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Abstract
Vascular plants havevessels and tracheids composed of dead
tracheary elements. Differentiation of procambial or cambial
cells to tracheary elements is a typical example of
programmed cell death in higher plants. Recent studies on
tracheary element differentiation, in particular with an in vitro
differentiation system, have revealed a unique cell death
process which differs from apoptosis. Herein I summarize the
present knowledge about the induction of cell death, the
morphological features of cell death, and the mechanism of
autolysis, including the involvement of a DNase and cysteine
proteases, during tracheary element differentiation.
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Introduction
In higher plants as well as in animals, cell death is
programmed in various processes of development (Jones
and Dangl, 1996). Vessels and tracheids, which are
conductive tissues in vascular plants, are constructed from
aligned dead tracheary elements (TEs). TEs are differentiated
from procambial cells in the primary xylem and from cells
produced by the vascular cambium in the secondary xylem. At
maturity, TEs lose their nuclei and cell contents, leaving
hollow dead cells through which water and nutrients pass. The
final stage of TE differentiation involves cell death and,
therefore, this differentiation focuses our attention on a typical
example of programmed cell death in higher plants (Fukuda,
1996, 1997). TE differentiation is rather easily induced in vitro,
and therefore many TE-inductive systems have been
established which have contributed to increases in the
understandings of the cell death process (Fukuda, 1996). In
particular, a Zinnia experimental system in which single
mesophyll cells transdifferentiate synchronously into TEs has
proved to be extremely useful for studies of the sequence of
events in TE differentiation (Fukuda and Komamine, 1980a,b;
Chasan, 1994; Fukuda, 1997). Detailed analyses of this

transdifferentiation have provided a number of cytological,
biochemical, and molecular markers that should be useful for
understanding the cell death process. In this article, I review
the present knowledge of programmed cell death during TE
differentiation, based on recent results obtained mainly from
the Zinnia system.

Sequence of TE differentiation
Transdifferentiation of parenchyma cells into TEs can occur
directly without intervening cell cycling (Fukuda and
Komamine, 1980b). Fukuda (1996, 1997) have revealed that
the transdifferentiation of parenchyma cells into TEs is divided
into three stages, I, II and III, based on results from the in vitro
differentiation system of Zinnia elegans (Figure 1). Isolated
single mesophyll cells of Zinnia become committed to
transdifferentiation into TEs by phytohormones, a combina-
tion of auxin and cytokinin. Transdifferentiation after the
commitment involves three stages. Stage I, which immedi-
ately follows the induction of differentiation by phytohormones
and wounding, corresponds to a functional dedifferentiation
process during which isolated mesophyll cells lose their
potential to function as photosynthetic cells. This process is
not accompanied by cell division. The functional dedifferentia-
tion is typical in that the reticulate arrays of actin filaments
over chloroplasts, which may anchor chloroplasts to the
plasma membrane, become a three-dimensional network
throughout the entire length of the cell (Kobayashi et al, 1987),
causing chloroplasts to leave the vicinity of the plasma
membrane and the mesophyll cells to lose their photosyn-
thetic function.

During Stage II, various vascular cell-specific genes
such as TED2, TED3 and TED4 begin to be expressed
(Demura and Fukuda, 1993, 1994). The analysis of Stage II
with these genes as markers have suggested that, during
Stage II, dedifferentiated cells differentiate into TE
precursor cells, corresponding to the process of differentia-
tion from meristematic cells to TE precursor cells via
procambial initials in situ (Fukuda, 1994).

Stage III, final stage of differentiation involves secondary
wall formation and cell death, which are common both in
vitro and in situ. During Stage III, various enzymes and
structural proteins associated with the secondary wall
formation and cell death are expressed. The secondary
wall formation and cell death seem to be tightly coupled
(Fukuda, 1997).

Induction of entry into stage III and of cell
death
Toxins, high concentrations of salts, and some chemicals can
induce apoptosis-like death of particular cells in plants (Wang
et al, 1996a; Ryerson and Heath, 1996; Katsuhara and
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Kawasaki, 1996). Phytohormones sometimes function in the
induction of developmentally programmed cell death. For
example, the death of aleurone cells is induced by gibberellic
acid (GA) and suppressed by abscisic acid (ABA) (Kuo et al,
1996; Wang et al, 1996b). In contrast, GA inhibits the cell
death process in pea ovary senescence (Vercher et al, 1987).
However, inducers for cell death during most of the
developmental processes in plants have not been identified.

In TE differentiation, the transition from Stage II to Stage
III may be an irreversible checkpoint of differentiation
(Figure 1). The addition of cycloheximide and actinomycin
D until the time of the transition inhibited TE differentiation
(Fukuda and Komamine, 1983). CaM antagonists specifi-
cally prevented cultured Zinnia mesophyll cells from
entering Stage III (Kobayashi and Fukuda, 1994). Before
entering Stage III, CaM levels increase transiently,
subsequently, a few CaM-binding proteins start to be
expressed in a differentiation-specific manner (Kobayashi
and Fukuda, 1994). Membrane-associated calcium ions
were higher in TE precursor cells than in control cells of
Zinnia (Roberts and Haigler, 1989). Therefore, the calcium/
CaM system may be involved in the entry into Stage III.

This entry also seems to be regulated by endogenous
brassinosteroids. The inhibition of brassinosteroid biosyn-
thesis by a plant-growth retardant, uniconazol, severely
prevented TE differentiation from Zinnia mesophyll cells
(Iwasaki and Shibaoka, 1991). Uniconazol did not inhibit
the expression of genes that were expressed at Stage I or
Stage II, such as genes for PR protein and TEDs. However,
it did specifically prevent the expression of Stage III-specific
genes, including genes both for enzymes involved in the
secondary wall formation (phenylalanine ammonia-lyases
and cinnamic acid 4-hydroxylase etc.) and for enzymes
involved in cell death (a cysteine protease etc.) (Yamamoto
et al, 1997). The inhibition of both TE differentiation and
gene expression was recovered by supplying brassinolide,
an active brassinosteroid. Therefore, it is possible that
endogenous brassinosteroids function in the entry into
Stage III.

The cell death process of TEs compared
with apoptosis

Apoptosis in animals is an active process that involves
nuclear shrinkage, cullular shrinkage, membrane bubbling,
the formation of apoptotic bodies and digestion by macro-
phages (Kerr and Harmon, 1991). Characteristic features of
DNA degradation such as DNA laddering or TUNEL-positive
signal are often used to detect apoptosis. In contrast, necrosis
is thought to be a passive cell death process. In necrosis,
organelles, especially mitochondria, swell and lysosomes
function in their degradation. There have been a number of
ultrastructural observations of cell death processes during TE
differentiation from procambial cells in situ and parenchyma
cells in vitro (O'Brien and Thimann, 1967; Srivastava and
Singh, 1972; Lai and Srivastava, 1976; Esau and Charvat,
1978; Burgess and Linstead, 1984). These observations have
indicated, during the cell death process in differentiating TEs,
rapid and progressive degeneration of organelles, including
the nucleus, vacuole, plastids, mitochondria, and the

endoplasmic reticulum (ER), and finally the removal of
protoplasts, the plasma membrane, and parts of primary
walls that have not been lignified. Although shrinkage of
nucleolar size, loss of nucleolar zonation, and, in some cases,
clumping of chromatin occur during cell death of differentiating
TEs (Lai and Srivastava, 1976), typical apoptosis-associated
events such as shrinkage of the nucleus and cell and the
formation of apoptotic bodies have never been found.

Recently Groover et al (1997) reported the detailed cell
death process of differentiating TEs of Zinnia with electron
microscope, epifluorescence microscope and time-lapse
video. The visible degeneration of cellular organelles,
including the nucleus, starts after the tonoplast disruption,
which occurs several hours after secondary wall formation
becomes visible. Their analysis with time-lapse video
clearly indicates that the vacuole collapses inward in a
few minutes. The differentiating TEs are cleaned of most
contents within several hours after vacuole collapse. The
nucleus is also degraded without lobbing, shrinkage or
fragmentation. These observations imply that the disruption
of the tonoplast is a critical step in programmed cell death
and that the cytological features of this cell death process
are not similar to those of apoptosis but rather to those of
necrosis, although the cell death process of TEs is active.
Another unique feature of cell death process during TE
differentiation is that it occurs in cell-autonomous manner
(Groover et al, 1997).

During the cell death process in TEs, ordered degrada-
tion of cell walls also occurs. The perforation of TEs is
restricted to the ends of elongated cells. Burgess and
Linstead (1984) reported that the middle lamella was
resistant to autolysis when it was between neighboring
cells in contact and only one differentiated, although the
middle lamella between two neighboring TEs was digested
completely. These results suggest that cell wall-hydrolytic
enzymes are targeted into specific regions of cell walls and/
or that the modification of cell walls occurs at specific sites,
probably before vacuolar collapse.

Autolysis

In apoptosis, DNA laddering is caused by DNA digestion in
the nucleosome unit by endonucleases that are present in the
nucleus, activated by Ca2+ and Mg2+ and inhibited by Zn2+

(Peitsh et al, 1993; Tanuma and Shiokawa, 1994). Mittler and
Lam (1995a) indicated that a tobacco 36 kD endonuclease,
NUC III, which was expressed in association with cell death
during the hypersensitive reaction caused by infection, has
characteristics similar to apoptosis-related DNases, such as
localization in the nucleus, Ca2+-activation, and Zn2+-
inhibition. However, DNA laddering has not been observed
under their hypersensitive conditions, and it is therefore still
unknown whether NUC III can function in nuclear degradation
in a manner similar to that of apoptosis-related endonu-
cleases.

Thelen and Northcote (1989) found nuclease activities
closely associated with TE differentiation in cultured Zinnia
cells with in gel assay. These nucleases with molecular
masses of 43 kD, 22 kD and 25 kD appeared 12 h prior to
the visible secondary wall thickenings of TEs, and their levels
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increased conspicuously during the autolytic stage. Among
them only the 43 kD nuclease had DNase activity that could
hydrolyze both single-stranded and double-stranded DNA,
although it could also hydrolyze RNA. The nuclease required
Zn2+ for activation, which is unlike the apoptosis-related
DNases. Such type of nucleases are also found to be
expressed specifically in other cell death processes in higher
plants, for example, in cell death in the aleurone during
germination (Brown and Ho, 1986) and during leaf
senescence (Blank and McKeon, 1989). This may imply
that similar types of Zn2+-activated nucleases may be
involved in different cell death processes in higher plants.
Very recently, cDNA clones, BEN1 and ZEN1, that
correspond to the Zn2+-activated nucleases were isolated
from the barley aleurone and from differentiating Zinnia TEs,
respectively (S Aoyagi, M Sugiyama and H Fukuda: BEN1
and ZEN1 cDNAs encoding S1-type DNases that are
associated with programmed cell death in plants, unpub-
lished observations). Their nucleotide and amino acid
sequences showed that BEN1 and ZEN1 are similar to each
other and to S1 nuclease of Aspergillus, indicating that the S1
type of nucleases with DNase activity may be commonly
involved in nuclear degradation during different programmed
cell death processes in plants. Furthermore BEN1 and ZEN1
proteins appeared to possess the signal peptide for targeting
specific organelles or for secretion. However, because it has
been indicated that the 43 kD nuclease is not secreted
(Thelen and Northcote, 1989), this nuclease may be localized
in some intracellular compartment.

A histochemical analysis of fragmented DNA with
TUNEL assay has revealed fragmentation of nuclear DNA
in differentiating TEs in pea roots (Mittler and Lam, 1995b)
and cultured Zinnia cells (Groover et al, 1997). However,
this degradation of DNA in differentiating Zinnia TEs
appears to occur near or after vacuole collapse (Groover
et al, 1997). As judged from this result and many
observations with electron and light microscopes, TUNEL-
positive signals in differentiating TEs do not seem to
indicate apoptosis-like cell death, but rather result only from
the high activity of DNases such as ZEN1 nuclease in
differentiating TEs. However, it is still open to question
whether this DNase reaches the nucleus and is activated
before or after the vacuole collapse. The transcripts for
ZRNase I, which may correspond to the 22 kD (or 25 kD)
RNase of Zinnia, are also induced specifically and
transiently in differentiating TEs both in vitro and in situ
(Ye and Droste, 1996).

Organellar degeneration is coupled with a high activity of
proteases (Minami and Fukuda, 1995; Ye and Varner,
1996; Beers and Freeman, 1997). Single-cell protease
assay has indicated that differentiating TEs themselves
have high proteolytic activities, which suggests cell-
autonomous protein degradation in TEs (Beers and
Freeman, 1997). Minami and Fukuda (1995) found that
the Z-Phe-Arg-MCA hydrolytic activity showed a rapid
increase just before the start of autolysis in Zinnia. This
activity was derived from a TE-specific cysteine protease(s)
with a 30 kD molecular mass and a pH optimum of around
pH 5. Our preliminary experiments with a membrane-
permeable inhibitor of cysteine proteases suggest that it

suppresses the loss of the nucleus, and therefore that a
cysteine protease(s) may be involved in nuclear degenera-
tion (Yoriko Watanabe and Hiroo Fukuda, unpublished
results). The autolysis-specific cysteine protease activity
seems to result from the new induction of a cysteine
protease gene(s) prior to the autolysis (p48h-17, Ye and
Varner, 1993, 1996). The deduced amino acid sequence of
this gene reveals high similarity to papain, and suggests
the presence both of a presequence which directs the
transport of the protein into some organelles or the
secretion, and a prosequence whose removal may activate
the protease. Recently ZCP4, which is similar to p48h-17
gene, has also been isolated from differentiating Zinnia
cells, suggesting that at least two different species of
cysteine protease genes are expressed in association with
autolysis (Atsuishi Minami, Taku Demura and Hiroo
Fukuda, unpublished results). In addition, a serine
protease of 145 kD was detected specifically in differentiat-
ing TEs on substrate-impregnated gels (Beers and Free-
man, 1997). An approximately 60 kD serine protease was
also reported to appear preferentially in TE-inducing culture
(Ye and Varner, 1996; Beers and Freeman, 1997). The
activity of the 60 kD protease is higher above pH 7, which
is unlike the pH optimum of the autolysis-specific cysteine
protease, suggesting that at least two compartments with
different pHs are involved in the autolysis. These results
indicate that a complex set of proteases is involved in the
autolytic process.

Transcripts for all of cell death-related genes examined,
that is, p48h-17 gene, ZCP4, ZRNase I, and ZEN1 appear to
accumulate transiently in a very similar pattern just before
autolysis starts (Ye and Varner, 1993; Yamamoto et al,
1997; Ye and Droste, 1996; S Aoyagi, M Sugiyama and H
Fukuda: BEN1 and ZEN1 cDNAs encoding S1-type DNases
that are associated with programmed cell death in plants,
unpublished observations). Therefore, the genes for these
enzymes may be regulated to be expressed by a common
mechanism, for example, by the same cis and trans
activation factors. The deduced amino acid sequences of
p48h-17 gene, ZCP4, ZRNase I, and ZEN1, taken together
with our knowledge about the localization of hydrolytic
enzymes in plants, indicate the presence of signal peptides,
which allows us to speculate that these proteins are
transported into the vacuole (Figure 1). Because the pH
optima of the 43 kD DNase (ZEN1 product) and the 30 kD
cysteine protease (possibly ZCP4 and/or p48h-17 product)
are both 5-5.5, which corresponds to the pH in the vacuole,
these hydrolytic enzymes may function in the vacuole or
rather in the cytoplasm after the tonoplast disruption. The
tonoplast disruption could permit hydrolytic enzymes to
invade the cytoplasm and attack various organelles (Figure
1). Thus, the tonoplast disruption is a critical event in the cell
death program of TEs. However, the mechanism of the
tonoplast disruption is still open for investigation.

Is there a common cell death mechanism?

Recent extensive research on programmed cell death has
revealed the presence of different types of cell death
processes in plants. Infection and salt stress can induce
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apoptosis-like cell death in plants (Wang et al, 1996a;
Ryerson and Heath, 1996; Katsuhara and Kawasaki, 1996).
On the other hand, infection can also cause necrotic death in
plant cells (Mittler and Lam, 1995a). Even among devel-
opmentally programmed cell death processes, there seem to
be different types. Wang et al (1996a) indicated that cells died
in an apoptosis-like manner during development in onion root
caps. In contrast, cell death processes in TE differentiation as
mentioned above and in senescence of leaves (Smart, 1994)
and ovary (Vercher et al, 1987) are nearer to necrosis than
apoptosis. Is there a mechanism common to programmed cell
death processes in plants? At present, there are no data
supporting a common death-signal(s) that directly induces
developmentally regulated cell death in plants. In senescence
of leaves, swelling degradation of organelles occurs (Smart,
1994). This is similar to the autolytic process of TE
differentiation. In leaf senescence, however, chloroplasts
are gradually degraded before the vacuolar collapse, which is
conspicuously different from TE differentiation. In contrast, the
tonoplast disruption is a critical factor of the death of endocarp
cells during ovary senescence of pea (Vercher et al, 1987).
Aleurone cells die in response to GA (Kuo et al, 1996). This
cell death process involves vacuolar enlargement and then
the disruption of the tonoplast and plasma membrane,
although it is unknown whether the vacuolar collapse
precedes that of the plasma membrane. Thus, during
development of plants, there is one common type of cell
death process in which a key event is active vacuolar
collapse. Interestingly, similar hydrolytic enzymes are
commonly expressed during this type of cell death. During
pea ovary senescence, a cysteine protease gene, tpp is
expressed preferentially in endocarp and ovule as well as
vascular bundles, in which tpp is expressed even when the
ovary is non-senescent (Granell et al, 1992). This gene is
highly homologous to p48h-17 gene and ZCP4. Genes for a
similar type of cysteine proteases are also expressed in

aleurone of barley (Rogers et al, 1985) and in rice (Watanabe
et al, 1991). In addition, the S1 type nucleases are expressed
commonly in cell death processes of the barley aleurone and
Zinnia TEs (S Aoyagi, M Sugiyama and H Fukuda: BEN1 and
ZEN1 cDNAs encoding S1-type DNases that are associated
with programmed cell death in plants, unpublished observa-
tions). Thus, there may at least be some common cell death
mechanism among the different developmental processes in
which the vacuolar collapse is a critical event in cell death.

Conclusion

Intensive cellular and molecular analyses have dissected the
programmed cell death process of TEs and have indicated
that the process is unique in that the vacuolar collapse is a
critical step of cell death. However, the data that have been
obtained so far are still fragmentary and many important
questions remain unresolved: What is the cell death signal(s)
and when do differentiating cells perceive the signal(s)?
Brassinosteroids may be one of its candidates. Is cell death
signal(s) endogenous or supplied by neighboring cells? How
are signals transduced in cells from the perception of the cell
death signal to the expression of cell death genes? The
vacuole collapse is a critical irreversible point of cell death.
What is the signal for the vacuole collapse? After the vacuole
collapses, organelles are degraded rapidly by hydrolytic
enzymes. Are there a common mechanism for expression of
these hydrolytic enzymes and their targeting into specific
organelles? Cell death and secondary wall formation in TE
differentiation seem to be tightly coupled, in particular on gene
expression. Do the two processes share a regulation
mechanism of gene expression? To answer these ques-
tions, we need to isolate key molecules that function in
specific steps of cell death. The Zinnia system will be useful
for such a purpose, because of easy following of cell death
process and high synchrony of cell death process. In addition,

Figure 1 The process of cell death during TE differentiation. Mesophyll cells are induced to differentiate into TEs by wounding and a combination of auxin and
cytokinin. The process of TE differentiation is divided into three stages, Stage I, II and III. The commitment to cell death may occur between Stage II and Stage III.
After the commitment, autolysis-related genes such as genes for proteases, RNases, and DNases are induced. Their corresponding enzymes may be accumulated
in the vacuole. The disruption of the tonoplast causes the hydrolytic enzymes to invade the cytoplasm and attack various organelles, resulting in the formation of a
mature TE that has lost its cell contents and possesses decorated secondary walls
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we will have to develop cellular experimental systems in which
functions of genes and proteins in cell death are easily tested.
Meanwhile the analyses of cell death process during TE
differentiation, its components and the signals to this unique
cell death are providing a useful clue to the mechanism of
general cell death program in plants.
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