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Programmed cell death (PCD) is an important feature of plant

development; however, the mechanisms responsible for its regulation in

plants are far less well understood than those operating in animals. In this

review data from a wide variety of plant PCD systems is analyzed to

compare what is known about the underlying mechanisms. Although

senescence is clearly an important part of plant development, only what is

known about PCD during senescence is dealt with here. In each PCD system

the extracellular and intracellular signals triggering PCD are considered and

both cytological and molecular data are discussed to determine whether a

unique model for plant PCD can be derived. In the majority of cases

reviewed, PCD is accompanied by the formation of a large vacuole, which

ruptures to release hydrolytic enzymes that degrade the cell contents,

although this model is clearly not universal. DNA degradation and the

activation of proteases is also common to most plant PCD systems, where
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they have been studied; however, breakdown of DNA into nucleosomal

units (DNA laddering) is not observed in all systems. Caspase‐like activity

has also been reported in several systems, but the extent to which it is a

necessary feature of all plant PCD has not yet been established. The trigger

for tonoplast rupture is not fully understood, although active oxygen species

(AOS) have been implicated in several systems. In two systems, self

incompatibility and tapetal breakdown as a result of cytoplasmic male

sterility, there is convincing evidence for the involvement of mitochondria

including release of cytochrome c. However, in other systems, the role of the

mitochondrion is not clear‐cut. How cells surrounding the cell undergoing

PCD protect themselves against death is also discussed as well as whether

there is a link between the eventual fate of the cell corpse and the mechanism

of its death. � 2005, Elsevier Inc.
I. Introduction

Programmed cell death (PCD) is now recognized as an important event in

shaping plant organs (Jones and Dangl, 1996; Pennell and Lamb, 1997). In

animal cells PCD has been defined as cell death that is part of the normal life

cycle of the organism, is triggered by specific physiological signals, and

involves de novo gene transcription (Ellis et al., 1991). This distinction is

important in diVerentiating developmental PCD from necrotic cell death

that may occur as a result of injury or exposure to toxic substances. In plants

an important response to pathogenic attack is the hypersensitive response

(HR) in which selected cells around the site of infection undergo PCD

to prevent spread of the pathogen. Although the cellular features of

HR‐PCD show many similarities to developmental PCD, this area has been

reviewed (Greenberg and Yao, 2004) and will not be dealt with in detail here.

In plants it is also important to distinguish between PCD and senescence,

terms that have led to much controversy in this field and have been the focus

of review (van Doorn and Woltering, 2004). In this review, PCD will be used

to indicate cellular death as opposed to the death of whole organs or

individuals.

In some plant organs the eVect of PCD is particularly evident. Thus,

although in animals, sculpting of the fingers is often quoted as the classic

example of the action of PCD in organ development, in plants an obvious

example is the prominent holes in the leaves of the house plant Monstera

(Melville and Wrigley, 1969). However, the phenomenon is much more

widespread, and examples are found at all stages of plant development in

which the targeted removal of specific cells or cell types is a requirement for

normal development.
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In animal cells at least two forms of PCD have been described: apoptosis

and autophagy. A number of cytological features describe apoptosis. These

include nuclear condensation and marginalization, chromatin condensation,

followed by fragmentation of DNA into nucleosomal units known as DNA

laddering, and the formation of membrane inclusions known as apoptotic

bodies. In animals the apoptosed cell remains are finally engulfed by neigh-

boring cells through phagocytosis and the cell corpse disappears (Cohen,

1993). In a few cases PCD may be defined as truly autonomous as, for

example, in the very tightly regulated cell death in Caenorhabditis elegans

(Yuan and Horvitz, 1990). However, in many cases, signals external to the

cell, such as changes in hormone levels, trigger PCD (Cohen, 1993). Once

PCD has been triggered (for an overview of animal PCD, see Krishnamurthy

et al., 2000), a complex network of regulators is switched on involving

increases in cytosolic calcium concentrations, an oxidative burst, and release

of pro‐PCD factors such as cytochrome c from the mitochondrion. Release

of cytochrome c is regulated by a growing family of Bcl‐2 proteins that

interact with the mitochondrial membrane, facilitating or inhibiting its

release. These intracellular events activate a family of cysteine aspartate

specific proteases known as caspases, which are both regulators and the

eVectors of cell death. Caspases act on a plethora of targets initiating cell

condensation, nuclear fragmentation, and DNA breakdown. The character-

istic DNA laddering occurs as a result of cleavage at the nucleosome‐linker
sites, by DNAases, which are activated both by the caspases and more

directly by increases in cytosolic calcium levels (Peitsch et al., 1993).

Autophagy in mammalian cells (reviewed by Stromhaug and Klionsky,

2001) was originally associated with a response to starvation. It is character-

ized by the formation of vesicles containing proteins and organelles, which

are transported to the lysosome. Known as autophagosomes, these vesicles

have a short half‐life (in the range of a few minutes) and their contents are

then digested by the hydrolase‐packed lysosomes to generate monomeric

building blocks. The signaling pathways leading to autophagy are much

less well‐defined than those involved in apoptosis; however, heterotrimeric

G proteins (Ogier‐Denis et al., 2000) and type III phosphoinositide

3‐phosphates (Petiot et al., 2000) have been implicated. Interestingly, auto-

phagy and apoptosis may not be completely independent mechanisms. Beclin

1, which interacts with Bcl‐2 family proteins, is associated with type III

phosphoinositide 3‐phosphates and may have a role in sorting proteins

destined for the autophagosome (Kihara et al., 2001). Also, sphingosine,

known to activate apoptosis, increases the activity of lysosomal proteases

such as cathepsin B, which in turn are caspase activators (Ferri and

Kroemer, 2001). Notably the lysosomes appear to act upstream of the

mitochondria, suggesting a regulatory role in apoptosis (Yuan et al., 2002).
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Few genes with sequence homology to those involved in animal PCD have

been identified in plants despite the availability of genome sequences from

representatives of the major taxonomic divisions of flowering plants, namely

Arabidopsis representing dicotyledonous plants (The Arabidopsis Genome

Initiative, 2000) and rice representing the monocotyledons (GoV et al.,

2002). Putative homologues include those for Bax‐Inhibitor‐1, an inhibitor

of the proapoptotic Bcl‐2 family member Bax (Kawai et al., 1999) involved

in apoptosis, Beclin (Laporte et al., 2004; C. WagstaV, unpublished results)

involved in autophagy, and dad‐1 (Orzáez and Granell, 1997), although

doubt has been cast on the regulatory role of dad‐1 (Kelleher and Gilmore,

1997). Although homologues of caspases have not been identified from the

genome sequences (Lam and Del Pozo, 2000), plant metacaspases members

of a related superfamily are found in plant genomes (Lam, 2004) and can

trigger apoptosis‐like cell death in yeast (Watanabe and Lam, 2005). In

addition, caspase inhibitors inhibit plant PCD in several systems (see follow-

ing). Thus, whether homologues to the other components of the apoptotic or

autophagic machinery in animal cells are present in plants but with insuY-
cient homology to be identifiable through database searching, or whether the

whole mechanism of cell death is diVerent in plants remains as yet unresolved.

A number of features diVerentiate plant and animal cells and these may

account for the divergence in cell death mechanisms, one major diVerence
being the cell wall. However, parallels to apoptosis are evident at a cytologi-

cal level in some types of plant PCD and proteases are prominently upregu-

lated in both plants and animals. Hence, a mechanism may emerge for plant

PCD that is divergent from that in animals but shares some common

features. As examples of PCD are examined from diverse developmental

processes questions about the input signals triggering PCD, the process of

cell death, and the consequences of the death of the cell can be asked.
II. Seed and Embryo Development

Several seed tissues undergo PCD as part of their normal development, and

best studied of these is the endosperm. The endosperm is a transient nutritive

triploid tissue formed from the secondary fertilization event characteristic of

higher plants. It is essential for embryo development, but endosperm life

span is limited and cell death progresses until in some species all the cells in

the tissue are dead as the seed reaches maturity. The life span of the

endosperm is species specific; in dicotyledonous seeds such as beans, it is

barely detectable and the nutrients are transferred to the embryo before the

seed reaches maturity. In cereal seeds, however, the endosperm is a promi-

nent component and a layer of the endosperm, the aleurone layer, is still
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viable at seed maturity. Aleurone cells, however, are nondividing, and the

whole tissue disappears following seed germination. The aleurone has a

secretory role, producing the hydrolytic enzymes required to break down

the reserves stored in the endosperm, and is tightly regulated through

hormonal control (Huttly and Phillips, 1995). Both have been intensely

studied, due to their importance for seed development and also as models

for plant PCD (Young and Gallie, 2000a).

Another well‐studied seed tissue with limited life span is the suspensor.

This is composed of a string of cells connecting the embryo to the rest of the

seed and acts as a conduit for the nutrients mobilized from the endosperm to

reach the developing embryo (Yeung and Meinke, 1993). Once this function

has been performed, its cells undergo PCD. Suspensor cell death has proven

to be a particularly fruitful tissue for PCD studies in that it is possible to

induce embryo formation from isolated cells in culture and to manipulate

the formation and degeneration of the suspensor cells.
A. Cell Death in the Endosperm

In seeds with little or no endosperm, the lack of this tissue is due either to

arrested development or to its early degeneration (Young and Gallie, 2000a).

Thus, although the endosperm cells undergo cell death in all species, the

timing of this event and the size of the tissue vary. Although the fate of

the endosperm in noncereals is interesting, most studies have focused on cereal

endosperm, especially in wheat and maize. Development and cell death in both

species is not uniform, and the pattern of cellular change may be related to

species‐specific signaling events (Young and Gallie, 2000b).
1. The Aleurone

PCD in the aleurone is stimulated by Gibberellic acids (GAs), a class of plant

growth regulators (Bethke et al., 1999; Kuo et al., 1996; Wang et al., 1996),

and the process can be simulated by the incubation of isolated aleurone

layers, or protoplasts with GA (Fath et al., 2000). In vivo GAs are produced

by the embryo and stimulate the aleurone layer to release hydrolytic enzymes

that make available nutrients stored in the starchy endosperm for embryo

growth (Fincher, 1989). The hydrolases are synthesized de novo from the

breakdown of storage proteins found in protein storage vacuoles (PSVs)

within the aleurone cells. During GA stimulation, the PSVs coalesce to form

a single large vacuole and change from storage to lytic organelles. This is

accompanied by acidification of the PSVs (Swanson and Jones, 1996) and

accumulation of hydrolytic enzymes. Although at first these are required for
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storage proteinmobilization, later they are implicated in death of the aleurone

cell through autolysis and removal of the aleurone cell corpse. One possible

mechanism for this autolysis is that the acidification activates specific pro-

teases, which initiate a protease cascade within the PSVs (Fath et al., 2000).

The protease phytepsin is upregulated following GA treatment in aleurone

cells (Bethke et al., 1996) and was shown to process probarley lectin in roots

(Sarkkinen et al., 1992). Thus, protease activation by specific proteases may

be an important mechanism in aleurone PCD. However, although protease

cascades are reminiscent of the well‐characterized caspase cascades in animal

PCD (Salvesen and Dixit, 1999), caspases are unlikely to play an important

role here. Caspases, which accumulate at the right time to be involved in PCD,

have been identified in aleurone cells, but they are not GA‐induced (Fath

et al., 2000). Furthermore, apoptotic bodies as seen in apoptotic animal cells

have not been observed (Fath et al., 2000), so GA‐induced PCD in aleurone

cells diverges significantly from animal cell apoptosis.
The final step of aleurone cell PCD is loss of integrity of the plasma mem-

brane (Fath et al., 2000, 2002) leading to loss of turgor and shrinkage of the cell

corpse. AOS may play the final role in the execution of aleurone PCD by

causing membrane lipid peroxidation resulting in loss of membrane integrity

(Fath et al., 2001). There is indeed a body of evidence implicating AOS in

aleurone PCD. GA‐treated protoplasts become more sensitive to exogenous

hydrogen peroxide, and incubation of GA treated aleurone protoplasts with

antioxidants such as butylated hydroxy toluene (BHT) reducedmortality (Fath

et al., 2002). The same study also revealed that both transcripts and activities of

enzymes involved in AOS metabolism decrease on treatment of aleurone pro-

toplasts with GA. The source of AOS was also investigated, and both an

increase in glyoxylate activity and a change in the electron transport chain

away from the alternative oxidase pathwaywere associatedwithGA treatment.

Both of these are associated with increased AOS production. Thus, both an

increase inAOS production and a reduction inAOSmetabolism are associated

with PCD following GA treatment, and membrane damage leading to PCD

that may occur when AOS production exceeds removal of AOS by metabolic

routes. Nitric oxide (NO) may also be involved as a signaling molecule and/or

with an antioxidant role. NO can act as an antioxidant reducing membrane

damage by interacting with lipid peroxyl radicals, or it can promote cell

death (Beligni et al., 2002). Incubation of barley aleurone cells with a NO

scavenger, 2‐(4‐carboxyphenyl)‐4,4,5,5‐tetramethylimidazoline‐1‐oxyl‐3‐oxide
(cPTIO), accelerated GA‐induced PCD, suggesting that endogenous NO was

retarding PCD. This was supported by the detection of endogenous NO pro-

duction using NO‐sensitive fluorescent dyes (Beligni et al., 2002), although

there was no apparent diVerence inNOproduction betweenGAor cells treated

with another plant growth regulator abscisic acid (ABA), which protects
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endosperm cells from PCD (see later). Exogenous application of NO also

retarded PCD in GA‐treated cells in a similar way to BHT, suggesting an

antioxidant role, andNO also delayed the downregulation of AOSmetabolism

gene expression.

While aleurone cells become highly vacuolated, degradation of their nu-

clear DNA is detectable. It proceeds rapidly and they lose over 50% of their

nuclear DNA within 5 days after GA treatment. However, although

TUNEL staining is positive indicating the presence of free 30 OH ends,

controversy exists over whether DNA laddering takes place. One study

(Fath et al., 1999) did not find DNA laddering in barley aleurone proto-

plasts, whereas more recently DNA laddering was detected in preparations

from both wheat and maize intact aleurone cells (Domı́nguez et al., 2004).

Whether there is interspecific divergence in the mechanism for nuclear DNA

degradation in aleurone cells, or whether the contrasting results are due to

diVering methodologies remains unclear. Where it has been detected, the

timing of DNA laddering is in agreement with the TUNEL data, coinciding

with extensive vacuolation. Candidate nucleases have been identified; at least

three nucleases are induced by GA treatment, and their induction is delayed

by ABA treatment. The timing of their activity fits in with the data on DNA

degradation. Thus, strong upregulation of their activity occurs after hydro-

lase release is essentially complete (Fath et al., 2000). It would seem, more-

over, that the nuclease activity and consequent DNA degradation are a

requirement for PCD in these cells. Hydrolase release, nuclease activity,

and DNA degradation were all inhibited by the guanylyl‐cyclase inhibitor

LY83583 (Bethke et al., 1999; Fath et al., 1999), indicating that cGMP may

also play a regulatory role in aleurone cell PCD.

The link between hydrolase release and cell death is not, however, simple

because at least in the earlier stages of hydrolase release, it can be uncoupled

from PCD. When aleurone cells are treated with ABA, cell death is delayed

even if the cells have previously been treated with GA and induction of

hydrolase release has begun (Fath et al., 2000). Furthermore, in aleurone

protoplasts, accumulation of proteases in the medium does not result in

PCD. Thus, freshly prepared protoplasts were incubated in medium that had

been recovered from GA‐treated cells and that was rich in hydrolases;

however, this did not accelerate PCD in the protoplasts (Fath et al., 2000).

Ca2þ and protein phosphorylation have been implicated in the signal

transduction mechanism that leads to GA‐induced PCD. Okadaic acid, a

protein phosphatase inhibitor, blocked GA‐induced cytosolic Ca2þ increase

(Kuo et al., 1996) and microinjection of a syntide‐2, synthetic substrate for

calmodulin and Ca2þ‐ dependent protein kinases, inhibited the development

of the large vacuole, an essential precursor of PCD in the aleurone cells

(Ritchie and Gilroy, 1998).
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2. The Starchy Endosperm

Unlike the aleurone, the starchy endosperm cells are dead by the time the

seed reaches maturity. Researchers (Gallie and Young, 2004) suggested that

the death of these cells may be necessary to allow access for the hydrolases,

which break down the starch reserves, making the nutrients available to the

embryo. Cell death of the starchy endosperm is thus unusual in that the

corpse of the dead cell is not eliminated and persists in the developed seed.

Cell death in this tissue needs to be correctly timed such that starch filling is

complete before PCD is initiated. Moreover, the starch filling is not synchro-

nous across the whole tissue; it occurs in a wave starting in the central/

proximal region of the seed and moving toward the pedicel end, and PCD

follows in the same pattern (Young and Gallie, 2000a). Thus, in close

proximity the starchy endosperm cells are dying while the aleurone cells

and the embryo remain living, suggesting a programmed coordination of

signals. The plant‐growth regulator ethylene plays an important role in

regulating PCD in the starchy endosperm both spatially and temporally.

Evidence comes from the use of inhibitors of ethylene synthesis such as AVG

([2‐aminoethoxyvinyl]glycine) and of ethylene action such as 1‐MCP

(1‐methylcyclopropane), both of which delay PCD, whereas applications

of exogenous ethylene accelerate PCD in this tissue (Young et al., 1997).

Two peaks of ethylene production are detected in the endosperm coinciding

with waves of PCD. The first is in the central/proximal region of the seed,

while the second late peak occurs at the pedicel end of the seed (Young et al.,

1997). Evidence for involvement of ethylene in endosperm PCD also comes

from starch‐deficient mutants. In the maize shrunken 2 mutant endosperm,

PCD occurs prematurely (Young et al., 1997) and ethylene levels are elevat-

ed coinciding with the wave of PCD. However, to achieve correct timing of

PCD in diVerent cells, and furthermore to protect the aleurone and the

embryo from the ethylene signal, the cells must either be exposed diVeren-
tially or sense the same ethylene levels diVerentially. Researchers (Gallie and

Young, 2004) have isolated cDNAs both for ethylene biosynthetic genes and

ethylene receptor genes. They have shown that the expression of ethylene

receptors is much lower in the endosperm compared to the embryo, suggest-

ing that the endosperm tissue is responsive to lower levels of the plant

growth regulator compared to the embryo. This fits in with other experi-

ments showing that if ethylene levels are suYciently high, then the embryo

cells will also enter PCD (Young et al., 1997).

As well as ethylene, ABA may also be important in the regulation of PCD

in the starchy endosperm. ABA is important during the desiccation of the

seed as it reaches maturity. Evidence comes from two mutants in which the

endosperm PCD occurs prematurely (Young and Gallie, 2000b). One of

these mutants (vp9) is defective in ABA production, whereas the other
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(vp1) is defective in ABA perception. Thus, it would seem that in the wild‐
type ABA signaling is protecting the endosperm cells from PCD. Ethylene

production increases concomitantly with premature PCD in these mutants,

suggesting a link between the two plant‐growth regulators, although the

exact nature of the association is as yet unclear.

Two other types of signals have also been studied in relation to endosperm

PCD. AOS may play a role, but again the evidence is indirect: production of

an enzyme involved in AOS removal in barley, peroredoxin (Per1), is only

expressed in the embryo and the aleurone, but not in the endosperm (Stacy

et al., 1996). Also SOD production is reduced in the viviparous mutants

previously described, suggesting that it may have a protective role against

premature PCD (Guan and Scandalios, 1998). However, further work is

required to obtain firmer evidence for a role of AOS in PCD of this tissue.

The other possible trigger for PCD is endoreduplication. During endo-

sperm development there is a wave of endoreduplication starting at the

central region, and followed by the wave of PCD. In support of a role for

endoreduplication in the regulation of PCD is the observation that in lily

endosperm there is no endoreduplication and the endosperm cells remain

alive at maturity (Young and Gallie, 2000a). However, again the evidence is

indirect and would require further data to support a causative link.

The mechanism of PCD in the starchy endosperm shares features with

other types of PCD. DNA laddering is detected once the wave of cell death

begins, and fragmentation of the DNA into larger fragments of 50–300 kb is

detectable much earlier before cell death becomes evident (Young and

Gallie, 2000a). There is also a clear link between ethylene and DNA ladder-

ing: exposure to ethylene accelerated DNA fragmentation in wild‐type
maize. Furthermore, in maize starch‐deficient mutant shrunken2 kernels

where PCD and DNA laddering progress more rapidly than wild‐type,
treatment with AVG reduced the DNA breakdown. Nuclease activity is also

detected in the endosperm at levels 10‐fold higher than in the embryo

(Young et al., 1997).
3. The Endosperm of Ricinus communis

Although the machinery associated with protein breakdown has not been a

major focus in work on cereal endosperm PCD, some very interesting results

have emerged from the study of endosperm PCD in the castor bean (Ricinus

communis). In this species the endosperm persists into the mature seed

and then dies following germination as the protein and lipid reserves it

contains are depleted. The lipid reserves are mobilized via the formation of

glyoxysomes, but additionally the endosperm cells also contain another

organelle that develops from the ER and has been called the ricinosome

(Schmid et al., 1999, 2001). Endosperm degeneration is accompanied by
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DNA fragmentation, and the number of ricinosomes dramatically increases

as DNA fragmentation becomes evident (Schmid et al., 1999). A papain‐like
endopeptidase (Cys‐EP), which shows homology to cysteine proteases and

is associated to other plant PCD events, is also found in ricinosomes (Gietl

et al., 1997; Than et al., 2004). The Cys‐EP is formed as a 45-kDa proen-

zyme, which is later cleaved to a 35 kDa mature form. Antibodies to Cys‐EP
can be used to label the ricinosomes and follow the fate of the Cys‐EP as

PCD progresses (Schmid et al., 1998). Labeling shows that the proenzyme

accumulates in the intact ricinosomes in parallel with the increase in DNA

fragmentation. However in the final stages of PCD, the ricinosomes rupture

releasing the mature 35-kDal form. Thus, the ricinosomes seem to be playing

a similar role to the large vacuole in the aleurone cell, releasing hydrolytic

activity into the cytoplasm as PCD reaches its final stages. Again pH is

postulated to play a part as acidification of isolated ricinosomes triggers the

activation of the Cys‐EP protease (Schmid et al., 2001). In vivo this may

occur as a result of cytoplasm acidification due to a change in tonoplast

permeability late in PCD resulting in proton release from acidic vacuoles.
B. Cell Death in the Embryo and Suspensor

Following endosperm degeneration, the next event in the life of the seed

is the development of the embryo, and PCD plays a crucial role here

too. Although shaping of the embryo also relies on PCD, this has been less

well‐studied (Giuliani et al., 2002). Two major PCD events, however, have

been studied in detail, the elimination of supernumerary embryos and the

degeneration of the suspensor.

In many plants, particularly gymnosperms, several embryos can develop

from a single zygote, but usually only one develops to maturity (Bawa et al.,

1989). The elimination of the excess embryos follows a precise pattern of cell

elimination starting at the basal end of the embryo and moving toward the

apex. Although little is known of the signals dictating which embryo survives

and which die, more is known about the mechanisms of elimination. Thus,

the PCD is accompanied by DNA fragmentation and increasing vacuo-

lization (Filonova et al., 2002). The cytological features resemble those of

autophagy in which the cytoplasm and organelles are engulfed and then

lysed by the vacuoles.

Suspensor degeneration is a more universal feature of plant embryogene-

sis. In the first zygotic division, the two daughter cells are diVerentiated into

a densely cytoplasmic cell, which will divide to ultimately produce the

embryo and a highly vacuolated cell, which undergoes fewer rounds of cell

division to produce the suspensor. The suspensor acts as a conduit for

nutrients to the developing embryo and degenerates once its function is
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complete. The signals limiting growth of the suspensor are thought to come

from the embryo as mutants in which normal embryo development is

impaired also have enlarged suspensor cells with features usually associated

with embryonic cells (Schwartz et al., 1994). However, the nature of these

signals remains unknown. PCD in the maize (Giuliani et al., 2002) and bean

(Vicia faba; Wredle et al., 2001) suspensor is accompanied by DNA frag-

mentation and nuclear degeneration, which proceeds basipetally. In bean,

evidence also exists of the formation of provacuoles and nuclear inclusions,

which may indicate an autophagic type of PCD. However, the nuclear

morphology of endosperm and suspensor cell PCD was compared in bean

(Wredle et al., 2001) and diVerences were revealed in the arrangement of the

chromatin, suggesting subtle diVerences in the PCD program in these two

cell types. In plants it is also possible to stimulate embryo development

in vitro by the appropriate use of plant‐growth regulators, and in these

systems the embryonic and suspensor structures are clearly defined. This

approach has been used for studying PCD in Norway spruce (Picea abies)

embryos (Filonova et al., 2000; Smertenko et al., 2003). In this system as

well, suspensor cell death was accompanied by DNA fragmentation initially

into 50 kb fragments and later DNA laddering similar to events seen in

animal apoptosis. Cytological studies showed the formation of large central

vacuoles formed from smaller provacuoles (Filonova et al., 2000). The

nucleus also fragmented, and finally the tonoplast ruptured and there was

an almost complete lysis of cytoplasm, organelles, and nucleus. Thus, the

PCD shows characteristics both of apoptosis and a form of autophagy.

The cytoskeleton also rearranges during PCD in this system: microtubules

are disrupted in the suspensor compared to the embryonic cells, and as PCD

sets in, all microtubule fragments disappear completely (Smertenko et al.,

2003). Conversely actin in the suspensor is organized into longitudinal and

oblique cables. Disruption of these cables with actin‐depolymerizing drugs

such as latrunculin results in aberrant suspensor development. The authors

suggest that actin may be important in this system for autophagous PCD in

these cells, as has been found in animal PCD (Aplin et al., 1992).

The Norway spruce model was also used to study the role of caspase‐like
enzymes in suspensor PCD (Bozhkov et al., 2004). Using synthetic peptide

substrates and appropriate inhibitors, a caspase‐6‐like (VEIDase) activity

was detected. The activity localized to suspensor and embryonic cells fated

for PCD and inhibition of the VEIDase activity resulted in blocking suspen-

sor PCD. This strongly suggests that this caspase‐like activity is required for

PCD in these cells. However, how the caspase‐like activity functions here

during PCD is unclear, although its early expression, coincident with micro-

tubule disassembly and vacuole enlargement, might indicate a regulatory

role. Cloning of the gene or genes responsible for the caspase‐like activity is

clearly needed to help resolve its role.
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III. Leaf, Stem, and Root Development

The major nonreproductive organs of the mature plant are the leaves, stem,

and root system, and in all three of these PCD is important both in normal

organ development and function and in shaping the organ in response to

environmental cues. PCD is also the terminal event in the destruction of leaves

in response to environmental and developmental cues known as senescence.
A. Leaf Sculpting

One of the most dramatic examples of PCD is the remarkable sculpting of

some leaves such as those of Monstera and the lace plant, Aponogeton

madagascariensis (Fig. 1). Most complex leaf shapes are formed through

an acceleration or repression of growth during morphogenesis (Dengler and

Tsukaya, 2001), however, in Monstera and the lace plant, sculpting occurs

through PCD. In Monstera tiny holes are formed early in development and

increase in size with leaf expansion (Melville and Wrigley, 1969). These holes

finally break through the leaf margin to form the characteristic lobed pat-

tern. In the lace plant the program is diVerent. Here leaves form as solid

shapes, and a subset of cells subsequently undergoes PCD to produce a

pattern of holes (Gunawardena et al., 2004). The trigger for this PCD is

unknown, but the mechanism seems to parallel other better‐studied systems

with clear DNA degradation, chromatin condensation, and evidence of

tonoplast rupture. However, DNA laddering is not detectable. Further work

is clearly needed to understand how cells are targeted for PCD and how the

tonoplast rupture is triggered.
Figure 1 Morphology of mature Lace plant leaf showing regular perforations arising from

PCD remodeling of young expanding leaves. Bar ¼ 150 �m. (Image kindly provided by

Dr. Arunika Gunawardena.)
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B. Leaf Senescence

Cell death has an additional role in plants compared to animals in that it is the

terminal event of plant senescence. The process of senescence and cell death

are clearly distinct at a physiological level because senescence, at least in

leaves, can be a reversible process, whereas cell death is considered a terminal

event (Thomas et al., 2003). Leaf senescence has been the focus of several

reviews (Lim et al., 2003) and genomic‐wide approaches to identify regulatory
networks (Buchanan‐Wollaston et al., 2003; Gepstein et al., 2003). This

review will focus only on what is known about PCD at the cellular level,

which is associated with leaf senescence. The signals initiating the overall

process of senescence are common to other PCD events. Reduction of ethyl-

ene signaling (Grbić and Bleecker, 1995) and upregulation of cytokinin

production (Gan and Amasino, 1995) delay senescence, indicating that the

levels of these two PGRs are involved. Elevated cytoplasmic calcium is

associated with leaf senescence in parsley (Huang et al., 1997), and calcium

fluxes have also been implicated in two other leaf senescence systems (Chou

and Kao, 1992; He and Jin, 1999). Thus, calcium signaling may play a role in

leaf PCD, although further data are needed. Cytologically, PCD has been

charted in rice leaves undergoing induced (by dark treatment) or natural

senescence (Lee and Chen, 2002). In this system, features noted were cyto-

plasm depletion, organellar breakdown and expansion of the central vacuole,

which at later stages contained inclusions possibly of chloroplast origin.

Chromatin condensation and apoptotic bodies were not noted, and although

cells became TUNEL‐positive andDNAbecame increasingly degraded, there

was no evidence of DNA laddering. However, DNA laddering was detected

in senescing leaves of other species such as wheat (Caccia et al., 2001), olive

(Cao et al., 2003), and five other tree species (Yen and Yang, 1998). Chroma-

tin condensation was also reported both in tobacco and in the monocot

Ornithogalum virens (Simeonova et al., 2000). There was no clear reduction

in mitochondrial membrane potentials in Pisum sativum mesophyll cells

undergoing senescence (Simeonova et al., 2004), indicating that if mitochon-

dria are associated with this PCD system, it is not in the same way as in animal

apoptosis. Chloroplast disassembly seems to be an early sign of senescence,

but whether this is part of the PCD mechanism remains uncertain (Thomas

et al., 2003).
C. Tracheary Element Differentiation

A much better studied system is that of tracheary element diVerentiation.
Tracheids are part of the xylem system, which in higher plants transports

water and minerals from the roots to the rest of the plant. Tracheid cells, or
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tracheary elements (TEs), are dead at maturity, forming tapered hollow

tubes with thickened cell walls. The formation of TEs requires targeted cell

death of precursor cells derived from meristematic cells. An in vitro system

has been developed in Zinnia to study this PCD in which mesophyll cells

transdiVerentiate into TEs (Fukuda and Komamine, 1980).

Evidence from the use of inhibitors implicates brassinosteroids, a type of

steroid PGR, as a requirement for PCD progression (Yamamoto et al.,

1997), and brassinosteroid biosynthesis genes increase in expression during

the transition to PCD (Yamamoto et al., 2001) in this system. In Arabidopsis,

mutants in brassinosteroid receptor genes also result in abnormal vascular

diVerentiation (Cano‐Delgado et al., 2004), supporting the involvement of

PGRs in this developmental process.

AOS seems not to be involved in tracheary element PCD because inhibi-

tors of the AOS generating enzyme NADPH oxidase did not inhibit TE

PCD and levels of H2O2 were not elevated in cells following TE induction

(Groover et al., 1997). In contrast, calcium/calmodulin signaling is involved.

An increase in sequestered calcium occurs (Roberts and Haigler, 1989), and

Ca2þ uptake is a requirement for PCD progression (Roberts and Haigler,

1990). Transiently elevated calmodulin levels are associated with PCD pro-

gression and calmodulin blockers also inhibit the process (Kobayashi and

Fukuda, 1994). Calcium ionophores also induced DNA fragmentation

(Groover and Jones, 1999). Furthermore, a link exists between calcium

signaling and G proteins in this system. Thus, mastoparan, which is an

activator of heterotrimeric G proteins, induced DNA degradation and this

eVect was suppressed by inhibitors of Ca influx.

Vacuolar collapse is the first visible sign of PCD in TE diVerentiation
(Fukuda, 1996) followed by organelle degeneration. Organelle removal is a

very rapid process, with nuclear degradation occurring within 10–20 min

(Obara et al., 2001) and complete organellar destruction within 6 hr of

vacuolar collapse (Groover et al., 1997). The vacuolar collapse may be

triggered by changes in the organic ion permeability of the tonoplast and

the collapse is preceded by loss of tonoplast integrity as the plasma mem-

brane remains intact, but the tonoplast becomes unable to exclude fluores-

cein (Obara et al., 2001). Also treatment of diVerentiating TEs with an

inhibitor of organic anion transport, probenecid, resulted in an acceleration

of the vacuolar collapse (Kuriyama, 1999).

In contrast to other systems, there is no evidence of nuclear condensation,

fragmentation, or DNA laddering in TE PCD. DNA degradation was

detectable using TUNEL staining, although this was a late event resulting

from release of nucleases following vacuolar collapse (Mittler and Lam,

1995). In fact no DNA degradation is detected prior to vacuolar collapse

(Obara et al., 2001). Various nuclease activities have been detected and genes

encoding nucleases with very similar expression patterns are expressed
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during TE PCD, including an S1‐type nuclease (ZEN1), which is likely to be

located in the vacuole (Sugiyama et al., 2000; Thelen and Northcote, 1989;

Ye and Droste, 1996). ZEN1 may be of particular importance as it is

specifically expressed in TEs, and both an anti‐ZEN1 antibody and antisense

constructs of ZEN1 are able to block DNA degradation (Ito and Fukuda,

2002). Expression of these nuclease genes is just before the start of autolysis,

indicating a role in DNA breakdown following vacuole rupture.

Proteolysis appears to be required for TE PCD; in particular inhibition of

both proteasome function and cysteine proteases delayed or inhibited the

process (Fukuda, 2000). Two cysteine protease genes encoding papain‐like
cysteine proteases are expressed as TEs move into PCD (Yamamoto et al.,

1997; Ye and Varner, 1996) and cysteine protease activities of 20–30 kDa

increase at a similar time (Beers and Freeman, 1997; Minami and Fukuda,

1995). These are probably located in the vacuole and may be involved in the

autolysis of the cell following vacuolar rupture. A serine protease activity is

also detected, but because it has a higher pH optimum, it is probably

associated with the cytoplasm rather than the vacuole (Beers and Freeman,

1997). A protease activation cascade may also act as a possible trigger for

vacuolar collapse, although the late timing of its activation makes this model

less plausible (Fukuda, 2000; Groover and Jones, 1999).

Clearly TE diVerentiation has proven an excellent system in which to

study plant PCD, and some of the intercellular and intracellular regulatory

pathways such as PGR and Ca2þ control have been elucidated. Transcrip-

tomic approaches to identify genes expressed early after PCD induction in

this system (Milioni et al., 2002) may also help to provide a more complete

picture of how TE PCD is regulated, and whether such regulatory genes are

shared with other PCD events during plant development.
D. PCD in Aerenchyma Formation

Another plant tissue in which hollow tubes are formed via PCD is aerenchy-

ma. This is a specialized root tissue common in wetland species, which can be

induced in other plants including some major crops by water stress (Evans,

2004) (Fig. 2). It can be formed either by diVerential growth and cell

separation or in the case of lysogenic aerenchyma by the selective death of

cells in the mid cortex, spreading radially to form channels of air spaces,

separated by living cells. The function of this architecture is to allow better

gas exchange in waterlogged root systems (Armstrong, 1979). Induction of

aerenchyma formation has been studied in more detail as the timing of

events is easier to follow; however, the mechanisms are probably very similar

in constitutive aerenchyma development. Low oxygen is the initial trigger

for aerenchyma formation. This signal is transduced via ethylene: both



Figure 2 Development of aerenchyma. Hematoxylin‐ and eosin‐stained maize root sections.

(B) 2.5‐day‐old root treated with low oxygen levels (3%) to induce aerenchyma formation

compared to (A) in 21% oxygen in which aerenchyma does not develop. Scale bar ¼ 100 �m.

Reproduced with permission from Gunawardena et al., 2001.
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endogenously produced or exogenously elevated ethylene induces the forma-

tion of lysogenous aerenchyma (Drew et al., 1981). Presumably, the ethylene

is released and then detected via receptors in the cells fated to die. A plausible

system for distinguishing between cell fates would relate to the receptors as

was seen for endosperm cells; however, this has not been shown directly for

aerenchyma formation (Evans, 2004). Calcium signaling is again required:

Ca2þ chelators and inhibitors of Ca2þ release from internal stores block

aerenchyma formation (He et al., 1996). It has also been reported that

cytosolic Ca2þ levels rise (Drew et al., 2000), and that this is linked to a

signal transduction pathway involving inositol 1,4-5‐triphosphate, and pro-

tein phosphorylation, although details are as yet unpublished. It is also

possible that AOS signaling may be active in aerenchyma PCD based on

data showing an increase in AOS in cells beginning to degenerate (Bouranis

et al., 2003).

In induced aerenchyma formation in maize, the first cytological signs of

cell death are plasma membrane (PM) invagination and the formation

of small vesicles just beneath it (Gunawardena et al., 2001a). At a very

similar time but probably afterwards, chromatin condensation is detected,

followed by membrane‐enclosed organelles closely resembling animal

apoptotic bodies (Gunawardena et al., 2001a). TUNEL staining is also

detected in maize, although evidence for DNA laddering was less convincing

(Gunawardena et al., 2001a). Changes in the cell wall are detected early

in the PCD using specific antibodies, although they are not evident by
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electron microscopy until much later (Gunawardena, 2001b). In rice where

aerenchyma is constitutive, a similar pattern is also observed with descrip-

tions also of vacuolation (Webb and Jackson, 1986) and cytoplasm acidifi-

cation probably resulting from loss of tonoplast integrity (Kawai et al.,

1998). However in rice there was no TUNEL staining suggesting either a

species‐specific diVerence in the PCD mechanism or perhaps reflecting a

more rapid PCD progression in this system (Evans, 2004). What happens

to the cell contents is an interesting question. Evidence from cryo‐SEM
suggests that there may be rapid ionic reabsorption of cell contents by

neighboring cells (van der Weele et al., 1996).

Sadly, despite the wealth of knowledge about the cytological events in

aerenchyma formation, and a relatively clear‐cut case for PGR triggering of

PCD, there is very little biochemical data on aerenchyma PCD. Unlike the

tracheary element work, no information is available to date on proteases,

either as part of potential cascades or involved in the mopping up after

vacuolar collapse, or on potential nuclease genes. This may be due to the

inaccessibility of the aerenchyma tissue and the lack of a cell culture model

(Evans, 2004).
E. Cell Death in the Root Cap

A more exposed root tissue that undergoes PCD is the root cap. From early

embryogenesis, root cap cells stain positively for TUNEL, indicating DNA

degradation (Giuliani et al., 2002), whereas other areas of the root remain

TUNEL‐negative. Root cap cells are derived continuously from the apical

meristem and are sloughed oV at the surface of the root in a manner

reminiscent of skin cells. Staining of mature onion roots reveals that only

the outermost 2–3 cells of the root cap are TUNEL positive (Wang et al.,

1996). In these cells nuclear fragmentation was also detected and the forma-

tion of apoptotic‐like bodies noted. Similar results were obtained with

Arabidopsis roots (Møller and McPherson, 1998; Zhu and Rost, 2000).

One study (Zhu and Rost, 2000) also showed chromatin condensation,

vacuolation, and organelle destruction. Notably, the frequency of plasmo-

desmata fell in the outer root cap cells before DNA fragmentation was

detected, suggesting an exclusion of the dying cells from the living root

cap. Two Arabidopsis mutants give important insight into the determination

of root cap cell fate. Mutants in TORNADO1 and TORNADO2 genes are

defective in the early divisions of the epidermal/lateral root cap cells (Cnops

et al., 2000). In these mutants, although root cap cells develop ectopically in

the epidermal positions, they still die, suggesting that root cap cell death is a

highly programmed event under genetic control. Signaling may involve

AOS, as an Arabidopsis gene encoding an H2O2‐generating diamine oxidase
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(ATAO1) is expressed in lateral root cap cells (Møller and McPherson,

1998), which are undergoing vacuolation and are destined for PCD. Little

is known about the machinery that executes PCD in these cells. However,

two proteases from barley, aleurain and barley vacuolar aspartic proteinase

(phytepsin), are expressed in root cap cells (Runeberg‐Roos and Saarma,

1998), suggesting a proteolytic mechanism, perhaps following the autopha-

gic model seen in tracheary elements and aleurone cells.
IV. Flowering and Reproduction

Plant reproduction requires the development of complex structures that

interact with each other and that have an inherently limited life span. Thus,

PCD is involved here both in shaping the sexual and nonsexual organs of the

flower and in their removal once they are no longer needed. In addition,

PCD also plays a crucial role in self‐incompatibility where genetically similar

pollen is rejected by the female reproductive structures.
A. Sexual Organ Abortion

While most flowering plants produce bisexual flowers containing both male

and female organs, approximately 10% produce unisexual flowers either on

the same or on diVerent individuals (Irish and Nelson, 1989). In these flowers

sex determination is achieved by arrest or abolition of the sexual organ

primordia and the role of PCD in this process has been reviewed (Wu and

Cheung, 2000). Two types of plant growth regulator have been implicated in

regulation of sexual organ abortion in maize. GA treatment partially abol-

ished the phenotype of anther ear 1 and dwarf mutants, which produce male

sexual organs (stamens) on the female flowers (Irish and Nelson, 1989), and

which encode biosynthetic GA genes (Bensen et al., 1995; Winkler and

Helentjaris, 1995). In another mutant ts2, the male tassels show varying

degrees of feminization and the TS2 gene encodes a protein with homology

to steroid dehydrogenases (DeLong et al., 1993). This enzyme may act on

brassinosteroids, another class of PGRs mentioned previously (Wu and

Cheung, 2000).
B. PCD in the Male Sexual Organs

Pollen develops within locules of the anther, which are lined with a tissue

known as the tapetum. This plays a nutritive role during pollen develop-

ment, coating the pollen grains with proteins and lipids and forming the
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intricately sculpted outer layer of the pollen wall known as the exine.

However, the tapetum degenerates once its function is completed. This

degeneration is accompanied by cell shrinkage, vacuolation, and thinning

of the cell walls (Bedinger, 1992). Chromatin condensation and ER inclu-

sions have been reported in Lobivia rauschii and Tillandsia albida (Papini

et al., 1999), as well as DNA fragmentation in barley anthers (Wang et al.,

1999). In Brassica oleracea, B. napus, Digitalis purpurea and a cultivated

form of Fuchsia, nuclear blebbing has also been reported in some cells

(A. Stead, unpublished data). However, little seems to be known about the

signaling or mechanism of tapetal PCD despite its importance in plant

fertility. One study (Lesniewska et al., 2004) reported a depolarization of

mitochondrial membranes in tapetal cells in advanced PCD which may

indicate an involvement of the mitochondria in this process. A rice cysteine

protease gene has been isolated, which is expressed in the tapetum and

developing pollen grains, late during pollen development (Lee et al., 2004).

Mutants in this gene are impaired in pollen development. It will be interest-

ing to understand the function of this gene more fully; perhaps it may have

relevance to the PCD mechanism operating in tapetal cells.

Two distinct types of mutation, nuclear or cytoplasmic, result in an early

onset of tapetal PCD. The best known of these is cytoplasmic male sterility,

which has been described in over 150 species (Schnable and Wise, 1998). In

these plants, mutations in the mitochondrial genome result in male sterility

through aberrations in anther development, or more frequently, tapetal

degeneration and pollen abortion soon after meiosis. Note that although

the mitochondrial defect is present in all the cells of the plant, the major

defect is in anther function. Because the mutation is known to be in the

mitochondrial genome, it has long been assumed that the death of the anther

cells is due to a failure of the mitochondria to sustain the large energy needs

of these tissues (Levings, 1993). Thus, PCD in these cells may well be

triggered by mitochondrial dysfunction. Evidence for the mechanism at play

has come from studies of the sunflower CMS system, PET1‐CMS (Balk and

Leaver, 2001). Here cell condensation, DNA laddering, and chromatin

condensation are associated with the early death of the tapetum (Balk and

Leaver, 2001). Mitochondria persist in the early PCD stages; however,

release of cytochrome c into the cytosol is detected before the changes in

cell morphology. This is followed by a loss of outer mitochondrial mem-

brane integrity and a fall in the respiratory control ratio. Thus, in this system

there appears to be a central role for the mitochondrion in PCD reminiscent

of its role in mammalian PCD (Krishnamurthy et al., 2000).

Numerous nuclear mutants exhibiting male sterility have also been de-

scribed. In some cases these too owe their male sterility to a premature

degeneration of the tapetum. Tapetal PCD was studied in one male sterile

rice mutant (Ku et al., 2003) and was associated with cytoplasmic shrinkage,
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membrane blebbing, vacuolation, changes in mitochondrial morphology,

and DNA fragmentation. The DNA fragmentation detected by TUNEL

was seen premeiotically, which is earlier than in CMS. However, there is as

yet no precise data on the mechanism of PCD in this system.

Other anther tissues also undergo PCD: pollen is released from the anther

locule by death of the stomium cells, and death of cells within the endothe-

cium provides a mechanism for the ejection of the pollen at dehiscence. In

the Arabidopsis mutant delayed dehiscence1, there is a delay in stomium

degeneration resulting in male sterility (Sanders et al., 2000). The gene

encodes an enzyme in the jasmonic acid biosynthetic pathway, and applica-

tion of jasmonic acid restored wild‐type dehiscence. Thus, this plant growth
regulator may be important directly or indirectly in the correct timing of

death in these cells. In tobacco, ethylene may also be involved, as blocking

ethylene perception delayed stomium degeneration (Rieu et al., 2003). Al-

though the biochemical mechanisms of PCD in these cells are relatively

under studied, a report of a cysteine protease expressed in the endothecium

of brinjal (Xu and Chye, 1999) and a thiolendopeptidase expressed in

tobacco stomium (Koltunow et al., 1990) may lead to further characteriza-

tion of the processes involved.
C. PCD in the Female Gametophyte

Numerous cells and tissues undergo PCD throughout female gametophyte

development and function. The first step in the production of the female

gametophyte is meiosis of the megaspore mother cell to yield four meiotic

products. However, in most plant species, three of these degenerate, and the

eight cells of the mature female gametophyte contained within the embryo

sac derive from two rounds of mitosis of just one meiotic product. The three

degenerating cells show some classical signs of PCD including cell shrinkage,

cytoplasmic disorganization, and chromatin condensation (Bell, 1996). The

next PCD event concerns four of the eight embryo sac cells. These are known

as the synergids and the antipodal cells. The synergids are positioned close to

the micropyle, the pore through which the pollen tube enters the ovule to

eVect fertilization, whereas the antipodal cells are at the opposite end of the

embryo sac. During or shortly before fertilization, one of the two synergids

degenerates, and in some species the antipodal cells also degenerate after

fertilization. Because the synergids in some species degenerate independently

from pollination, it seems likely that the signals are intrinsic to their devel-

opment (Drews and Yadegari, 2002). In Nicotiana, the degeneration of the

synergids is characterized by a change in nuclear morphology, collapse of

the vacuole, and disappearance of organelles (Huang and Russell, 1994).

There is also a loss of membrane integrity (Huang and Russell, 1992) and
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the generation of ‘‘pinched‐oV ’’ cytoplasmic bodies (Huang et al., 1993).

Likewise in wheat (Triticum aestivum) synergid PCD is accompanied by

nuclear shrinkage and deformation, and chromatin condensation (An and

You, 2004). Thus, the symptoms of PCD evident in synergid degeneration

may fit with the autophagous model of PCD. However, an Arabidopsis

female gametophyte mutant (gfa2) has been described in which one of the

two synergids that normally degenerates following pollination, fails to die

(Christensen et al., 2002). GFA2 encodes a member of the DnaJ protein

family, which acts as a chaperone in the mitochondrial matrix. The authors

suggest that GFA2 may be required for correct folding of mitochondrial

proteins, which in turn are required for PCD in the synergid. Thus an

involvement of mitochondrial function in synergid PCD at least in Arabi-

dopsis seems to have been established. A comparison of antipodal and

synergid PCD in wheat (An and You, 2004) indicates that the PCD mechan-

isms may diVer in these closely positioned cells. In particular, there are clear

diVerences in chromatin and nuclear morphology, with only slight changes

in nuclear volume in antipodal cells and only partial chromatin condensa-

tion. Also, in the gfa2 mutant previously described, antipodal PCD is not

aVected. This may reflect the diVerent function of the cells and of course may

vary in diVerent species, but would be an interesting area for further

research.
D. PCD During Self‐Incompatibility Interactions

One reproductive tissue that has received a lot of attention is the pollen tube

and its interactions during pollination and fertilization. Over 50% of higher

plants protect against self‐fertilization by self‐incompatibility (SI) mechan-

isms that are thought to have evolved independently in diVerent plant

families several times. SI involves highly specific interactions between the

pollen and the pistil. In incompatible reactions fertilization is prevented and

in some systems is associated with PCD of the pollen tube. Research (Thomas

and Frankin‐Tong, 2004) has shown that SI in Papaver is associated with

DNA fragmentation and caspase‐3‐like activity. An inhibitor of caspase‐3,
the peptide Ac‐DEVD‐CHO, inhibited DNA fragmentation and pollen tube

growth. Poly(ADP) ribose polymerase (PARP) is involved in nuclear DNA

repair (Smith, 2001) and is a classic substrate for caspase‐3 enzymes. This

study (Thomas and Franklin‐Tong, 2004) showed that the caspase‐3‐like
activity elicited by SI in the Papaver pollen tubes was able to cleave PARP,

and that detection of this activity preceded DNA fragmentation. SI also

stimulated the release of cytochrome c into the cytosol. Papaver SI results in

increases in cytosolic [Ca2þ] (Franklin‐Tong et al., 1993), and elevating

cytosolic [Ca2þ] in the pollen tubes using Mastoparan resulted in the release
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of cytochrome c, providing a link between SI, Ca signaling, and cytochrome c

release. Mastoparan treatment also stimulated caspase‐3‐like activity linking
the DNA degradation and cytochrome c release to increases in cytosolic

[Ca2þ]. Thus, at least in this SI system there is compelling evidence for a

PCD mechanism with several of the hallmarks of animal PCD.
E. Petal Senescence and Cell Death

Petal senescence, unlike leaf senescence, inevitably ends with PCD; however

again, whether the two processes should be treated as one remains hotly

debated (Thomas et al., 2003; van Doorn and Woltering, 2004). Global geno-

mic approaches are being used in addition to studies of individual processes to

identify genes involved in petal senescence (e.g., Breeze et al., 2004), and the

expression of several of the known homologues to animal PCD‐related genes—
namely Beclin, Bax inhibitor I, and dad‐1, (Hückelhoven, 2004; Orzàez and

Granell, 1997; WagstaV et al., 2003; C. WagstaV, unpublished results)—has

been revealed, although the role of these genes in regulating petal PCD remain

unresolved.

Evidence from electron microscopy across Alstroemeria senescent petals

(WagstaV et al., 2003) clearly shows that PCD is already occurring

at relatively early stages of petal senescence. In many flowers including

Arabidopsis, tobacco, and many others, senescence and thus PCD is triggered

by ethylene (Stead and van Doorn, 1994) sometimes associated with pollina-

tion (O’Neill, 1997). However, in another group, including lilies such as

Alstroemeria, the role of ethylene is less clear‐cut. Given the very tightly

regulated life span of many flowers (vanDoorn and Stead, 1997), endogenous

cellular factors may determine onset of PCD, but this has not been clearly

demonstrated. Once the trigger for PCD has been perceived by the cell, the

intracellular mechanisms operating in petal PCD closely resemble those of

the other systems described. Calcium signaling and GTP‐binding proteins

have been implicated in some species (Porat et al., 1994). ROS accumulation

has also been reported both in ethylene‐induced (Bartoli et al., 1996) and in

ethylene‐independent (Panavas and Rubinstein, 1998) petal senescence, to-

gether with a drop in antioxidants (Bartoli et al., 1997). There is often

evidence of tonoplast invagination (Matile and Winkenbach, 1971; Phillips

and Kende, 1980) or the formation of vesicles (Smith et al., 1992), and in

the final stages only a thin layer of cytoplasm remains (Stead and van Doorn,

1994; WagstaV et al., 2003) and organelles disappear (Stead and van Doorn,

1994). Changes in membrane composition, fluidity, and peroxidation occur

in several species (Rubinstein, 2000). In some cases, such as carnation (Dian-

thus caryophyllus; Fobel et al., 1987), daylily (Hemerocallis hybrid; Panavas

and Rubinstein, 1998), and rose (Rosa hybrid; Fukuchi‐Mizutani et al., 2000),
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lipid peroxidation (e.g., through the action of lipoxygenases [LOX]) may be

one of the key factors eVecting loss of membrane integrity. However, in other

species like Alstroemeria (Leverentz et al., 2002), loss of membrane semiper-

meability was chronologically separated from LOX activity that had declined

by over 80% by the onset of electrolyte leakage. Thus, in this species loss of

membrane function was not related to LOX activity or accumulation of lipid

hydroperoxides per se representing a novel pattern of flower senescence.

DNA laddering has been found in some petals such as Alstroemeria

(WagstaV et al., 2003) and pea (Orzàez and Granell, 1997), and both nu-

cleases (Breeze et al., 2004; Langston et al., 2005; Panavas et al., 1999) and

proteases (Stephenson and Rubinstein, 1998; WagstaV et al., 2002)

are upregulated during petal senescence in several species. Significantly in

Sandersonia aurantiaca, a member of a class of cysteine proteases carrying

the KDEL C‐terminal motif is expressed during senescence (Eason et al.,

2002), which shows homology to a protease from Ricinus communis impli-

cated in ricinosome–mediated endosperm PCD (Gietl et al., 1997) (see

earlier discussion). This suggests a mechanism for petal cell PCD, at least

in this species, which may parallel the vacuole‐driven autophagous model

previously described in the Ricinus endosperm.
V. Conclusions and Future Directions

The examples of developmental PCD in the plants reviewed here illustrate a

diversity of data sets but also some fundamental diVerences between the

diVerent cell fates and PCD mechanisms. It is perhaps useful to compare the

data available for each of the systems reviewed (Table I) to look for com-

monalities. It can be asked how useful is the animal model of apoptosis or

autophagy in explaining plant PCD mechanisms? In common with most

animal PCD systems, a signal extrinsic to the cell, often hormonal, is usually

involved. However there is no one PGR that induces PCD, although ethyl-

ene, GA, and brassinosteroids appear in more than one system. There are

few clear‐cut examples of completely autonomous PCD, although perhaps

the root cap comes close. In this case the evidence from mutant studies

(Cnops et al., 2000) supports a direct genetic control of PCD for these cells,

and more data from mutants in other systems where extrinsic signals have

not been clearly defined, such as PCD during ethylene‐independent petal

senescence, may reveal the degree of PCD autonomy. Another interesting

issue is how cells adjacent to cells undergoing PCD protect themselves from

the ‘‘death signals.’’ Data from ethylene signaling in the endosperm (Gallie

and Young, 2004) indicate that at least in some systems this may be achieved

by a diVerential in sensitivity. However, in the TE system another mecha-

nism seems to be operating. Here there is evidence for an inhibitor of



Table I Comparison of PCD Characteristics from DiVerent Plant Tissues

Plant Tissue

Possible Signaling Possible Mechanism

Fate of

Corpse

Some Key

ReferencesPGR Control

Ca2þ/Phosphatase
Signaling Apoptosis? Autophagy?

Aleurone

cells

GA (þ);

ABA (�)

Ca2þ increases

inhibited by protein

phosphatase and

protein kinase

inhibitors NO(�)?

AOS (þ)

No DNA laddering,

or PM blebbing

Possible proteolytic

cascade, lytic

vacuoles

Disappears Fath et al., 1999;

Kuo et al.,

1996; Lam

et al., 2000

Starchy

endosperm

Ethylene (þ);

ABA (�)

AOS(þ)? DNA laddering

nucleases

Remains Stacy et al., 1996;

Young and

Gallie, 2000a;

Young et al.,

1997

Ricinus

endosperm

Germination Lytic

ricinosomes,

from ER,

proteolytic

cascade

Disappears Schmid et al.,

1999, 2001

Suspensor Signals from

embryo

DNA laddering

Caspase‐6 activity

Vacuolarization,

autophagic

vacuole

Disappears Bozhkov et al.,

2004; Giuliani

et al., 2002;

Wredle et al.,

2001

Supernumary

embryos

Signals from

Female

gametophyte

nutrient

depletion

Vacuolarisation,

vacuole rupture

TUNEL

positive

Disappears Filonova et al.,

2002

Leaf

sculpting

Unknown DNA fragmentation

but no laddering

Vacuole rupture, Disappears Gunawardena

et al., 2004



Leaf

senescence

Ethylene (þ) and

cytokinin (�)

Ca2þ increases DNA laddering in

some species

Vacuolation Disappear Caccia et al.,

2001; Gan and

Amasino, 1995;

Grbić and

Bleecker, 1995;

Huang et al.,

1997; Lee and

Chen, 2002

Tracheary

elements

Brassinosteroids Ca2þ increases,

calmodulin,

G proteins

Vacuolar collapse,

rapid organelle

degradation,

nucleases No

DNA laddering

Cytoplasm

disappears

cell wall

structural

Roberts and

Haigler, 1989,

1990

Aerenchyma Ethylene Ca2þ increases,

protein

phosphorylation

Apoptotic bodies,

DNA laddering (?)

Vacuolation, loss

of tonoplast

integrity

Cytoplasm

disappears

cell wall

structural

Drew et al.,

2000;

Gunawardena

et al., 2001a,b

Root cap Genetic control Possible AOS Apoptotic bodies,

chromatin

condensation

Vacuolation,

organelle

destruction

Sloughed oV Møller and

McPherson,

1998; Wang

et al., 1996;

Zhu and Rost,

2000

Sex organ

abortion

GA and

brassinosteroids

Chromatin

condensation

Wu and Cheung,

2000

Tapetum DNA laddering, nuclear

blebbing;

mitochondrial

membrane

depolarization

Vacuolation Disappear,

cell contents

taken up by

microspores

Lesniewska et al.,

2004; Papini

et al., 1999;

Wang et al.,

1999

CMS Mitochondrial

disfunction

Cytochrome c

release

DNA laddering,

chromatin

condensation

Disappear Balk and

Leaver, 2001

(Continued )



Table I Continued

Plant Tissue

Possible Signaling Possible Mechanism

Fate of

Corpse

Some Key

ReferencesPGR Control

Ca2þ/Phosphatase
Signaling Apoptosis? Autophagy?

Endothecium Jasmonic acid,

ethylene

Disappear Rieu et al., 2003;

Sanders et al.,

2000

Megaspores Embryo sac

expansion

Cell shrinkage,

chromatin

condensation

Disappear Bell, 1996

Synergids Pollination in

some species

Chromatin condensation;

requirement for

mitochondrial

chaperone

Vacuolar

collapse

Burst

releasing

contents

An and You,

2004;

Christensen

et al., 2002;

Huang and

Russell, 1992,

1994

Petal

senescence

Ethylene in

some species

Ca2þ/phosphatase
signalling, ROS

increases

DNA laddering Tonoplast

invagination

formation

of vesicles

Mesophyll

cells

disappear

Bartoli et al.,

1996; Orzàez

and Granell,

1997; Panavas

and Rubinstein,

1998; Phillips

and Kende,

1980; Porat

et al., 1994;

WagstaV et al.,

2003

Pollen tube SI interactions Cytochrome c

release,

increased Ca2þ

DNA fragmentation

Caspase‐3 activity

Burst Thomas and

Franklin‐Tong,
2004
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proteasome‐mediated protein degradation, which is released into the apo-

plastic space (Endo et al., 2001) and which protects living cells from the

hydrolases released during TE PCD. A more thorough comparison of gene

expression and biochemistry between cells undergoing PCD and their living

neighbors may be helpful to understand more fully the complexity of extrin-

sic cellular signaling leading to PCD.

Intracellular calcium signaling seems almost universal where it has

been assayed and may well be a common feature in all plant PCD. Involve-

ment of protein kinase and phosphatase control also seems an area worthy

of further study. Release of cytochrome c has only been reported in two

PCD systems, CMS and SI, both of which might be considered special cases

of PCD. Whether cytochrome c release is more widespread is not clear at

present, but it would be very useful to resolve the extent to which it occurs

in any of the other systems, as this may shed light on the involvement of

the mitochondria in the plant PCD systems. DNA laddering appears in

many of the PCD systems but is not universal, and may not ultimately be

very useful in understanding the PCD mechanism. Laddering clearly sug-

gests activation of nucleases, which cut the DNA in a specific manner but

does not explain much about how the activation occurs. The cytological

evidence is perhaps more useful. Vacuolation accompanies PCD in more

than half of the examples reviewed, and in general rupture of the vacuole

coincides with release of hydrolases into the cytoplasm. This suggests a

possible model that would account for at least some of the systems reviewed

(Fig. 3). In this model an external signal activates increases in cytoplasmic

calcium, which in turn stimulates the coalescence of small vacuoles derived

from either the ER or the Golgi to form a large vacuole. This vacuole

accumulates hydrolytic enzymes. Its collapse, resulting either from ROS

accumulation or activation of a proteolytic cascade, releases hydrolases into

the cytoplasm. The hydrolase release results in organellar breakdown and

macromolecule degradation ending in cell death. This model has clear

parallels to animal autophagy, although the vacuole rather than the lyso-

some is the primary organelle involved. However, this model is clearly not

universal, and some PCD systems such as CMS, SI, and PCD during leaf

senescence may follow a very diVerent pattern, perhaps more similar to

animal apoptosis.

An important distinction in the role of cell death in organ development is

also the fate of the dead cell. Thus, in some cases such as aerenchyma

formation, the corpse of the cell is removed leaving a space; however, in

other cases the dead cell has a structural (e.g., TE formation) or nutritive

(e.g., the starchy endosperm) role. However, from the evidence reviewed

here, the fate of the cell and the mechanism of its destruction do not seem to

be closely linked; thus, both TE formation and endosperm destruction in

Ricinus follow quite closely the model outlined, although the fate of the cell



Figure 3 Model showing major signals (black arrows) and cytological/biochemical events

(open arrows) during autophagic‐type PCD in plants. Cell types/tissue in which these features

have been reported are indicated as: A, aleurone cells; AE, aerenchyma; L, leaf sculpting;

LS, leaf senescence; P, petal senescence; R, Ricinus endosperm; RC, root cap; S, starchy

endoasperm; SE, supernumerary embryos; SI, pollen tube during SI interaction; SU, suspensor;

SY, synergids; T, tapetum; TE, tracheary elements.
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is very diVerent. There may thus be parallel pathways that diverge at the

point of activation of cell wall‐degrading enzymes.

This review has focused largely on the mechanisms of PCD seen in

diVerent stages of plant development. This mechanistic approach seemed

important in an attempt to understand the diversity of developmental PCD
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in plants. The future challenge lies in filling in biochemical and molecular

gaps, which will explain not only how plant cells die during development but

also what is regulating their demise.
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