) for elicitation of resistant disease response (to AAL
toxin) through inactivation of apoptosis in tomato plants in relation to
Asc locus®. Ceramides (@) are synthesized on the ER membrane
from LCBs (&), while GPI-anchors are synthesized in the ER and
covalently linked to certain proteins (@®). The diacylglycerol (DAG)
moiety of GPI-anchored proteins is then remodelled to ceramide to faci-
litate EGGAP transport. In resistant tomato plants (4sc/4dsc), AAL
toxin ( #) inhibits de novo ceramide biosynthesis, but ASC1 could re-
store EGGAP transport by production of alternate ceramides ( ¥ ). In
susceptible tomato plants (asc/asc), the dysfunctional ASCI protein
does not produce alternate ceramides and as a result EGGAP transport
is arrested by AAL toxin leading to apoptosis. Complex ceramides
(079) formed downstream of sphingolipid biosynthetic pathway are
also shown.
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model™ as proposed. Neither do we know how precisely
ceramide and its different precursors or derivatives coor-
dinate with the gene(s) at a particular time and space to
initiate PCD following compatible pathogen interaction.
In this context, the identification of several LMMs that
misregulate cell death constitutes a powerful tool to unravel
PCD pathways in plants and to characterize the cross-talk
between multiple signal transduction pathways involved
in plant development vis-d-vis disease response™.

Apoptosis in incompatible plant—pathogen
interactions: Sense and sensitivity of
hypersensitive response

One of the hallmarks of the resistance disease response in
plants is the HR — a rapid, localized plant cell death at the
infection site, first identified by Stakman in 1915, and
still poses a long-standing enigma of plant pathology’’.
HR is a characteristic phenotype of specific resistance by
which pathogen invasion is halted, and can be induced by
viruses, bacteria, fungi and nematodes. However, only for
pathogens that do not immediately kill cells in susceptible
tissue is this response clearly separable from adverse cellular
changes induced by successful pathogenesis™. HR-linked
cell death occurs in host tissue at the infection site of an
avirulent pathogen and results in the formation of a dis-
tinct ‘dry lesion’; virulent pathogens, which do not trigger
HR, cause diseases. It requires an active plant metabolism
depending on the activity of host transcriptional machin-
ery”®. Perhaps the first evidence that HR-resistance to micro-
bial pathogens may involve a PCD with some of the
characteristics of animal apoptosis came from studies in
cowpea leaf cells exhibiting HR to cowpea rust fungus,
Uromyces vignae™. Cell death triggered in intact leaves
of two resistant cowpea cultivars by cowpea rust fungus
was accompanied by the endonucleolytic cleavage of nuclear
DNA into oligonucleosomal fragments (DNA laddering),
a typical hallmark of apoptosis in animal cells. However,
striking dissimilarities in the execution processes of HR-
linked cell death have been observed between cell death
caused by Uromyces vignae in cowpea leaf cells’ and by
Phytophthora infestans in potato leaf mid-rib cells™. Recent
findings have shown that the morphological trademark of
a typical HR-PCD involves membrane dysfunction, pro-
gressive vacuolization of the cytoplasm, vacuolar disruption
(oncosis) and changes in gross mitochondrial morphology
characterized by swelling and cristae disorganization*.
Analysing the interactions between oats and fungal pathogen
Puccinia coronata and between Arabidopsis and avirulent
P. syringae, Greenberg’s group (University of Chicago,
Chicago, IL) has suggested that PCD at the infection zone
in HR may be mediated by multiple mechanisms, and dif-
ferent plant-pathogen interactions may adopt different
PCD mechanisms. Many studies have confirmed that HR-
linked cell death is subject to genetic control, and factors
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important for its positive and negative regulation have
been identified®’. The observations that some of the defence
genes activated during plant developmental PCD (for ex-
ample, leaf senescence) are also expressed during HR®',
may well argue for the existence of a significant cross-
talk between developmental PCD and the HR, with active
participation of endogenously programmed signalling
cascades. Over the past few years, different signalling re-
quirements being operated under equally diverse trans-
duction pathways have been identified to be involved in
HR-linked cell death control in plants®®®. Despite the
fact that we are still far behind in identifying a ‘consensus
signalling pathway’ for PCD mechanism underlying the
HR in plants, if at all there exists one, the sum of obser-
vations and data may have enabled us at least to identify
few HR signalling components and to determine the rela-
tionship between apoptosis and HR.

Role of caspases in apoptosis

A family of cysteine proteases known as caspases (so
called because they cleave after an aspartic acid), are the
key enzymes in the regulation of animal apoptosis, and
constitute a critical point in the PCD pathway of animal
cells. Although the existence of caspases in plants is con-
troversial, they have been shown to be also induced in
plant systems undergoing PCD®. Recent studies have re-
vealed the presence of a gene family encoding proteins
with distant homology to mammalian caspases (metacas-
pases) in Arabidopsis thaliana and Lycopersicon esculen-
tum (a type-II metacaspases gene LeMCAI)®. Inhibition
of the caspases by ectopic expression of cystatin, an endoge-
nous caspases inhibitor gene, blocked PCD in soybean
cells triggered either by an avirulent strain of P. syringae
pv. glucinea or oxidative stress®®. This study showed that
PCD could be regulated in plants by activity poised bet-
ween the caspases and the caspases inhibitors. Specific
animal caspase inhibitors for caspase-1 (Ac-YVAD-cmk)
and caspase-3 (Ac-DEVD-CHO) have been shown to attenu-
ate HR in tobacco leaves induced by bacteria and TMV®’.
The same animal caspase inhibitors reduced the apoptosis
of tobacco cells induced by isopentyladenosine®™ and mena-
dione®. The baculovirus antiapoptotic protein p35, an inhi-
bitor of apoptosis (IAP), which is known to inhibit animal
caspases, was also effective in preventing PCD induced
by bacterial, fungal and viral infections’. Tobacco plants
expressing the baculovirus Op—-IAP were reported to acquire
resistance to several fungal pathogens and tomato spotted
wilt virus’', whereas those expressing p35 showed partial
inhibition of HR-linked cell death when challenged simi-
larly”. Lincoln et al.” showed that transgenic tomato plants
expressing a p35 binding site mutant (DQMD to DRIL),
inactive against animal caspases-3, did not protect against
AAL toxin, indicating that plants possess a caspase with
substrate-site specificity that is functionally equivalent to
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certain animal caspases. Using an approach based on the
exploitation of the Agrobacterium tumefaciens-encoded
VirD2 protein (a possible substrate for caspases), Chichkova
et al.” have recently shown a plant caspase-like protease
activity during the HR reactions in tobacco. Targetting
the human caspase-3, which specifically cleaves VirD2
protein at two sites, viz. TATD and GEQD, they showed
that specific proteolytic processing of the ectopically pro-
duced VirD2 derivatives at these sites occurred early in
the course of HR induced by TMV in tobacco leaves. The
noteworthy observation in this study that the suppression
of the induction of TMV-induced PCD by biotinyl-TATD-
CHO was correlated with a delay in the activation of the
HSR203J gene (an early HR-specific molecular marker),
indicates that plant caspase regulates an early step in the
HR reaction preceding the activation of HSR203.J7. How-
ever, the fact that the expression of the PR-/a gene, a marker
of the host defence response during HR, was affected
only slightly by biotinyl-TATD-CHO, suggests that host
defence mechanisms and HR-linked cell death may be
regulated by different pathways that are expressed coor-
dinately®®’. Although it is not clear whether 4. tumefaciens-
induced apoptosis results from plant caspase-mediated
fragmentation of VirD2, the involvement of caspases in
Agrobacterium-induced PCD has also been reported in
maize cells”.

Role of reactive oxygen/nitrogen species in apoptosis

The involvement of reactive oxygen species (ROS) and nitric
oxide (NO) in HR-triggered PCD is well characterized in
plants""7>7¢ " Extracellularly secreted plant peroxidases
catalyse the generation of ROS coupled to oxidation of TAA
and defence-related compounds like salicylic acid (SA),
aromatic mono-amines and chitooligosaccharides77. Inter-
and intra-cellular generation of ROS (O; and H,0,) re-
sulting in oxidative burst is widely accepted to trigger HR
reactions®'. Signalling responses of ROS include the activa-
tion of mitogen-activated protein kinases and the up- and
down-regulation of gene expression leading to PCD char-
acteristic of HR®. In plants, ROS production is closely
linked to the expression of [l-] ascorbate peroxidase (APX),
an important H,O, detoxifying enzyme. It has been
shown that virus-induced PCD in tobacco is accompanied
by the post-transcriptional suppression of cytosolic APX
(cAPX) expression, and this suppression contributes to a
reduction in the capability of cells to scavenge H,O, lead-
ing to PCD”. Expression of ¢cAPX is under the control of
the HR signal transduction pathway and results in signalling
events such as changes in protein phosphorylation and in-
duction of ion fluxes*’. Many recent studies have confirmed
the involvement of cellular antioxidant metabolism in
ROS-triggered signal transduction, which leads to apoptosis
in plants. In general, ROS and NO interfere in phenyla-
lanine ammonia-lyase (PAL) activity and ascorbate (ASC)
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and glutathione (GSH) metabolisms, and their simultane-
ous increase activates a process typical of hypersensitive
PCD®. In animals, NO cooperates with ROS to kill tumour
cells possibly through unregulated NO levels, driving a
diffusion-limited reaction with O; to generate peroxynitrite
(ONOQO"), a mediator of cell injury in many biological
systems. In comparison, HR-linked cell death is triggered
only by balanced production of NO and ROS in plants”.
Hypersensitive cell death is activated following the inter-
action of NO with H,O, (but not with O,) generated from
O, by superoxide dismutase. In contrast to the animal
system, ONOO™ is not a mediator in cell death reaction”.
NO has been suggested to have a role in cell—cell signalling
and the spreading of cell death during the course of infec-
tion®”. As has been mentioned earlier, H,O, is believed to
initiate the cell death pathway by acting as a signal molecule
to induce the expression of defence genes encoding enzymes
such as PAL and glutathione S-transferase (GST)*. How-
ever, O, rather than H,0O, had been later identified as the
primary signal molecule for pathogen induction of GST,
and the rates of production and dismutation of O, generated
during the oxidative burst play a crucial role in the modu-
lation and integration of NO/H,0, signalling in HR"”.

Role of salicylic acid and mitogen-activated protein
kinase in apoptosis

In contrast to animals, plants synthesize salicylic acid (SA)
and activate SA-dependent physiological programmes. It
plays a central role in many types of plant PCDs and activates
disease resistance associated with HR'"*"*. The role of
salicylhydroxamic acid (SHAM)-sensitive pathway in virus
localization during HR in plants is well characterized™.
Besides promoting the PR gene expression and activation
of early steps in the HR cascade, SA also signals mito-
chondrial processes in defence reactions®. The involvement
of SA in HR-cell death has been linked to the alternative
respiratory pathway; the inhibition of alternative oxidase
(AOX), a terminal enzyme in the alternative respiratory
pathway, leads to a loss of SA-induced viral resistance®.
However, a recent report has shown in tobacco that lack
of AOX compromises neither the ability of SA to heighten the
resistance of susceptible plants, nor the ability of HR to
restrict the virus in the plant harbouring the N gene®.
This study unequivocally establishes that AOX is not a critical
component of the previously characterized SHAM-sensitive
pathway important in viral resistance. A constitutively active
kinase mitogen-activated protein kinase (MAPK), called
NtMEK2DD, is capable of eliciting HR-linked cell death
in plants. In tobacco, two MAPKs, viz. SA-induced protein
kinase (SIPK) and wounding-induced protein (WIPK) ac-
tivated by NtMEK?2 are responsible for HR-linked cell
death. Using potato virus X-induced gene silencing, Jin et
al*’ showed that the suppression of the three above com-
ponents in the NtMEK2-SIPK/WIPK pathway attenuated N
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gene-mediated resistance against tobacco mosaic virus
(TMV), thereby establishing their positive role in N gene-
mediated resistance, possibly through regulation of PCD
during HR. Further, based on both gain-of-function and
loss-of-function analyses, SIPK has been identified as the
kinase involved in regulating WIPK gene expression, which
accelerates pathogen-induced HR-linked cell death™.

Role of ion fluxes in apoptosis

Emerging body of evidence indicates that membrane
channel-related proteins are intimately involved in medi-
ating HR-linked cell death. Ion channels play an important
role in regulating PCD in HR®'. The role of cytosolic free
Ca ([Ca®"],) has been investigated in U. vignae—cowpea HR
reactions involving PCDY. This study showed that the
elevation of [Caz,-+ ] was involved in signal transduction
leading to HR during rust fungal infection. Current line
of evidence also supports that plasma membrane anion
channels are essential components of early signal trans-
duction processes resulting in PCD triggered by HR®!".
The function of these anion channels is assumed to initi-
ate or amplify plasma membrane depolarization, which in
turn may activate Ca’" voltage-dependent channels or K
channels. Mitochondria voltage-dependent-gated anion
channels, a family of channels involved in the release of
cytochrome ¢ during apoptosis in mammals, are also pre-
sumed to operate in early stages of HR in plants®™. Further
evidence for the involvement of anion channels in regu-
lating HR-linked cell death came from studies on crypto-
gein-induced anion channel activation, which constitutes
an early branch point in the signalling pathway leading to
the activation of inducible defence responses. Cryptogein
belongs to a family of homologous proteinaceous elicitors,
known as elicitins, that are secreted by all Phytophthora
species. It induces a fast NO3 efflux that is sensitive to
anion channel blockers and regulated by phosphorylation
events and Ca’ influx. This NO;j efflux is an essential
component of the cryptogein signalling pathway leading
to HR cell death”. Recently, Balague ef al.’' characterized a
gene (HHLM1I) in Arabidopsis, which encodes a cyclic nucleo-
tide-gated channel (CNGC4; gene bank accession number
ABO0100695). The expression of this /LM gene is induced
in response to pathogen infection, indicating that it might
constitute a common downstream component of the signalling
pathways leading to HR cell death vis-d-vis disease res-
ponse’’. The above observations suggest that ion channel
activity modulates the threshold of activation of the multiple
resistant disease responses, including the several defence
genes and the HR.

It is apparent from the above discussions that a multitude
of signals are involved in perception, initiation, regulation
and execution of apoptosis during HR, when the host plants
are challenged by avirulent pathogens (Figure 5). Although
the precise role of these signal molecules is still the sub-
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ject of intense debate and investigations, it is gradually
becoming clear that the interactions between some of
these signals may constitute a ‘complex signal transduction’
pathway leading to appropriate balance between apoptosis
and HR in a coordinated resistant disease response and
defence framework. In animal cells, transition in mitochon-
drial permeability leading to release of cytochrome c is
one of the important components of the apoptotic mecha-
nism®. Recently, in plants, mitochondrial permeability
transition has also been suggested to be involved in HR**
But, whether mitochondrial cytochrome ¢ release activates
the induction of HR is a challenge to the future. Further-
more, isolation and characterization of genes regulating
cell death in HR would substantiate the determinative
role of PCD in disease resistance. Identification of a tobacco
gene (hsr203J) responsible for activation of incompatible
reaction against bacterial pathogen Ralstonia solanacea-
rum’® and the recent discovery of a gene, hlml, in A.
thaliana, which causes aberrant regulation of cell death
and is involved in HR', are significant steps towards elu-
cidation of the definitive role of PCD in plant disease re-
sistance. In this context, it is to be emphasized that ‘from
the standpoint of the pathogen, it seems counter evolutio-
nary that factors leading to death elicitation would be pre-
served through time if death were responsible for resi-
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stance’®’. Recent results indicate that bacterial pathogen

P. syringae acts in the plant cells by secreting type III effector
proteins, AvrPtoB” and HopPtoD2*, known for antiapop-
totic activities in addition to secretion of proapoptotic
Avr proteins (Figure 6). This study has further identified
distinct N- and C-terminal domains of AvrPtoB that are
sufficient for host recognition and PCD inhibition respec-
tively; a P. syringae pv. tomato DC 3000 strain with a
chromosomal mutation in the AvrPtoB C-terminus elicited
immunity in susceptible tomato plants and the disease
was restored when full-length AvrPtoB was expressed in
trans. Interestingly, the place of activity of proapoptotic
and antiapoptotic effectors is different in the cell death
pathway”. In this direction, future experimentations with
P. syringae system may enable unravelling the exact cross-
talk between the proapoptotic and antiapoptotic signals,
and how these signals coordinate with the endogenous host
PCD genes to elicit disease resistance via HR.

Apoptosis and disease resistance: Therapeutic
modulation of PCD?

Therapeutic modulation of the genes and signal molecules
involved in initiation and execution of apoptosis has become
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a distinct possibility for combating both degenerative and
proliferative diseases of animals and humans, including
diseases of the immune system”>*’. Helper T cells (in
AIDS) and neurons (in Alzheimer’s/Parkinson’s diseases),
which degenerate through apoptosis, are recent targets for
selective manipulation of PCD. Apoptin, an apoptosis-
inducer and Bax, a proapoptotic gene are being targetted
to human cancer cells to selectively induce apoptosis”®.
Promises and challenges are both high in this frontier of
biomedical science. What about plants? Is it possible to
selectively modify signal transduction pathways involved
in apoptosis in plants? Is it possible to selectively target
‘competent plant cells’ involved in plant—pathogen inter-
actions and disease expression? Is it feasible to selectively
modulate PCD in plants for combating infections and dis-
eases? Since PCD mechanisms are believed to have evol-
ved from unicellular organisms, some of the regulatory
PCD-machineries have been conserved between plants
and animals. The plant cells appear to default to PCD in
the absence of antiapoptotic signals, which suggests that
the mechanisms regulating PCD in plants and animals may
be similar'®. Although the present state of knowledge in
plant science may affirm its tremendous potential, the
prospect of immediate practical application (therapeutic
control of diseases), as expected to be realized in the ani-
mal system, is, in fact, a possibility which needs to be
addressed with caution and prudence. Complete suppression
of apoptosis in animals or plants is developmentally un-
acceptable'. But still the animal system offers better flexibi-
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lity for combating diseases through therapeutic modulation
of apoptosis than the plant system. The foundation of
‘disease-defence’ mechanism in vertebrate is based on the
immune system, which can be distinguished from the
plant system where every cell possesses preformed and/or
induced defence capabilities (innate immune system).
This makes plants unique in the sense that there are no
specialized cells as in mammals dedicated exclusively to
defence regulation. Therefore, modulation of PCD to alter
development and progression of diseases in plants must
be site-specific at the location of infection. Interestingly,
however, particular tissue-specific cell types have been
found to be more competent for PCD in plants. For example,
localized bundle sheath cells surrounding the veins are
more susceptible to cell-death signals than mesophyll cells
during HR-linked cell death™, possibly as a measure to
prevent systemic distribution of pathogens inside the plant.
This may imply that the bundle sheath cells are predisposed
to undergo PCD during HR. Numerous other results'® have
also confirmed the existence of this type of ‘cellular
competence system’ for PCD during plant growth, deve-
lopment and differentiation. However, the cellular basis
of this ‘competence system’ is largely unknown in plants,
and future research in this direction may broaden the
scope for therapeutic manipulation of PCD in plants for
disease resistance and/or immunity.

Modulation of apoptosis for disease control in plants
can be achieved by either inhibition or induction of PCD.
For compatible obligate pathogens (necrotrophic), broad-
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spectrum disease resistance can be attained through inhi-
bition of apoptosis. As has been discussed earlier, many
IAPs are known to exist in animals; Op and p35 from
baculovirus and CrmA from cowpox virus are examples
of IAPs involved in viral replication. Although the poten-
tiality of IAPs (in plants) has been speculated for the past
several years’', conclusive evidences for their effective-
ness in conferring disease resistance in plants have come
only recently’. Expression of the antiapoptotic gene p35
from baculovirus in transgenic tomato plants provided
broad-spectrum resistance to A. alternata, Colletotrichum
coccodes and P. syringae pv. tomato’’. Thus transgenic
manipulation of pathways regulating apoptosis has become a
potential strategy for engineering broad-spectrum disease
resistance in plants. However, this approach, howsoever
provocative and encouraging it might be, should be applied
with caution’’. For example, p35, which is also an anticas-
pase protein, has been shown to affect PCD progression
and compromise N gene-mediated HR to TMV in transgenic
tobacco plants expressing this protein’. This categorically
argues for the involvement of IAP-p35 in both susceptible
and HR disease reactions, and warrants the existence of a
cell death target common to both these phenomena™.
Identification and characterization of IAPs having selective
regulatory role in cell death pathway resulting in suscep-
tible disease response may have a logistic advantage. In
many susceptible disease responses, pathogen-derived
toxins are known to block ‘biosynthetic pathways’ to initiate
a specific ‘signal transduction route’ (mediated by signal
molecules) leading to induction of apoptosis (e.g. ceramide
biosynthetic and signalling pathways). Isolation and charac-
terization of genes having the abilities to relieve these
toxin-induced blocks in biosynthetic pathways (e.g. Asc
locus of tomato), and their successful integration into
host genome through transgenic approach may be a novel
strategy for controlling compatible obligate pathogens.
Direct modulation of signals transduced in response to
pathogenic stimuli (e.g. sphinganine or LCBs in ceramide
signal transduction pathway) for regulating apoptosis vis-
a-vis controlling compatible host—pathogen interactions,
although sounds promising, awaits better understanding
of biochemical and genetic mechanisms underlying the trans-
duction pathways of susceptible disease response mechanism.

For incompatible obligate pathogens (biotrophic), disease
resistance can be achieved through induction of apoptosis;
HR-linked cell death restricts their development and pro-
gression, thereby limiting the infection. The processes,
mechanisms and signal transduction pathways of apop-
tosis-induction during HR have been a subject of intense
investigation over the last couple of years. Genes with
distinct roles in the induction of apoptosis during HR
have been identified and characterized. For example, an
A. thaliana gene, AtMYB30, has been identified to be an
inducer of apoptosis and a positive regulator of HR-linked
cell death following incompatible interactions in response
to bacterial pathogens98. Identification of such proapoptotic
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genes, their stable integration into host plants and con-
trolled expression may be an effective means for obtaining
durable HR-related resistant disease response in plants.
Expression of animal apoptotic genes in plants is another
possibility for inducing PCD vis-a-vis HR-linked cell
death. The Bcl family of genes (Bcl-2 and Bax) are impor-
tant regulators of cellular apoptosis in animals. However,
these genes or their homologues do not exist in plants.
The proapoptotic member of this Bc/ family, most nota-
bly Bax, has tremendous potential for regulating disease
response in plants. Transgenic tobacco plants expressing
Bax elicited HR-linked cell death response synonymous
with that induced by T™V?. Many other apoptotic genes
have also been identified and characterized in nematode
Caenorhabditis elegans (egll, ced3 and ced4) and fruit
fly Drosophila melanogaster (reaper, hid and grim). The
preliminary results are not very encouraging when these
animal apoptotic genes have been cloned in plant expres-
sion cassettes, and introduced into tobacco plants (unpub-
lished observations by A. Calderon-Urrea, Department of
Biology, California State University, Fresno). Future res-
earch in this direction with improved biochemical, cellular
and genetical understanding of HR-linked PCD would be
useful in formulating strategies for selective expression
of animal apoptotic genes in the plant system.

Conclusion

With advances in sophisticated imaging, gene cloning
and microarray techniques at the disposal of the present-
day researchers, it has become possible not only to monitor
temporal changes at the cellular level during induction
and regulation of apoptosis/PCD involved in plant disease
response, but also to identify genes that regulate the signal
transduction pathways participating in the overall process,
from signal perception and interception to disease response
elicitation. Despite significant recent developments in this
field, as discussed above, the number of questions unanswe-
red outweighs those that have been answered. The degree
of similarities in apoptotic steps common to both suscep-
tible and resistant disease responses is still not clearly
known. Why are some types of plant cells more competent
(or predisposed) to receive apoptotic signals, while their
neighbours fail to do so? Is there really a ‘consensus target’
in the apoptotic pathway being negotiated by the cells
during both susceptible and HR disease responses? Or, is
it so that many of these results are being interpreted based
on different and equally diverse experimental approaches? In
biological science, it is a common practice to thread to-
gether conflicting reports and make a consensus hypothesis.
But, in apoptosis research, extreme caution should be ex-
ercised before forming any firm conclusion based on different
studies. Furthermore, the determinative role of apoptosis
in plant growth and development is increasingly being
supported by numerous evidences. It is quite plausible
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that there must be a cross-talk between developmental and
pathogen- (biotic stress-) induced apoptosis. But it is still
not known to what extent and at what level this cross-talk
operates inside the cell. Cellular and molecular understanding
of this cross-talk would enable effective uncoupling of
pathogen-induced apoptosis during host—pathogen inter-
actions from developmental apoptosis. Then it may be
possible to exercise selective control over pathogen-induced
apoptosis with desired disease response function. These
are few of the challenges expected to be unfolded in future.
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