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Abstract
Themitochondria pathway is regardedas acentral component
of some types of programmed cell death (PCD) in animal cells
where specific signals cause the release of cytochrome c from
mitochondria to trigger a proteolytic cascade involving
caspases. However, plant cells lack canonical caspases,
therefore a role for the mitochondria in programmed cell death
in plant cells is not obvious. Using plant cells which terminally
differentiate, we provide evidence supporting the involvement
ofmitochondriainPCD,howeverthereleaseofcytochromecis
insufficient to trigger the PCD. Prior to execution of cellular
autolysis initiated by the rupture of the large central vacuole to
release sequestered hydrolases, mitochondria adopt a
definable morphology, the inner membrane depolarizes prior
to death, and cytochrome c is released from mitochondria.
However, PCD can be blocked despite translocation of
cytochrome c. These results suggest a role for the mitochon-
driainthisPCDbutdonotsupportthecurrentanimalmodelfora
causative role of cytochrome c in triggering PCD.
Cell Death andDifferentiation (2002) 9, 189 ± 198. DOI: 10.1038/sj/
cdd/4400940
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Introduction

The most widely studied form of programmed cell death
(PCD) in animal cells is apoptosis. Apoptosis is characterized
by a distinct set of morphological and biochemical features,

including cell shrinkage, cytoplasmic membrane blebbing,
lobing of the nucleus, nuclear DNA fragmentation, and
disassembly into apoptotic bodies.1 Participation of mitochon-
dria in apoptosis is based on observations using a cell free
system for apoptosis,2 on immunolocalization of apoptotic and
anti-apoptotic factors to the outer mitochondrial membrane,3

and on measurements of mitochondrial membrane function in
relation to death.4 Furthermore, studies indicated that proteins
in the Bcl-2 family affect the release of cytochrome c from
mitochondria5 which subsequently triggers a proteolytic
cascade leading to PCD.6 These specialized proteases,
called caspases, are found in C. elegans, Drosophila and
mammals, but no canonical forms are found in fungi, protists,
and plants. A current hypothesis is that cytochrome c binds to
the scaffold complex called apoptotic protease activation
factor 1 (Apaf1), and causes recruitment of procaspase-9
which transactivates due to close proximity.7 Clearly,
cytochrome c, Apaf1, and procaspase 9 do not define the
entire apparatus, since other apoptosis inducing factors (e.g.
AIF, diablo) play key roles in the mitochondrial pathway.8,9

There are at least two mechanisms in animal cells for the
release of cytochrome c into cytoplasm and both require
active participation of the mitochondria.10,11 The first
mechanism occurs directly via the voltage-dependent anion
channel (VDAC) but details are presently scant.5 The second
mechanism occurs indirectly via the rupture of the outer
membrane caused by water influx into the matrix through a
transient permeability transition pore (PTP).12 PTP functions
as a calcium-, voltage-, pH-, and redox-gated channel with
several levels of conductance but poor ion selectivity.
Continual PTP opening permits the release of solutes from
matrix with molecular masses up to 1500 Da.13 The PTP is
thought to be composed of several proteins including
hexokinase, the VDAC present on the outer membrane, the
adenine nucleotide translocator (ANT) present on the inner
membrane, and the matrix-localized protein, cyclophilin D
(CpD). Some anticancer drugs and other chemicals, such as
betulinic acid (BetA) and cyclosporin A (CsA), can trigger or
block PTP opening and cytochrome c release, thus inducing
or inhibiting apoptosis, respectively.

The second mechanism relies on matrix swelling causing
mechanical disruption of the outer mitochondrial membrane
and therefore this mechanism is easily identified by the
mitochondrial ultrastructure. Opening of PTP leads to
equilibration of solutes across mitochondrial membranes
and results in mitochondrial membrane depolarization
followed by large amplitude matrix swelling. Rupture is
caused by the increase in the colloidosmotic pressure. Ca2+

can increase permeability of the inner membrane to small
solutes, thus causing osmotic swelling of the mitochondria
matrix and physical disruption of the outer membrane.14

The open and closed state of the PTP, and thus the
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potential release of cytochrome c, are coupled to cellular
metabolism and survival factors.15

Other models that utilize the former mechanism propose
formation of pores for cytochrome c release which can
happen in a very subtle way leaving much of the
mitochondrial structure and function intact. It has been
proposed that members of the Bcl-2 family of apoptosis
controlling proteins can form channels in the outer
membrane or alternatively cause membrane instability that
leads to cytochrome c release.16 Bax, a pro-apoptotic
member of this family, may regulate the size of the VDAC
to allow cytochrome c translocation.5,17

PCD is essential throughout the life cycle of plants. It is
involved in the development of aleurone and root cap cells,
tracheary element (TE) formation, somatic embryogenesis,
senescence and plant-pathogen interaction.18 However little
is known about its mechanism. Much of the concept of PCD in
plants derives from the sole observation of DNA fragmenta-
tion in cells, a feature of both animal and plant PCD.19 In
plants, nuclear DNA degradation can be detected by DNA
ladders and in single cells with terminal deoxynucleotidyl
transferase-mediated dUTP nick end labeling (TUNEL).20,21

Perhaps our best understanding of the mechanism of a
plant PCD is one which occurs during the terminal
differentiation of a tracheary element (TE). A TE is a
functional cell corpse that forms a single unit of the water-
conducting vessels in xylem tissue. TE formation is a classic
example of terminal differentiation involving the coordination
between the formation of a secondary cell wall and autolysis
of its protoplasm.21 Groover et al.20,21 characterized the
morphological changes associated with TE formation in
suspension-cultured mesophyll cells isolated from zinnia
leaves. Cells expand 24 h after isolation, then synthesize a
secondary cell wall that provides the rigid structure of the
vessels. The cell prepares for autolysis by nascent synthesis
of hydrolases which become sequestered in its large central
vacuole well before the wall becomes apparent. A regulatory
protease is secreted during wall synthesis, and when its level
of activity reaches a threshold level, Ca2+ influx is triggered
and the vacuole ruptures to release its hydrolases. Inhibitors
of calcium release block this penultimate event of TE PCD.
Hydrolases clear the protoplasm, leaving behind a hollow
corpse.

There are few studies on the possible involvement of
cytochrome c or the mitochondrion in a plant PCD. Stein
and Hansen22 have shown that D-mannose-induced cell
death is associated with cytochrome c release in maize
cells. Cytochrome c was found to be translocated from the
mitochondria to the cytosol during heat-induced PCD in
cucumber plants,23 and in menadione-induced death in
tobacco protoplasts.24 However, no cytochrome c released
from mitochondria was observed in the PCD during
pollination-induced petal senescence in petunia.25 Wen
and Chase26 have shown that changes in mitochondrial
gene expression occur prior to pollen cell death. Thus,
while examples are relatively few, evidence is accumulating
to support a role for the mitochondria in PCD.

In order to investigate the role of mitochondria in the
PCD occurring in the terminal differentiation of TEs, we
examined the morphology of mitochondria and the

translocation of cytochrome c. We have manipulated PCD
and cytochrome c with various agents in order to determine
whether PCD and cytochrome c release are strictly
coordinated. While changes in mitochondria morphology
and function were observed and suggest a role for
mitochondria in TE PCD, the current evidence suggests
that cytochrome c release is not sufficient for induction of
the PCD in TEs. Thus, we conclude that while the
mitochondria do play a regulatory role in TE PCD, the
mechanism is distinct from the current model for the
mitochondrion as a central executioner in animal cells.7

Results

Calcium induction of cytochrome c release from
mitochondria

We have previously shown that calcium mobilization is
necessary and sufficient to trigger TUNEL in TEs that are
competent to execute a PCD.21 Calcium mobilization is also
required for PCD in most animal cells. Ca2+ triggers
mitochondria to undergo a permeability transition to release
apoptogenic proteins such as cytochrome c, procaspase 9 or
AIF from the intermembrane space into cytosol.12 Therefore,
we tested whether Ca2+ mobilization triggers cytochrome c
release during TE maturaturation. When cultured cells were
treated with 0.1 mM of the calcium ionophore, A23187, the
release of cytochrome c in the cytosol was higher than that in
untreated cells (Figure 1).

Cytochrome c released from mitochondria during
TE formation

As the per cent of TE undergoing PCD increased during
maturation, the amount of cytochrome c in the soluble fraction
increased. This was determined by preparing fractions from

Figure 1 Calcium-induced release of cytochrome c. Cells (51 h-old, i.e.,
approximately 20 h prior to when cells become TUNEL positive) were
incubated with 0.1 mM A23187, and were collected and washed after 2.5 h
(A) and 5 h (B). Protein from cytosol and mitochondria was extracted
separately, and analyzed by immunoblotting with a monoclonal cytochrome c
antibody. The signal was quantified and plotted as the % of total signal
(pellet+soluble). P, pellet; S, supernatant
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48, 72 and 96 h cell cultures representing times prior to, at,
and past the peak of death, respectively. Relative cytochrome
c content was determined by immunoblotting (Figure 2A). The
ratio of cytochrome c in the cytosol versus the total amount of
cytochrome c in mitochondria plus cytosol increased in
parallel with the increase in per cent cells that were TUNEL
positive (Figure 2B).

Mitochondria morphology during TE maturation

Differences between the morphology of mitochondria were
observed between necrotic, non-necrotic, and terminally-
differentiating cells. The nature of the cell culture system
enabled us to simultaneously study these three cell types.
About 20% of the cells die during isolation (necrotic). The
remaining mesophyll cells (non-necrotic) expand after 24 h
from culture initiation, and begin to lay down secondary cell
wall thickenings at about 72 h and execute a PCD (terminally-
differentiating). Death is defined here as the point in time
when cytoplasmic streaming stops, which occurs instanta-
neously with the rupture of the large hydrolytic vacuole.20,21

After the vacuole ruptures, autolysis is rapid and complete
within 2 h. At 24 h, non-necrotic mesophyll cells had an intact
plasma membrane and tonoplast (vacuolar membrane), with
chloroplasts appearing along the plasma membrane (Figure
3A). The presence of tightly stacked grana of chloroplast was
used as a marker for non-necrotic cells. Figure 3B shows that
mitochondria in non-necrotic cells exhibited well organized
ultrastructure. Specifically, the outer membrane was intact,
the cristae were regularly organized, and the electron density

of the matrix was even and similar to the cytoplasm. In
contrast, necrotic cells had a plasma membrane detached
from the cell wall (Figure 3C). Mitochondria in these cells
exhibited a more electron-dense matrix. The cristae appeared
swollen in most cases with the internal membranes exhibiting
a more angular contour when compared to non-necrotic cells
(Figure 3D). Mitochondria in healthy non-differentiated, 72 h-
old cells exhibited similar ultrastructure as found in 24 h-old
non-necrotic cells (Figure 3E,F). Figure 4 illustrates the
phenotypic changes occurring with mitochondria prior to
death, as judged by the presence of an intact tonoplast. Most
mitochondria in these cells contained an electron dense
matrix but otherwise the ultrastructure remains intact (Figure
4A,B), although somewhat disorganized (discussed further
below). In some differentiating cells that contained an intact

Figure 2 Translocation of cytochrome c during TEs formation. Cells were
collected at the indicated times (hours) after induction, protein from cytosol
and mitochondria was separated and analyzed by immunoblotting with a
monoclonal cytochdrome c antibody as described in Materials and Methods
(A). Molecular mass is indicated in kilodaltons. (B) The signal was digitized
and plotted as a per cent of total cytochrome c along with the per cent cells that
were TUNEL positive at times indicated in A. P, pellet; S, supernatant. Error
bar represents the standard error of the mean from two independent
experiments

Figure 3 Ultrastructure of mitochondria in non-differentiating cells. In 24 h
living cells (A, B), mitochondria have a well organized ultrastructure; A dead,
24 h cell has a detached plasma membrane (arrow) and the mitochondrial
matrix is electron dense (C, D); At 72 h, non-differentiating cells contain
mitochondria that retain well organized ultrastructure (E, F). chl, chloroplast.
Scale bar=1 mm in B, D, F. Bar=5 mm in A, C, E. Panels on the right represent
higher magnifications of fields boxed within the image on the left
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tonoplast, the cytoplasm appeared granular, the mitochon-
drial matrix was more dense, and the cristae of the
mitochondria were electron dense (Figure 4C,D). We interpret
these cells to be at an advanced stage of TE maturation.
When the tonoplast was broken, but well before autolysis was
apparent, mitochondria lost their organized ultrastructure
(Figure 4E,F).

The changes observed in mitochondria prior to the
vacuole collapse are subtle but distinct from necrotic and
non-necrotic cells. These differences are more apparent at
higher magnification (Figure 5). The mitochondria shown in
Figure 5B ± D are from cells such as shown in Figure 3C.
Compared to mitochondria from non-necrotic cells (bracket,
Figure 5A), mitochondria in cells prior to the vacuole
collapse have disorganized internal structure. The inner
membrane system ranges from that containing swollen
cristae (arrow a), and possibly an occasional discontinuity

in the outer membrane (arrow b). The matrix is unevenly
electron dense (double arrows). Note the presence of the
finely-preserved Golgi apparatus (G), indicating that the
mitochondrial changes are not due to pervasive cytoplas-
mic degradation, nor to fixation artifact.

Mitochondrial membrane depolarization during
TE maturation

Unlike in rat liver cells undergoing PCD where mitochondria
morphology changes drastically before death, the mitochon-
dria of TE change only subtly, although reproducibly. To
investigate this further, we have utilized a voltage sensitive
fluorescent dye, lipophilic cationic probe 5,5',6,6'-tetrachloro-
1,1',3,3'-tetraethylbenzimidazo-carbocyanine iodide (JC-1),
to measure changes in the mitochondrial membrane potential
(Dc) that may precede death. Cells taken before PCD (24 h)
and during PCD (72 h) were incubated with 10 mg/ml JC-1 for
20 min, washed with fresh medium, and imaged by confocal
microscopy. Most of the mitochondria in 24 h-old, non-
necrotic cells appeared red (Figure 6A), indicating that
mitochondrial membranes retained high voltage. In 72 h-old
cells, some of the mitochondria had lost their Dc, showing a
mixture of red and green mitochondria (Figure 6B). In some
cells, most of the mitochondria were green (Figure 6C, arrow
a), indicating that they had depolarized (Figure 6D). After
vacuole collapse, clearly indicated by cessation of cytoplas-
mic streaming, no mitochondria fluorescence was observed
(Figure 6C, arrow b). Moreover, we conclude that the

Figure 4 Ultrastructure of mitochondrial changes during TE formation.
Differentiating cells (72 h) are distinguished by their secondary cell wall. Their
Golgi, ER and tonoplast remain intact (arrow) indicating that death has not
been triggered (A). Some mitochondria exhibit unaltered, well organized
ultrastructure (* in B), while most exhibit electron-dense mitochondrial matrix
(A, B). At a later stage of differentiation, the tonoplast (arrow) remains intact
(C), but the cytoplasm appears less dense and the mitochondrial matrix is
electron-dense (D). The tonoplast has lost its integrity in the cell shown in E
and F (arrow). SCW, secondary cell wall. Scale bar=1 mm in B, D, F; and 5 mm
in A, C, E. Panels on the right are higher magnifications of fields boxed within
the corresponding panel on the left

Figure 5 Ultrastructure of mitochondrial changes during TE differentiation.
(A) Mitochondria (bracket) from a nondifferentiating cell have evenly electron
dense matrix, cristae that are evenly spaced. (B ± D). In contrast, mitochondria
from cells prior to the collapse of the vacuole, have altered ultrastructure.
Arrow a indicates swollen cristae, arrow b indicates where the outer membrane
may be discontinuous. Double arrows point to contrasting areas of density. G,
Golgi Apparatus. Bars=1 mm
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observed mitochondrial depolarization preceded vacuole
collapse (moment of death) because JC-1 is unable to stain

mitochondria after cell death (Figure 6F). This was shown by
killing cells by rapid freezing (Figure 6) or aldehyde fixations

Figure 6 Mitochondrial depolarization during TE maturation. (A) Living cells incubated with JC-1 display red mitochondria indicating a hyperpolarized inner
membrane. (B ± D). Differentiating cells have a progressive increase in depolarized mitochondria. Arrowheads in B indicate the few depolarized mitochondria in an
early stage whereas arrow a in C indicates a cell in which most of the mitochondria are depolarized. In B, the boxed region on the left is magnified in the upper left
inset. Arrow b in C indicates a cell that is dead and completely autolyzed. In (E ± J), cells (approximately 51 h-old) were treated with various agents: (E) control,
untreated cells; (F) cells frozen prior to JC-1 staining; (G) 20 min of BetA (20 mg/ml) treatment, depolarized mitochondria are indicated by arrows; (H) 2 h BetA
treatment, most mitochondria are depolarized. (I) BetA plus CsA, 2 h, in most cells, CsA blocks the BetA-induced depolarization; (J) same as I, occasionally a cell is
found in this treatment containing depolarized mitochondria. Scale bar=10 mm in A ± D; and 5 mm in E ± J
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(data not shown) and immediately assaying JC-1 staining of
mitochondria.

Mitochondrial membrane potential and
cytochrome c release

The loss in mitochondrial membrane potential preceding the
vacuole collapse suggests an active role in triggering TE
death. One possible mechanism is the release of cytochrome
c via a voltage-dependent manner. To investigate this, we
utilized betulinic acid (BetA) and cyclosporin A (CsA) to
manipulate the membrane potential and monitored changes in
PCD and cytochrome c distribution. Figure 6E ± J shows the
BetA and CsA effects on mitochondrial membrane potential.
Figure 6G illustrates the rapid loss of Dc in mitochondria
treated with BetA. The change is more dramatic in
mitochondria in cells after 2 h of BetA treatment (Figure 6H).
CsA blocks the BetA-induced depolarization in most cells
(Figure 6I,J).

As shown in Figure 7A, BetA increased PCD as
measured by TUNEL in a dose-dependent manner. As in
some animal cells,27 CsA blocked the BetA-induction of
PCD in maturing TE (Figure 7B). Because high concentra-
tion of CsA alone has been reported to trigger PCD in
animal cells,27 we tested the effect of cells with 10 mM CsA,
and found no increase in PCD.

While BetA induces the collapse of Dc and the release
of apoptosis inducing factors in isolated mitochondria,6 it
is not clear if the antagonistic effect of CsA on BetA-
induced death occurs by blocking the BetA-induced
cytochrome c release. We tested this using maturing
TEs. Figure 7C shows that while CsA dramatically
inhibited BetA-induced PCD as measured by TUNEL,
CsA had less inhibitory effect on the BetA-induced
cytochrome c translocation.

Betulinic acid manipulation on
mitochondria morphology

As shown in Figure 8A,B, the mitochondria in 48 h-old cells
after 2 h BetA treatment exhibited a reduction in the internal
membrane network and an increase in the mitochondrial
matrix density, however, no dramatic mitochondria swelling
was observed. This resembles the subtly-altered ultrastruc-
ture of mitochondria that occurs during TE maturation,
suggesting that the mitochondrial morphology may be the
consequence of membrane depolarization.

Protease inhibitors block both the differentiation
and cell death programs

Arabidopsis lacks canonical caspases, although they do
contain a small family of distantly-related genes called
metacaspases,28 Thus, in the absence of classical effector
caspases that are capable of activation by relocated
cytochrome c, it is difficult to imagine how the animal model
for the apoptosome-controlled death could operate in a plant
cell. Since some animal PCD utilize noncaspase proteases to
initiate death,29 we do not exclude the possibility that other
proteases, including divergent proteases having caspase

activity, may act as initiators or effectors of TE PCD. Three
proteases activities are already proposed to be involved in TE
PCD21,30,31 and inhibitors to these were tested here for the
ability to block TUNEL in developing TEs. At 48 h after
induction (prior to cell wall synthesis), soybean trypsin
inhibitor (STI), zFA-fmk and zVAD-fmk were added to cultures
and the amount of TUNEL and % TE formation was measured
48 h later (Figure 9). Trypsin, as shown before,21 prematurely
induced TUNEL to levels observed during differentiation.
Soybean trypsin inhibitor dramatically reduced TUNEL,

Figure 7 Betulinic acid and cyclosporin A effect on TE PCD and cytochrome
c translocation. (A) BetA (20 mg/ml, 5 h) induces cells to undergo DNA
degradation as measured by TUNEL. The bar represents the standard error of
the mean (S.E.M.) of three independent experiments. (B) CsA block cell
TUNEL triggered by BetA. CsA at the indicated concentration was added to
51 h-old cells just prior to 20 mg/ml BetA treatment, and coincubated for 5 h,
then TUNEL was assayed. Error bars represent the S.E.M. from duplicate
experiments. (C) BetA and CsA effect on cytochrome c release. Cells (51 h-
old) were incubated with 20 mg/ml BetA for 1 and 3 h, and with both 20 mg/ml
BetA and CsA (10 mM) for 3 h (BC10). Control cells were mock treated for 3 h.
Cytochrome c distributed between in the pellet and cytosol was indirectly
measured as described in the Materials and Methods. The amount is
presented as the % of total (pellet+supernatant). Error bars represent the
S.E.M. of three experiments
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whereas the cathepsin B inhibitor, zFA-fmk, and pancaspase
inhibitor, zVAD-fmk had less effect.

Discussion

Mitochondria are involved in TE PCD

Mitochondria play a role in apoptotic and nonapoptotic animal
cell death in at least three ways: (1) disruption of electron
transport and oxidative phosphorylation, (2) release of
apoptotic inducing factors or other catabolic degradative
processes, and (3) alteration of cellular reduction-oxidation
potential.12 However, conservation of the mitochondrial
pathway or its components between evolutionarily diverse
organismal groups such as metazoans and plants has not
been examined, and therefore it is not known which, if any, of
these effects are shared. Conservation of mechanism
provides insight on the primordial mitochondrial pathway.

Our study focuses on the possible role of mitochondria
in a plant PCD. We chose to examine the PCD of

terminally-differentiating TEs because of its importance in
plant development and because it is a well-characterized
system for a plant PCD. We found changes in the electron
density of the mitochondrial matrix and mitochondrial
ultrastructure prior to the trigger of death marked by the
collapse of the vacuole. The use of a membrane potential
dye also enabled us to conclude that the mitochondrial
changes occur prior to the trigger of death. The ordering of
events is possible because the membrane potential
change occurred prior to vacuole collapse. We observed
a clear depolarization of the mitochondrial membrane, thus
conclude that this event precedes death. These results
indicate that mitochondria are involved in the PCD of TEs,
which is consistent with the hypothesis that mitochondrial
dysfunction is a conserved feature of PCD in animal and
plants.11

The changes in mitochondrial morphology of TE are
clearly different from changes in many animal cells where
the matrix swells and the outer membrane ruptures. These
are caused by opening of the PTP or by altered polarization
of the inner mitochondrial membrane. However, mitochon-
drial swelling is not observed in all instances of
apoptosis,32,33 and cytochrome c release from mitochondria
can occur without major changes in mitochondrial ultra-
structure.34 In these instances, release of apoptotic factors
is thought to occur without sustained formation of a PTP,
because CsA is unable to block death.

Mitochondria permeability transition and
cytochrome c release in TE PCD

BetA acid is a novel anticancer drug with specificity for
neuroectodermal tumors.35 It induces PCD via a direct
effect on mitochondria in a number of systems, including
TE differentiation as shown here. In a cell free system,
BetA provokes a dissipation of the mitochondrial trans-
membrane potential, induces mitochondrial permeability
transition, and releases soluble factors such as cytochrome
c or apoptosis-inducing factor into cytoplasm to mediate
the cleavage of caspase-8, caspase-3 and nuclear
fragmentation.6 In our cell culture system, BetA triggered
mitochondrial depolarization, cytochrome c release and
triggered TUNEL, suggesting a PTP involvement in TE
PCD. In addition, CsA inhibited TE formation (data not
shown), and also blocked the PCD triggered by BetA,
further implying a PT pore involvement in TE differentiation
and possibly PCD. CsA is a cyclic undecapeptide with
largely unmodified alkyl side chains, which sits in a
hydrophobic pocket in CpD corresponding to the active
site. It is generally assumed that CpD associates with ANT
via the active site and that CsA blocks the pore by
preventing this association.36 Apoptosis suppression by
CsA was correlated with the prevention of mitochondrial
dysfunction and caspase activation.27 In TEs, CsA may
conceivably have additional sites of action and it remains
possible that CsA blocks a rate-limiting step downstream of
cytochrome c release during TE PCD.

Demonstration of a mitochondrial membrane depolariza-
tion, a change in morphology occurring prior to death
(vacuole collapse), and induction of a PCD by depolariza-

Figure 8 Betulinic acid (BetA) effect on mitochondria ultrastructure. BetA
(20 mg/ml, final) was added to 48 h-old cells and incubated for 2 h, the
mitochondria exhibited a reduction in the internal membrane network and an
increase in the mitochondrial matrix density (A, B). chl: chloroplast. Standard
bar=1 mm

Figure 9 Protease inhibitor effect on TUNEL and TE formation. z-VAD-fmk
(in DMSO), z-FA-fmk (in DMSO) and STI at the indicated concentration was
added to 48 h-old cells and culture continued for another 2 days, TUNEL and
TEs percentage were assayed. Cells with no treatment and 1% DMSO were
used as control. 1% trypsin was used as a positive control, and cells for
TUNEL assay were collected after 6 h treatment. Error bars represent
duplicate samples in one experiment. This experiment was repeated with the
same results
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tion induced by BetA all point to a role for the
mitochondria in TE PCD. In addition, the use of CsA to
block death without blocking cytochrome c release
suggests that cytochrome c relocation is insufficient to
trigger death in these cells. Therefore, the question arises
as to what other mitochondrial derived signals may be
involved? Reactive oxygen species (ROS) were recently
reported to mediate mitochondrial-dependent apoptosis
induced by transforming growth factor in fetal hepato-
cytes,37 and may also regulate PCD in TEs. Mitochondrial
involvement in apoptosis has recently been consolidated
by the finding of other major pro-apoptotic factors in the
intermembrane space. These comprise a proportion of
certain procaspases, including procaspase-9,38 and
AIF.8,9,39 While plants lack prototypical caspases, they
have AIF-like proteins although an apoptotic function has
not yet been determined.

Protease activity involved in TE formation

In animal cells, caspases are essential to many types of
animal PCD. Prototypical caspases are not found in plants.
Recently, Uren et al.28 carried out iterative database
searches and identified one family of caspase-like proteins
in plants they designated as metacaspases. Type I plant
metacaspase have prodomains with a proline-rich repeat
motif and a zinc finger motif similar to those of plant
hypersensitive response protein LSD-1. Stress-induced
caspase activity in plants and prevention of PCD
associated with plant hypersensitive response by caspase
inhibitors have been reported.40 zVAD-fmk is a universal
caspase inhibitor of nuclear apoptosis, occurring in intact
cells irrespective of the cell type. zVAD-fmk caspase
inhibitor can block TE formation. While little effect was
found on necrotic cell death (data not shown), it remains to
be seen whether this caspase inhibitor blocks putative
metacaspases activity or another unknown plant protease.
Phytepsins (plant pepsin-type enzymes, family A1) are the
only aspartic endopeptidases implicated in plant PCD, and
pepstatin is the most commonly used inhibitor of
phytepsins. Because pepstatin A (20 and 200 mM) showed
little effect on TE formation and cell death (data not
shown), there is probably no phytepsin involvement in TE
formation or PCD.

We confirm the qualitative results of McCann et al.41

that zFA-fmk was effective at reducing TE formation, but
our results stand in contrast in other ways. First, we did
not observe any consistent nor conspicuous delay in TE
formation although autolysis may have been delayed in a
minority of cells. Second, all the inhibitors tested
including zVAD-fmk which were used by McCann et
al.41 reduced TE formation. Since TE formation is
affected, it is not possible at this time to distinguish
between a proteolytic event involved in differentiation
from one triggering PCD. Until it becomes possible to
uncouple the differentiation from PCD, we can not
definitely assign or eliminate a caspase activity in TE
PCD. However, the data shown here and elsewhere do
not support the animal apoptosome mechanism in TE
PCD.

Materials and Methods

Zinnia seedling growth and cell culture

Seeds (Zinnia elegans L. Cv. Green Envy; Stokes Seeds, Buffalo, NY,
USA) were sterilized and grown in a growth chamber at 258C and 60%
humidity with 16 h of daylight (110 m photons m72s72) per day.
Leaves were collected from 30 plants 10 ± 15 days after sowing,
surface sterilized with 10% bleach, 0.01% Triton for 1 min, transferred
to 2.25% bleach, 0.01% Triton X-100 for 5 min with occasional gentle
agitation, and rinsed with sterile water three times. The leaves were
macerated for 30 s in medium described by Groover and Jones21

using a rheostat-controlled blender (model 7011S, Waring). The
isolation and culture of zinnia mesophyl cells were performed as
described by Groover et al.20,21 Death percentage was calculated by
adding Evan's Blue (in water) at a rate of 1 : 30 or fluorescein diacetate
(in DMSO) at a rate of 1 : 100. Death rate was calculated as the sum of
dead cells and TE versus the total number of cells.

Transmission electron microscopy

Cells were collected at various time points and prepared for
transmission electron microscopy (TEM) by fixation in a phosphate
buffered solution (Sorensen's phosphate, pH 5.8) of 2.5% glutaralde-
hyde with 0.15% sucrose and 2% mannitol to maintain proper
osmoticum for 12 ± 24 h at 48C. Cells were post-fixed in 2% osmium
tetroxide in the same buffer for 1 h. After rinsing, the cells were
exposed to 2% uranyl acetate (aqueous) and subsequently embedded
in 2% agar. Samples cut from the agar blocks were dehydrated in a
graded ethanol series, infiltrated with Spurr's resin, embedded, and
cured at 708C for 24 h. Ultra-thin sections were cut and stained with
uranyl acetate and Reynold's lead citrate prior to observation in a
Zeiss EM10 transmission electron microscope.

Detection of mitochondria depolarization

The fluorescent dye, lipophilic cationic probe 5,5',6,6'-tetrachloro-
1,1',3,3'-tetraethylbenzimidazo-carbocyanine iodide (JC-1) has been
used to analyze Dc in intact, living cells.42 Increased membrane
polarization results in the formation of JC-1 aggregate that causes
shifts in emitted light from 530 (monomeric form) to 590 nm (emission
of aggregate). JC-1 changes color from green to red/orange as the
membrane potential increases.43 Mitotracker dye JC-1 was purchased
from Molecular Probes (Eugene, OR, USA). Zinnia cell cultures (24-h
and 72-h) were incubated with 10 mg/ml JC-1 for 20 min at room
temperature, then cells were washed with fresh medium three times.
Cells were imaged using a Zeiss LSM410 confocal laser scanning
microscope equipped with an Argon-Krypton laser (Figure 5A ± D).
Images were collected using an excitation of 488 nm to observe green
fluorescence (emission BP 515 ± 540) and an excitation of 568 nm to
observe red fluorescence (emission BP 575 ± 640). The resulting two
images were combined and overlaid with a brightfield image of the cell
to demonstrate the degree of secondary cell wall formation in that
particular cell. For experiments involving BetA and CsA treated cells, a
Zeiss LSM510 confocal laser scanning microscope was used (Figure
5E ± J). Images were collected using an excitation of 488 nm to
observe green fluorescence (Argon Laser, emission filter LP505) and
an excitation of 543 nm to observe red fluorescence (Green HeNe
Laser, emission filter LP 560). To determine whether JC-1 will stain
inner membranes after death, 51-h-old cells were either rapidly frozen,
or treated with 4% p-formaldehyde or 2% glutaraldehyde and JC-1 was
immediately added as described.
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Detection of DNA fragmentation with TUNEL

Suspension culture cells (1 ml) were fixed with 4% formadehyde in
fresh medium for 30 min at room temperature. Cells were washed with
fresh medium, incubated in 200 ml permeabilization solution (0.01%
Triton X-100 and 0.1% sodium citrate in PBS) for 5 min in ice, then
were washed with PBS. Samples were incubated in reaction mixture
(In situ Cell Death Detection Kit, Fluorescein, Boehringer Mannheim)
for 1 h at 378C, washed with PBS, then were suspended in 50*100 ml
PBS to continue the assay. Cells were evaluated by fluorescence
microscopy (excitation=470 nm; emission=510 nm). Cells undergoing
PCD contained fragmented nDNA which fluoresced green and were
expressed as the percentage of total cells, including necrotic cells. A
negative control with only terminal transferase instead of TUNEL
reaction mixture was included in each experiment. Fixed, permea-
bilized cells were incubated with DNase I to induce DNA strand breaks
to serve as a positive control in each experiment.

Preparation of protein samples

PCD-induced or control cells were gently homogenized in a mortar and
pestle in 200 ml Buffer A as described by Stein and Hansen22 with
protease inhibitor cocktail (Boehringer Mannheim. GmBH, Germany).
The homogenates were spun at 10006g for 10 min to remove cellular
debris and nuclei. The supernatant was spun at 10 0006g for 10 min,
yielding a pellet fraction enriched in mitochondria. This pellet was
resuspended in buffer A. The supernatant was spun at 50 0006g for
1 h. The supernatant recovered from this step contained cytosolic
protein.

Immunoblot of cytochrome c and quanti®cation

Protein was separated on 10% SDS ± PAGE and then transferred to
nitrocellulose membrane (Molecular Probe). The membrane was
blocked in TBS (10 mM Tris-HCl, pH 8.0, 150 mM NaCl), 0.05% (w/v)
Tween 20 (TBS-T) +5% (w/v) dried nonfat milk for 1 h. The mouse
monoclonal cytochrome c antibody clone (7H8.2Cl2, PharMingen) was
added at a concentration of 1 mg/ml and incubated for 3 ± 4 h. After
washing twice (1615 min, 165 min) in TBS-T, the membrane was
incubated in goat anti-rabbit HRP conjugate IgG (Amersham) at the
dilution of 1 : 2000 for 1 h at room temperature and washed as
indicated above. Labeling was detected by chemiluminescence
(Pierce, Rockford) according to the manufacter's instruction. The
signal was analyzed by scanning densitometry of the exposed film,
and then quantified with IMAGEQUANT (Molecular Dynamics).
Commercial and published resources of antibodies to cytochrome c
do not recognize native plant cytochrome c as needed for
immunolocalization in conjunction with electron and fluorescent
microscopes.

Proteases inhibitor effect on TUNEL and
TE formation

Caspase inhibitors were purchased from Kamiya Biochemical Co.
(Seattle, WA, USA). z-VAD-fmk in DMSO, z-FA-fmk in DMSO and STI
(Sigma, St. Louis, MO, USA) in fresh medium were added to 48-h-old
cells at the indicated final concentrations and cultured for an additional
2 days. Cells were collected and TUNEL and TE percentages were
assayed. Control cells were incubated with 1% DMSO or no addition.
Cells treated with 1% trypsin for 6 h served as positive controls for
TUNEL.
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