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Abstract: Apoptosis or programmed cell death (PCD) is known for defense and developmental mechanisms. A remark-
able overlap has been suggested between the hallmarks of PCD in plants and animals in spite of identification of very few
regulatory proteins or protein domains conserved across all eukaryotic PCD forms. The features like chromatin condensa-
tion, nuclear DNA fragmentation, and participation of caspase like proteases in plant PCD appear to be similar across the
board and in conformity with the process in metazoans as well. Transgenic expression of mammalian anti- and pro-
apoptotic proteins in plants influence the regulatory pathways of cell death activation and suppression, indicating the exis-
tence of functional counterparts of such genes in plants, several of which have now been cloned and characterized to vari-
ous extents, suggesting that despite differences, there may be a fair level of functional similarity between the mechanistic
components of plant and animal apoptosis. The overall review of the available data pertaining to mechanism of PCD in
plants is at best inclined to support an ancestral relationship with animal apoptosis rather than any common regulational
strategies. Besides, as far as germ cell apoptosis is concerned, ‘Abortive Apoptosis’ is a theory that still requires much
scientific evidence to be considered valid. Because of naturally occurring processes within the spermatozoa that mimic
somatic cell apoptosis, many believe that this theory requires additional evidence. Oxidative Stress Oxidative stress upon
spermatozoa is induced by an increase in the amount of reactive oxygen species (ROS) that are present in the fluids filling

the male genital tract.

Keywords: Apoptosis, Caspases, Conserved domain, Bax-1 inhibitor, Regulatory pathway, germ cell population, male germ

cell homeostatis, defective sperm chromatin packaging.

INTRODUCTION

Apoptosis describes a physiological and pathological
process of cell deletion that plays an important role in main-
taining tissue (somatic and germ) homeostasis [1-5]. It is a
highly regulated cellular suicide process essential for growth
and survival in all eukaryotes. The origin of the phenomenon
seems to be as old as the very first cell, because cellular ho-
meostasis and preventing self-destruction would have been
impossible to accomplish without such machinery [6].
Therefore, this apparatus appears to have existed in all cells
from the very origin. It has, indeed, been recognized in
several prokaryotes and unicellular eukaryotes and related
to numerous phenomena. Only later, during evolution of
multicellular organisms, PCD is believed to have ‘fine
tuned’ for purposes such as the social control of cell mem-
bers [7]. Multicellular organisms use the physiological
mechanisms of cell death to regulate developmental
morphogenesis and remove infected, mutated or damaged
cells from healthy tissues [8]. This phenomenon is character-
ized in detail, especially in animal apoptosis systems, by a
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stereotypical set of morphological and biochemical changes
such as condensation or shrinkage of the cell, reorganization
of the nucleus, membrane blebbing, formation of apoptotic
bodies [9] and chromatin condensation [10-13]. This process
finally results in activation of certain endonucleases, leading
to the fragmentation of chromatin in multiples of 180-bp
nucleosomal units, a process known as DNA laddering [10,
14-17]. Most, but not all, of the above apoptotic features are
commonly observed during PCD in a wide range of eukary-
otic organisms.

Apoptosis is the controlled disassembly of a cell from
within [18]; it is believed to have 2 roles during normal
spermatogenesis [19-21]. The first role is to limit the germ
cell population to numbers that can be supported by the sur-
rounding Sertoli cells. The second is for the depletion of
abnormal spermatozoa. As seen in the prior section, abnor-
mal spermatozoa can be produced via defective sperm chro-
matin packaging, among other ways. In somatic cells, cells
that enter into an apoptotic pathway usually have several
classical indicators, such as phosphatidylserine (PS) reloca-
tion, Fas expression, nDNA strand breaks, and caspase activ-
ity. PS relocation is perhaps the earliest indicator of apopto-
sis; normally located on the inner leaflet of the plasma mem-
brane, PS migrates to the outer membrane once the apoptotic
signal has been given [18]. To help control this signal, both
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pro- and anti- apoptotic proteins are present in the testis; they
are members of the Bcl-2 family of proteins and provide a
signaling pathway that is imperative to maintaining male
germ cell homeostasis [21]. Bcl-2 and Bel-xL are both pro-
survival proteins, while Bax is a pro-apoptotic protein. Dis-
turbing the balance of these proteins from the Bcl-2 family
has been demonstrated in mice to contribute to male infertil-
ity by disrupting normal apoptosis levels. Fas expression is
another indicator that the apoptosis signal has been given.
Fas is a type I cell surface protein, belonging to the tumor
necrosis/nerve growth factor receptor family [18]; it is in-
duced by the binding of Fas ligand to the Fas receptor on the
plasma outer membrane. Sertoli cells are known to express
Fas ligand, demonstrating the fact that apoptosis is a com-
monly used mechanism to control the germ cell population at
a level that can be supported by the Sertoli cells [22]. Liga-
tion of Fas ligand to the Fas receptor triggers activation of
cytosolic aspartate-specific proteases, or simply caspases.
Once caspase activation has taken place, a signal is trans-
duced to synthesize caspase-activated deoxyribonuclease,
which leads to DNA degradation by forming singleand dou-
ble-stranded breaks within the nDNA [23]. In infertile men,
ejaculated spermatozoa often possess partially degraded
nDNA, usually considered to be indicative of the apoptosis
pathway; this ‘‘escaping’ of the apoptosis signal is referred
to as ‘‘abortive apoptosis’’ [22, 24, 25] The apoptotic path-
way is an all or nothing response, meaning that once the sig-
nal has been given there is no reversing the process. Abnor-
malities in this pathway are often attributed to 1 of 2 possi-
bilities: infertile men may not produce enough sperm to trig-
ger Sertoli cell activation to produce Fas, or there may be a
problem in activating the Fasmediated apoptosis signal [23].
It is believed that if the apoptotic cascade is initiated at the
round spermatid phase when transcription is still active, this
may be the origin of the nDNA breaks commonly seen in
abortive apoptosis in ejaculated spermatozoa. However,
nDNA breaks are known to be common during condensation
of the genome. It is currently unclear whether these breaks
are caused by an aborted apoptotic pathway or simply by
incomplete chromatin packaging. Also, not all caspase activ-
ity has been shown to be indicative of the apoptotic signal.
Recent work has demonstrated that there appears to be some
caspase activity in human germ cells that is not associated
with apoptosis and may indeed serve a viable function [26].
Another well-known inducer of the apoptotic pathway is
telomere shortening. Telomeres are capping structures at
chromosome ends that protect against rearrangements, pre-
venting ends from being recognized as nDNA breaks [27].
They are usually composed of tandem TTAGGG sequence
repeats that are bound to a complex array of proteins. Te-
lomerase is a specialized reverse transcriptase that contains a
catalytic subunit that synthesizes new telomeric repeats. In
the absence of telomerase, telomeric sequences are lost after
each round of replication, eventually creating a shifted se-
quence that could be recognized as an nDNA double-
stranded break; this would then be recognized by a genomic
surveillance mechanism that appears in the elongating sper-
matid [27]. This recognition is another way to induce an
apoptotic response, possibly contributing to the ‘‘abortive
apoptosis’’ theory. Abortive apoptosis is a theory that still
requires much scientific evidence to be considered valid.
Because of naturally occurring processes within the sper-
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matozoa that mimic somatic cell apoptosis, many believe
that this theory requires additional evidence. Oxidative
Stress Oxidative stress upon spermatozoa is induced by
an increase in the amount of reactive oxygen species (ROS)
that are present in the fluids filling the male genital tract
[28].

In plants, PCD occurs during development, such as dur-
ing xylogenesis, embryogenesis, parenchyma formation,
several plant reproductive processes, seed development and
leaf senescence [7, 29-34]. In addition, PCD is well docu-
mented in relation to manifestation of hypersensitive re-
sponse (HR) caused by the interaction between the host plant
and an incompatible pathogen [35]. This hypersensitive re-
sponse (HR) is thought to directly kill invaders and/or to
interfere with their acquisition of nutrients [36]. In contrast
to animal system, signaling pathways and molecular mecha-
nism of PCD are largely unknown in plants. Although a
number of morphological and biochemical changes such as
cell shrinkage, blebbing of the plasma membrane, condensa-
tion and fragmentation of the nucleus, and inter-nucleosomal
cleavage of DNA, which are commonly observed during
animal apoptosis, appear to be conserved in plant cells un-
dergoing PCD, very little is known about the execution proc-
ess that leads to cell death in plants.

In this review we provide a brief insight into some of
the comparative features of PCD in plants and animals.
Additionally, this article attempts to review some of the
peculiar and specific features and regularities of apoptosis in
somatic as well as germ cells in plants and animals.

MORPHOLOGICAL HALLMARKS OF PCD

The morphological features of PCD have been inten-
sively studied in animals. PCD in animal systems is reported
to result in the disassembly of cells involving the condensa-
tion, shrinkage and fragmentation of cytoplasm and nuclei
into several sealed packets (often called apoptotic bodies),
which are then phagocytosed, by the neighboring cells or the
macrophages. Thus, there are no remnants of the cell corpses
left. Nuclear fragmentation is preceded by chromatin con-
densation and marginalization in the nucleus. Fragmentation
of DNA at the nucleosome linker sites then takes place and
the fragmented oligonucleosomal bits are reported to be 180
bp [37]. Fragmentation is effected by endonucleases such as
NUC 1, DNasel and DNasell [38], which are present in the
nucleus and are activated by Ca®" and Mg** but inhibited by
Zn*" and by several caspase activated nucleases such as
CAD (Caspase activated DNase) or DFF40 (DNA fragmen-
tation factor 40KDa) [39-41]. The DNA fragments can be
cytochemically determined by Terminal deoxynucleotidyl
transferase mediated dUTP Nick End Labelling (TUNEL)
of DNA at 3-OH group. When all these events are combined
to result in a distinct morphological expression then PCD
is termed as apoptosis [42]. In other words, apoptosis is a
distinct form of PCD [43, 44]. However there are others who
consider apoptosis and PCD as one and the same [45-48].

In the last few years and due to new interest in a possible
apoptosis like phenomenon existing in plants, morphological
changes have been investigated during plant PCD. Only
some of the hallmarks are similar to those reported in animal
apoptosis. Condensation and shrinkage of the cytoplasm and
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nucleus have been described in carrot cell culture, after cell
death induced by heat shock [16]. The DNA processing re-
ported earlier for the animal PCD is believed to exist in the
dying cells of plant as well [15, 16, 49, 50]. In plants, DNA
ladders have been reported during development represented
by death of monocot aleurone layer [49] and endosperm
[51], senescence of petal, carpel tissue and leaves [50, 52,
53] or during anther development [54] as well as during
death induced by different stresses such as: cold [55], nutri-
ent deprivation [56], salt or D-mannose stresses [57, 58], UV
radiation [37], pathogens or a pathogen toxin [54, 59, 60]. In
aleuronic cells of grass species such as barley, in dying root
cap cells and in tobacco cells subjected to HR, nuclear con-
densation and shrinkage as well as oligonucleosome sized
DNA fragments have been recognized through the presence
of 3-OH group detected by TUNEL experiments [34, 61].
The major problem relating to nuclear changes in plant PCD
is that there is no consistency regarding the size of DNA
fragments during DNA fragmentation: fragments of more
or less S0Kb in some cases [61] and as small as 0.14Kb in
others [11, 42]. It is believed that the activation of some
endonucleases leads to 50Kb DNA fragments followed latter
by a different set of endonucleases causing the production
of oligonucleosomal length of DNA fragments [62]. The
first type of cleavage is believed to be the result of the
release of chromatin loops and is observed in almost all
cases of apoptosis and the subsequent nucleosomal laddering
occurs less often and is considered to be not essential for
apoptosis [63].

The enzymes involved in nuclear dismantling in plants
are still poorly known. Several DNase activities and nuclease
genes have been recognized to be upregulated in different
models of plant PCD [64]. However, evidence on their in-
volvement in the cell death has been reported only in some
of them. Recent work reported the induction of the activity
of a 28KDa endonuclease (p28) activity in victorin [65]
treated oat leaves and this preceded the DNA laddering and
heterochomatin condensation. The p28 activity also mark-
edly increased in parallel with the rate of DNA fragmenta-
tion and cell death [65]. In addition to p28, an inducible nu-
clease, p24 (24 kDa) and four constitutive nucleases, p22 (22
kDa), p31 (31 kDa), p33 (33 kDa) and p35 (35 kDa), have
been detected in oat cell lysates using an in-gel assay for
nuclease activity [65, 66]. An Mg>" dependent nucleolytic
activity has been identified in the intermembrane space of
mitochondria responsible for the generation of 30Kb DNA
fragments in Arabidopsis [67]. ZEN1, a Zn*" dependent en-
donuclease, has been directly implicated in the degradation
of the nuclear DNA in Zinnia tracheary elements [67]. ZEN1
is localized to vacuoles, which collapse before DNA is de-
graded [68]. However, ZEN1 activity does not produce the
characteristic DNA laddering shown by the nucleases exe-
cuting DNA fragmentation in apoptotic animal cells [39-41].
Based on the biochemical differences of ZEN1 and the nu-
cleases involved in apoptosis [67], it has been proposed that
plants and animals have evolved independent systems of
nuclear DNA degradation during cell death. In contrast with
tracheary elements, the tissues undergoing PCD in cereal
grains show the characteristic DNA laddering indicative
of internucleosomal fragmentation of DNA [69-71], which
is a hallmark of apoptosis in animal cells [10]. Recently,
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a Ca”"/Mg”" endonuclease localized in the nucleus wheat
aleuron cells undergoing PCD has been identified which is
detected prior to DNA laddering [71]. A cell-free system
used to analyse nucleus degeneration in nucellar cells in
wheat grains [72], shows that a different wheat tissue, the
nucellus, which undergoes PCD at early stage of grain de-
velopment [70], presents a nucleus localized nuclease with
identical cation requirements, but with a different electro-
phoretic mobility than the aleuron nuclease. These results
suggest that, as in animal apoptosis [73], there is more than
one nuclease involved in plant PCD. Nuclear extracts from
such cells have been shown to be capable of triggering DNA
fragmentation in both plant and human nuclei, demonstrating
that similar features of nucleus degradation could be shared
between plant and animal cells.

Apoptotic bodies have not been shown to form during
plant cell death. These bodies may be absent in plant PCD
because they are functionally irrelevant due to the absence of
possible phagocytosis by adjacent cells in the presence of
cell wall. Instead, the plant pathway might involve autolysis.
Although cells that die as part of the HR typically exhibit
features of an oncotic cell death, which is characterized by
the retention of a dead protoplast containing swollen organ-
elles [74], many other plant cell suicide programs include
cellular disassembly via autophagy and/or autolysis. The
degree of processing of dead and dying cells ranges from
that apparently limited to nucleus or nuclear DNA to com-
plete autolysis that includes the extracellular matrix. Degra-
dation of nucleus and nuclear DNA has been evaluated in
several recent investigations of plant PCD. The results are
consistent with earlier work in a variety of systems. They
include reports of nuclear blebbing and fragmentation [75-
77], and the detection of oligosomal DNA ladders [75, 76,
78, 79] and labelled fragmented DNA in nucleus [75, 76, 80,
81].

Autophagy has been observed as engulfment and degra-
dation of nucleus and other organelles by provacuoles, vacu-
oles and other autophagic organelles derived from leucoplast
[75]. Autolysis does not require engulfment and contributes
to the degradation of organelles and soluble cellular compo-
nents. Unlike autophagy, autolysis can continue after cell
death, as occurs during treachery element differentiation. In
most cases, autolysis and autophagic mechanisms cooperate
to yield cellular disassembly, such as that occurring during
embryo suspensor death [75]. So if using a strict morpho-
logical definition, the term apoptosis-like phenomenon in
plants should be used instead of apoptosis since some of the
terminal hallmarks of apoptosis are absent.

FUNDAMENTAL EXECUTORS OF PCD

The real effector molecules of animal PCD are the cys-
teine aspartate specific proteases (caspases) and granen-
zymes. The former are the conserved cysteine proteases,
while the latter are serine proteases, both specifically cleave
after the aspartate residues of many proteins. The studies in
Caenorhabditis elegans identified two genes ced-3 and ced-4
required for apoptosis in the worm, if either gene is inacti-
vated by mutation, the 131 cell deaths that normally happen
during the development of the worm (which has only about
1000 cells when mature) fail to occur [82]. Remarkably, the
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mutant worms with 131 extra cells have a normal life span,
showing that in this organism apoptosis is not essential for
either life or normal ageing. By contrast, more complex ani-
mals cannot survive without apoptosis: mutations that inhibit
apoptosis in the fruitfly Drosophila melanogaster, for exam-
ple, are lethal early in development [83] as are mutations in
mice that inhibit apoptosis mainly in the developing brain
[84]. The protein encoded by the ced-3 gene was found to be
very similar to a human protein called interleukin-1-
converting enzyme (ICE) [85]. ICE is an intracellular protein
cleaving enzyme (a protease) that cuts out interleukin-1, a
signalling protein that induces inflammation, from a larger
precursor protein [86]. The similarity between the CED-3
and ICE proteins was the first indication that the death pro-
gramme depends on protein cleavage (proteolysis). Till date
14 to 15 different caspases that play a role in inflammation
(groupl caspases) and apoptosis (group 2 caspases ) have
been identified in animals [87]. All these are believed to
share a fair level of sequence homology and similarity in
sequence specificity [86-88]. Until now, the caspase family
in animals is composed of 12 different proteases classified in
3 phylogenetic groups [Interleukin 1p converting Enzyme
(ICE), ICH1 and cysteine protease 32 (CPP32)]. All these
caspases have in common a highly conserved catalytic site, a
stringent substrate specificity to cleave after an aspartic acid
residue and requirement for at least 4 amino acids N terminal
to cleavage site [89]. It is possible to classify these caspases
on the basis of their affinity for different substrates including
two tetrapeptides in particular: DEVD (ICH1 and CPP32)
and YVAD (ICE caspases). Corresponding caspase activity
can be blocked with same peptide substrate coupled with
aldehyde (CHO: reversible inhibitor) or methyl ketone radi-
cal [Chlorometylketone (CMK), flouromethylketone (FMK):
irreversible inhibitor). Caspases are made as a large, inactive
precursor (procaspase), which is itself activated by cleavage
at aspartic acids, usually by another caspase [90]; (Fig. 1). In
apoptosis, caspases are thought to be activated in an amplify-
ing proteolytic cascade, cleaving one another in sequence.
Once activated, the effector caspases ultimately cleave nu-
merous substrates, thereby causing the typical morphological
features of apoptosis [91, 92]. They cleave proteins support-
ing the nuclear membrane (lamins) for example, thereby
helping to dismantle the nucleus; they cleave protein con-
stituents of the cell skeleton and other proteins involved in
the attachment of the cell to their neighbors, thereby helping
the dying cell to detach and round up making it easy to in-
gest; they cleave a protein Inhibitor of Caspase Activated
DNase (ICAD of CAD-ICAD complex) that normally holds
the CAD- a DNA degrading enzyme in an inactive form,
freeing the DNase to cut up the DNA in the cell nucleus
[39]. The other important substrates include PARP
[poly(ADP-ribose)polymerase], DNA dependent protein
kinase (DNA PK), Serum response element binding protein
(SRE/BP), p21(CDKNI1A)-activated kinase 2 (PAK2),
70KDa components of UlSn-RNP, procaspases and so on
[87]. PARP is among the first target proteins shown to be
specifically cleaved by caspases to a signature of 89 KDa
apoptotic fragments during cell death [93]. It is believed to
be involved in the regulation of the repair of DNA strand
breaks and in cell recovery from DNA damage [90].

Cell death in plants exhibits morphological features com-
parable to caspase mediated apoptosis in animals, suggesting
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that plant cell death is executed by (caspase like) proteases.
The recent characterization of cell death associated plant
proteases with aspartate specific cleavage activity demon-
strates the involvement in plant PCD of proteolytic activities
functionally resembling animal caspases. The result of a
study carried out show induction of YVADase activity
whereas no DEVDase activity was detected [94]. Surpris-
ingly, both inhibitor peptides (DEVD and YVAD) were effi-
cient in blocking the HR and YVADase activity. Encourag-
ingly, none of the classical protease activity could suppress
the hypersensitive response or YVADase activity. This is
cited as an evidence for the presence of caspase like plant
proteases that participate in hypersensitive response cell
death. Different results were found during the plant response
to UV-C radiation where both caspase inhibitors could pre-
vent DNA digestion detected by TUNEL reaction and where
UV-C induced DEVDase activity but no YVADase activity
was found. The heterologous expression of Baculovirus p35
protein, a broad range caspase inhibitor that can effectively
suppress PCD in animals [44, 95], blocked AAL (4rternaria
alternata) toxin induced cell death in transgenic tomato
plants and provided protection against the pathogen Arter-
naria alternata. Additionally, p35-expressing transgenic
tomato plants displayed partial inhibition of cell death asso-
ciated with non-host hypersensitive response cell death upon
bacteria and virus challenge [96]. Because p35 shows a high
degree of specificity towards caspases and it shows a little or
no inhibitory activity towards other proteases, these physio-
logical inhibitor studies support an important role for caspase
like proteases during cell death in plants [96]. In addition,
natural caspase substrates such as bovine and plant PARP
are cleaved by plant proteases at caspase cleavage sites. Ex-
ogenous (bovine) PARP is endoproteolytically cleaved by
extracts from fungus-infected cowpea (Vigna unguiculata)
plants that were developing a HR but not by extracts
from noninfected leaves. This cleavage activity inhibited by
caspase-3 inhibitor (Acetyl-DEVD-CHO) but not by caspase-
1 inhibitor (Acetyl-YVAD-CHO) [43]. Interestingly, a poly-
peptide (GDEVDGIDEV) mimicking the PARP caspase-3
cleavage site (DEVD-Q) partially inhibited PARP cleavage,
whereas a modified peptide in which the essential Asp was
replaced by Ala (GDEVAGIDEV) did not affect PARP
cleavage. This cleavage activity was also inhibited by other
Cys protease inhibitors (E-64, IA, and N-ethylmaleimide).
Inhibitors to other types of proteases (Ser-, metallo-, Asp
proteases, and calpain) were without effect in this system. In
these experiments, PARP cleavage eventually yielded four
different fragments of 77, 52, 47, and 45 kD [43]. Cleavage
of endogenous (plant) PARP (116KDa) reacting with a
PARP antibody occur during menadione-induced PCD in
tobacco protoplasts, and this cleavage of PARP and induc-
tion of DNA fragmentation has been shown to be inhibited
by caspase-1 (Acetyl-YVAD-CHO) and caspase-3 (Acetyl-
DEVD-CHO) inhibitors [97]. Also in heat shock induced
PCD in tobacco suspension cells, endogenous PARP was
cleaved, yielding a 89-kDa fragment [98]. This is similar
to the cleavage of PARP described in animal apoptotic cells.
In both mammals and plants, two different types of PARP
exist, and both types are presumably involved in DNA
repair. The Arabidopsis PARP-1 shows high homology to
human PARP-1 including a conserved caspase-3 recognition
site (DSVD-N). In plants, PARP genes have been cloned
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Fig. (1). Diagrammatic representation of the activation of human caspase 1: Caspases are activated by proteolytically removing the propep-
tide and the linker peptides from the inactive caspase and cleaving the rest of the caspase into larger o-subunit and smaller f-subunit. These
subunits assemble into active tetramer containing two active sites (Nicholson, 1999; Grutter, 2000).

from Zea mays and A. thaliana and PARP activity has been
identified in few species [99].

Although there have been numerous efforts to identify
proteinases that exhibit caspase activities, plant caspases
have remained unidentified [100]. Recent work, however,
has unraveled this mystery. Vacuolar processing enzyme
(VPE) has been shown to be a protease that exhibits caspase-
1 activity and is essential for virus-induced hypersensitive
cell death [35]. Direct evidence has been reported for the
involvement of VPEs in plant cell death [35, 101-105]. Hara-
Nishimura and coworkers [35] have used a temperature sen-
sitive N-TMV tobacco plant pathogen system to identify the
proteases responsible for caspase like activity. The tempera-
ture-sensitive N-TMV (tobacco mosaic virus) tobacco plant-
pathogen system allows massive cell death to be synchro-
nized. At 30°C, TMV can systemically infect tobacco plants
because induction of cell death and defence gene expression
is completely suppressed. Upon shifting the temperature to
23°C, cell death appears throughout the infected plant. A
biotinylated caspase inhibitor (biotin-XVAD-FMK) was
used to identify the proteins complexing with this inhibitor.
The inhibitor when infiltrated into tobacco leaves before
temperature shift, effectively blocked cell death and specifi-
cally bound to protein fractions of 40KDa and 38KDa. Using
antibodies against the intermediate and mature forms of VPE
these fractions were recognized as two forms of VPE, indi-
cating that the caspase like activity was performed by VPE.
Infiltration of leaves with YVAD-CHO as well as specific
VPE inhibitor (ESEN-CHO) abolished lesion formation. In

addition, in VPE silenced plants hypersensitive cell death
response to TMV was greatly suppressed. These results
clearly demonstrate the caspase like activity of VPE and its
involvement in TMV induced cell death. Cell death is ac-
companied by an increase in YVADase activity but not by
DEVDase activity [106]. This suggests the involvement of
VPE:s in cell death and shows that VPEs are among the tar-
gets of caspase inhibitors in plants. Arabidopsis has four
VPE genes (aVPE, BVPE, yVPE, 6VPE) which are separated
into seed type and vegetative type [76, 107]. VPE is an as-
paraginyl endopeptidase [108]. It cleaves peptide bonds on
the C-terminal side of Asparagine residues exposed on mo-
lecular surface of proprotein precursors to generate the re-
spective mature proteins [109-111]. However, it also has
been shown that VPE cleaves peptide bonds on the C-
terminal side of aspartic acid residues [112]. VPE recognizes
aspartic acid when it is part of the YVAD sequence of a
caspase-1 substrate, but does not necessarily recognize other
aspartic acid residues [35], similar to caspase-1 [113]. VPE,
like caspases, is a cysteine protease. Although VPE is not
related to the caspase family or the metacaspase family, VPE
and caspase-1 share several enzymatic properties (Fig. 2).
Two residues of the catalytic dyad in VPE (histidine and
cysteine; Fig. 2) [112] are comparable to His237 and Cys285
of the catalytic dyad in human caspase-1 [114]. The QACRG
pentapeptide of the active site of caspase-1 is similar to the
E(A/G)CES pentapeptide of the active site of VPEs. A simi-
lar comparison was also done for human caspase-8 and
Arabidopsis YVPE [104]. In addition, each of three essential
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Fig. (2). Schematic representation of active site residues among the human caspasel (hCaspasel) and Nicotiana tabacum VPE (NtVPEla).
Histidine 237 and Cystein 285 that are involved in catalysis in hcaspasel correspond to H174 and C216 of NtVPEla and Argenine 179,
Argenine 341, Serine 347 involved in substrate binding in hcaspasel correspond to R109, R386 and S392 in case of NTVPEla. Caspasel
and plant VPEs are activated by proteolytically removing the propeptides and the linker peptides from the inactive caspases which is then

converted into active caspase.

amino acids, Argl79, Arg341 and Ser347, which form the
substrate-binding pocket of caspase-1 [109-111] are con-
served in VPEs. This is the case for all of the more than 20
VPEs that are currently in databases. The substrate binding
pocket of VPE might be similar to the substrate-binding
pocket of caspase-1. Both VPE [114] and caspase-1 [115]
are subjected to self-catalytic conversion/activation from
their inactive precursors.

With the sequencing of the complete genome of the
model plant Arabidopsis thaliana (Arabidopsis Genome Ini-
tiative, 2000), these caspase like activities have steered an
intensive but frustrating search for caspase genes within
plants. At the end of 2000, distant caspase relatives were
discovered in silico in plants, the metacaspases that contain
some of the structural features that are characteristic of the
animal caspases [116-117]. The Arabidopsis thaliana ge-
nome contains nine metacaspases. The function(s) and sub-
strate specificity of the metacaspases from plants have not
yet been investigated. The increased expression of one of the
tomato metacaspases during infection with the necrotrophic
pathogen Botrytis cinerea suggests a possible role for plant
metacaspases in cell death [118]. The recent findings by
Peter Bozhkov and colleagues [119] also indicate that a
plant metacaspase might be involved in cell death. These
authors studied proteolytic activity during embryogenesis
in Norway spruce (Picea abies). Concomitant with massive
cell death during shape remodelling, an increase in VEIDase
activity (equivalent to activity of human caspase-6) was
observed. Treatment with VEIDase inhibitor VEID-
fluoromethylketone (VEID-FMK) inhibited cell death and
prevented normal embryo development. The authors used a
range of other caspase substrates but, apart from IETD- 7-
amino-4-methylcoumarin, these were cleaved poorly. The
VEIDase activity was sensitive to pH, ionic strength and

Zn*" comparable to human caspase-6. The substrate specific-
ity of the Norway spruce VEIDase appears similar to that of
the yeast metacaspase YCA1 [120], suggesting that the plant
VEIDase involved in cell death is a metacaspase. This group
also showed that silencing of a metacaspase gene (EMBL
database Accession no. AJ534970) reduced VEIDase activ-
ity and cell death, and inhibited embryonic pattern formation
[121]. These findings suggested that plant metacaspases
were among the targets of the human caspase inhibitors
and perhaps metacaspases functionally resemble animal
caspases. But later in vitro experiments have shown that
mcll-Pa (type 11 metacaspase gene) had Arg but not Asp
specificity [122]. Because knocking down mclI-Pa not only
disrupted cell death but also blocked embryonic differentia-
tion, it was speculated that mcll-Pa might be primarily in-
volved in cellular differentiation rather than in cell death.
Possibly, mcll-Pa regulates the actin reorganization ob-
served during cellular differentiation [123], like mammalian
caspases do in the cytoskeletal rearrangements during apop-
tosis [124]. In Arabidopsis, mere constitutive overexpression
or disruption of metacaspase genes does not lead to an obvi-
ous phenotype [125, 126] and, thus, a role for metacaspases
in cell death or other processes has not been identified yet.
Redundancy may exist between the various members of this
family, or additional factors may be necessary to activate
ectopically expressed metacaspases.

MAJOR PROTEINS RESPONSIBLE FOR THE ACTI-
VATION OF THE EXECUTORS OF PCD: THE
ADAPTORS

The controlled activation of caspase precursors (Zy-
mogens) is achieved by adaptor proteins that bind to them
through shared motifs. Tumour Necrosis Factor (TNF) re-
ceptors superfamily or apoptogenic cofactors released by the
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mitochondria can be mentioned as examples of adaptors.
Caspases-8 is activated when death effector domains (DEDs)
in its pro domain bind to the C-terminal DED in adaptor
molecule Fas-associated death domain (FADD); similarly
Caspase-9 is activated after the association of Caspase Re-
cruitment Domain (CARD) in its prodomain with the CARD
in another cofactor protein, Apoptosis Protease Activating
Factor-1 (APAF-1) [8]. In the worm C. elegans, Ced-4 acts
as the adaptor molecule. Database searches have identified
several motifs of similarities between Ced-4, APAF-1 and
proteins encoded by resistance genes regulating HR in
plants. The conserved domain has been coined as NB-ARC
[127].

INTRACELLULAR CONTROLS:
TORS

THE REGULA-

A decision to die should not be taken lightly and so it is
not surprising that the death programme is regulated in com-
plex ways, both from inside and outside the cell. A major
class of intracellular regulators is the B-cell leuke-
mia/lymphoma 2 (Bcl-2) family of proteins, which like
caspase family, has been conserved in evolution from
Worms to humans [128]. Ced-9 (ced for cell death abnormal)
gene in C. elegans encodes such a protein: if it is inactivated,
most of the cells in the developing worm die and worm,
therefore, dies early in development, but if ced-4 is also inac-
tivated so that apoptosis cannot occur, the worm and all of
the cells live [9]. Ced-9 prevents caspase activation by bind-
ing to adaptor Ced-4 [8] in the worms. So, it seems that the
only reason any cells in the developing worm live is that
ced-9 normally keeps the death programme suppressed in
these cells. Ced-9 gene is similar to the humans bcl-2 gene.
Fifteen bcl-2 family members have been identified so far in
the mammals. Some such as Bcl-2, Bcl-XL, Bcl-W ete. sup-
press apoptosis (anti apoptotic): others such as BCL2 associ-
ated x protein (Bax), BCL2 antagonist/ killer (Bak), BCL2-
related ovarian killer (Bok), BCLXxL/BCL2 associated death
promoter (Bad) and BH3 interacting domain death agonist
(Bid) promote it (proapoptotic) [128]. Some of these proteins
can bind to each other: when an apoptosis suppressor forms a
complex with an apoptosis promoters, each protein inhibits
the others function. The ratio of suppressor to promoters
helps determine a cell’s susceptibility to apoptosis [129].

It is now an established fact that mitochondria which are
called the powerhouses of the cell not only generate energy
for cellular activities but also play an important role in cell
death [130] in animals. They release several death promoting
factors such as cytochrome C (Cyt-C) (which contribute to
caspase activation), Apaf-1, Apoptosis inducing Factor
(AIF), procaspase-3, Ca’" and reactive oxygen species
(ROS) in response to various stimuli. Different mechanisms
have been suggested to explain the release of apoptogenic
factors from mitochondria, induced by proapoptotic proteins
[131, 132]. The first involves Bax that could simply oli-
gomerise in outer mitochondrial membrane (OMM) to form
a channel. Alternatively, Bax, in association with either the
voltage-dependent anion channel (VDAC) or truncated Bid
(tBid), could promote the formation of pores allowing the
passage of soluble proteins. Alternative models have been
suggested in which, during early stages of apoptosis, the
inner mitochondrial membrane (IMM) plays a key role. The
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first one implies that water and solutes enter the mitochon-
drial matrix, inducing swelling of mitochondria [131, 132].
This process is mediated by either VDAC or the opening
of a permeability transition pore (PTP) [133]. The PTP may
be defined as a voltage-dependent, cyclosporin A (CsA)-
sensitive, high conductance inner membrane channel. The
molecular structure of PTP is still unknown, although evi-
dence suggests that it may be formed of several components,
including matrix cyclophilin D, the outer membrane VDAC,
the innermembrane adenine nucleotide translocase (ANT),
peripheral benzodiazepin receptor and Bcl-2, hexokinase
bound to VDAC, and intermembrane creatine kinase [134]
evidence indicates that the mitochondria-associated
hexokinase plays an important role in the control of apopto-
sis in mammals [135, 136]. Hexokinase is an integral com-
ponent of the PTP through its interaction with porin or the
voltage-dependent anion channel (VDAC), and hexokinase
binding to the VDAC interferes with the opening of the PTP,
thereby inhibiting cytochrome c release and apoptosis [137].
Thus, detachment of hexokinase from the mitochondria po-
tentiates, and its overexpression inhibits mitochondrial dys-
function and cell death induced by various stimuli. Recent
studies have shown that cyclophilin D, another component of
the PTP, is a key factor in the regulation of PTP function and
that cyclophilin D-dependent mitochondrial permeability
transitions are required to mediate some forms of necrotic
cell death but not apoptotic cell death [138]. However, these
observations do not exclude the possibility that certain forms
of apoptosis are mediated by the mitochondrial permeability
transitions, because some forms of apoptosis are signifi-
cantly inhibited by cyclosporin A, a specific inhibitor of cy-
clophilin activity [139]. The pore open-closed transitions are
highly regulated by multiple effectors at discrete sites. Fac-
tors affecting PTP can be subdivided into matrix and mem-
brane effectors. The former include both openers (Ca’",
phosphate, oxidizing agents, ‘OH and atractylate) and inhibi-
tors [CyclosporinA(CsA), Adenosine diphospate H',
bongkrekate and reducing agents]. Among the latter, a high
(inside-negative) membrane potential tends to stabilize the
PTP in a closed conformation, whereas depolarisation by
different uncouplers determines its aperture. PTP is also
regulated by quinones, which prevent Ca*"-dependent pore
opening. The Bcl-2 proteins are membrane spanning and
have at least one of the four Bcl-2 homology (BH) domains.
It is shown that the proapoptotic Bax interacts with VDAC
and ANT, and brings about a conformational alteration to
form a megachannel leading to the release of Cyt-C [131].
The pore conductance of VDAC has been shown to increase
in the presence of Bax in artificial membranes and this in-
crease is blocked by Bcl-XL. Bax and Bim interact with
VDAC and lead to the release of Cyt-C, whereas Bcl-XL
blocks this release [140]. The permeabilization of the IMM
to solutes with molecular mass up to 1.5 kDa, caused by the
aperture of the PTP results in the complete dissipation of
mitochondrial electrical potential. Consequently, the high
concentration of solutes present in the matrix induces an
osmotic swelling that could ultimately lead to OMM rupture
and the consequent release of proteins from the intermem-
brane mitochondrial space (IMS) [132].

A further model refers to the non-swelling mechanism
involving the OMM. In this mechanism a crucial role is per-
formed by VDAC, which interacts with Bax, forming a pore
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through which Cyt-C is released [141]. The first evidence
derives from a study in which the overexpression of mam-
malian Bax gene in tobacco plants causes hypersensitive-like
lesions and induces defence genes [142]. Recent experimen-
tal findings seem to corroborate this mechanism, suggesting
that VDAC can play a crucial role in PCD pathway being a
conserved element in both plants and animals. In agreement,
VDAC expression increases during HR, senescence and
heat-induced PCD in A. thaliana cells [142]. This evidence
indicates a putative dual role for VDAC, as a component of
PTP or as a channel that interacts with Bax.

In animal cells, the significance of the release of Cyt-C is
the subsequent assembly of the apoptosome complex that is
followed by the activation of the executioner caspases. Al-
though evidences are lacking for the formation of apopto-
some in plant cells, sequence alignments have revealed sig-
nificant similarities among regions of C. elegans cell death
gene that encodes a protease activating factor (Ced-4), hu-
man Apaf-1 and several plant resistance genes. Although
these resistance genes do not contain CARD but may be as-
sumed to function as controlling adaptors in plant protein
complexes which are activated during HR [143]. Thus, the
subsequent fate of Cyt-C is still problematic, because the
formation of the complex like the apoptosome, is largely
speculative. If an apoptosome- like complex exists in plants,
it may interact with caspase-like proteases (Metacaspases,
VPE) by analogy with the system in animal cells. In addi-
tion, a further evidence supporting the mitochondrial in-
volvement in plant PCD is provided by the reports of strong
increase in HSP during harpin HR in A. thaliana cells [144].
HSPs are considered to partially suppress apoptosis in ani-
mal cells, by preventing Cyt-C release and disrupting the
apoptosome. Plant HSPs are considered to accomplish com-
parable effects [145].

The fundamental features of PCD are believed to be con-
served throughout metazoans and plants Fig. (3), [34]. In
support of this, a study carried out on tobacco shows that the
expression of Bax, which is a mammalian pro-apoptotic pro-
tein, triggered cell death in tobacco leaf [146, 147]. Moreo-
ver, overproduction of animal cell death suppressors Bcl-XL
and Ced-9 conferred enhanced resistance to UV-b and
paraquat treatment and salt, cold and wound stresses in to-
bacco plants Fig. (3), [148]. However, recent research dem-
onstrated that homologous plant genes for cell death sup-
pressors such as bcl-2, Bel-XL from humans & ced-9 from C.
elegans are not found in Arabidopsis genome whose se-
quence has been presented as the first complete genomic
sequence of higher plants [141]. Recently, it has been re-
ported that a gene encoding a homolog of Bax inhibitor (BI-
1) from Arabidopsis inhibits mammalian Bax action in
planta [149]. This is the first report on the direct contribution
to plant cell death of a plant originating gene that is a ho-
molog of animal cell death related gene. An Arabidopsis
homolog A¢BI-1(Arabidopsis Bax inhibitor 1) was identified
from the genome sequencing project. The identity level is
37.5% AtBI-1 shares 41% amino acid identity with mam-
malian BI-1(mBI-1). Plant homologs of BI-I gene for sev-
eral plant species including Oryza sativa (OsBI-1), Arabi-
dopsis thaliana (AtBI-1) have been cloned and characterized
to various extents [150-153]. Intriguingly enough, however,
when AtBI-1 was transfected into the mammalian cell sys-
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tems, it did not suppress Bax induced cell death in the human
cells. Infact, AtBI-1 induced cell death comparable to Bax
[154]. The possibility exists that AtBI-1 might directly dam-
age the mitochondrial structure causing Cyt-C release. How-
ever, co-transfection of the cells with both human BI-1 and
AtBI-1 crippled cell death, suggesting preferably a domi-
nant-negative mechanism in which AtBI-1 induced apoptosis
is minimized by overexpressed mBI-1 [154]. It may, thus, be
speculated that AtBI-1 competitively interacts with endoge-
nous mBI-1 or BI-1 target protein, interfering with its func-
tion and thereby triggering cell death. In this regard, in vitro
binding of BI-1 with Bcl-2 but not with Bax has been dem-
onstrated [155]. Thus, it remains unclear how BI-1 sup-
presses Bax’s function given that yeast and plants contain no
obvious Bcl-2 homologs [141]. Interestingly, downregula-
tion of a tobacco BI-1 homolog using an antisense RNA ap-
proach resulted in accelerated cell death of tobacco BY-cells
upon carbon starvation [150]. Downregulation of rice BI-1 in
cultured rice cells upon challenge with a fungal elicitor from
Megnaporthe grisea was concomitant with the progression
of cell death and, conversely, overexpressed rice BI-1 can
improve cell survival against the elicitor [156]. Another
study found that decreased BI-1 expression correlated with
chemical-induced resistance of barley to the infection of a
biotrophic fungal pathogen powdery mildew (Blumeria
graminis), and overexpression of barley BI-1 at a single-cell
level induces hyper susceptibility and could reverse the fun-
gal resistance that is conferred by the loss of MLO, a nega-
tive regulator of cell death and defense response in barley
[157]. Although these observations support the idea that BI-1
homologs of yeast and plants have an anti-PCD function, the
physiological importance of BI-1 and the impact of its loss
of function in plants are still unclear at the whole plant level
as clear genetic evidence is absent. However, a study carried
out more recently [158] identified and characterized two
independent Arabidopsis mutants with T-DNA insersion in
the AtBI-1 gene. The phenotype of atbil-1 and atbil-2, with
a C-terminal missense mutation and a gene knockout, re-
spectively, is indistinguishable from wild-type plants under
normal growth conditions. However, these two mutants ex-
hibit accelerated progression of cell death upon infiltration of
leaf tissues with a PCD-inducing fungal toxin fumonisin B1
(FB1) and increased sensitivity to heat shock-induced cell
death. Under these conditions, expression of AtBIl mRNA
has been shown to be upregulated in wild-type leaves prior
to the activation of cell death, suggesting that increase of
AtBI1 expression is important for basal suppression of cell
death progression. Over-expression of AtBI-1 transgene in
the two homozygous mutant backgrounds rescued the accel-
erated cell death phenotypes. Together, these results provide
direct genetic evidence for a role of BI-1 as an attenuator for
cell death progression triggered by both biotic and abiotic
types of cell death signals in Arabidopsis.

CONCLUDING REMARKS

Conclusively, there are likely to be inherent differences
in the operational mechanism of PCD between plants and
animals; there is also the possibility for the involvement of
different operational mechanisms of PCD in different plant
cell types, i.e. more than one pathway of PCD is likely to be
operative in plants, while in animals there seems to be only
one programme (Fig. 3). No plant system is yet described
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Fig. (3). Chosen examples of treatments triggering different animal or plant PCD hallmarks in plant cell. ? Indicates events that have been
shown in animals and have not been detected in plants and “?” Indicates arbitrary functional assignment in plants.

which shows all features common to animal PCD. The com-
parison of plant PCD and apoptosis in animals show impor-
tant differences regarding morphological changes occurring
in the dying cells and enzymes involved in the process (Fig.
3). However, the final execution of the process, DNA frag-
mentation and nuclear disorganization, has similarities in
animal and plant cells, suggesting that it might have evolved
from a common ancestor. VPEs and metacaspases appear to
be the prime candidates that seem to be responsible for the
caspase like activities observed. However, until now, the role
of metacaspases in cell death still remained enigmatic, and
both up- and down-regulation of metacaspases have yielded
conflicting data. However, such approaches bear the risk that
a constitutive perturbation of genes that are essential for
normal cellular homeostasis leads to over interpretation. Al-
ternative routes toward unraveling the function of meta-
caspases could involve the identification of their substrates
by using technologies that allow direct characterization of in
vivo protein processing on a proteome-wide scale [159].
Knowing the degradome specificity of metacaspases could
reveal their role in cellular and developmental processes,
including cell death. Overproduction of the cleavage frag-
ments and/or of uncleavable mutant proteins would help elu-

cidate the functional consequences of substrate cleavage by
metacaspases. The many intriguing similarities with PCD in
animals will need to be rigorously tested to demonstrate that
they are conserved, and are derived from a common ances-
tral origin.

Despite the fact that there is a significant progress in our
understanding of plant PCD in recent years, its exact control
mechanism is still obscure. Deployment of reverse genetic
approaches such as PTGS/RNAI strategies and knockout
screens using T-DNA or transposon insertion collections,
coupled with global expression approaches such as microar-
ray analysis should help speed up the first essential step of
identifying the important players involved in plant cell death
activation. Research works along these approaches throw
light onto new insights and mechanisms involved in genetic
manipulations, revealing new regulator(s) that may be highly
rewarding.
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