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Abstract Mammalian Bax is known to cause cell death
when expressed in plants. We examined transgenic plants
expressing both Bax and organelle-targeted green fluores-
cent protein to determine the cellular changes that occur
during Bax-induced cell death. The mitochondria changed
morphologically from being bacilli-shaped to being round,
eventually becoming swollen. Mitochondria streaming also
stopped. The chloroplasts lost membrane function and their
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contents leaked out, followed by the disruption of the vac-
uole. Light was not essential for Bax-induced ion leakage
or organelle disruption. These results indicate that Bax in-
duces temporal and spatial cell death events at the organelle
level in the plant. A heterologous system, using Bax, would
therefor be available to investigate cell death, which is com-
monly conserved in animals and plants
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Abbreviations
BQ p-Benzoquinone

CaMV Cauliflower mosaic virus
DEX  Dexamethazone

GFP Green fluorescent protein
HR Hypersensitive response
PCD  Programmed cell death
RFP Red fluorescent protein
ROS Reactive oxygen species
Introduction

Investigations on programmed cell death (PCD) in animal
systems have revealed pathways in which proteins of the
Bcl-2 family play a key role. The Bcl-2 family includes
pro- (e.g., Bax, Bak, Bid) and anti-apoptotic (e.g., Bcl-2,
Bcl-x1, Ced-9) proteins that appear to control the initiation
of apoptosis by means of the mitochondria (Gross
et al. 1999). When Bax is translocated from the cytosol
to the outer membrane of the mitochondria it induces the
release of proteins, such as cytochrome c, to the cytosol,
and consequently triggers apoptosis (Liu et al. 1996;
Jiirgensmeier et al. 1998).

Comparative genomic studies have revealed that the
Bcl-2 family-like proteins are absent in yeasts and plants
(Aravind et al. 1999). However, when Bax is expressed, it
has been shown to be able to kill plant (Lacomme and Cruz
1999; Kawai-Yamada et al. 2001) and yeast cells (Zha et al.



1996; Jiirgensmeier et al. 1997), while the expression of the
anti-apoptotic proteins Bcl-xl, Bcl-2, and Ced-9 has been
shown to protect tobacco plants from cell death induced
by UV irradiation and paraquat treatment and from the HR
upon tobacco mosaic virus (TMV) infection and attack
by fungal pathogens (Mitsuhara et al. 1999; Dickman
et al. 2001). As a means to study plant defense mech-
anisms, several investigators have been using the Bax
gene as an inducer of cell death. For example, AvrPtoB,
an effector protein conserved among diverse genera of
plant pathogens, inhibits cell death initiated by Bax
(Abramovitch et al. 2003). In addition, overexpression
of AtBI-1, a plant homolog of mammalian BI-1, inhibits
Bax-induced cell death in Arabidopsis (Kawai-Yamada
et al. 2001) as well as fungal elicitor-induced cell death
in cultured rice cells (Matsumura et al. 2003). These
investigations revealed that plants have mechanisms sim-
ilar to those operating in animal apoptosis. Bax-induced
plant cell death is a potentially useful heterologous
system for studying the evolution of the regulation
of cell death. The ROS that result from external and
internal stresses trigger cell death in plants (Levine
et al. 1994; Pennell and Lamb 1997; Orozco-Cardenas
and Ryan 1999). We recently observed the generation
of ROS in transgenic Arabidopsis plants harboring
the mouse Bax gene (Kawai-Yamada et al. 2004). Baek
etal. (2004) demonstrated that when protoplasts expressing
Bax are treated with the anti-oxidant N-acetyl-L-cysteine
(NAC), Bax-mediated ROS production and the cell death
phenotype are strongly suppressed. In fact, Bax-induced
cell death in yeast cells has been observed to be suppressed
by genes conferring anti-oxidant activities (Kampranis
et al. 2000; Levine et al. 2001; Pan et al. 2001). Despite
these results, detailed information on Bax-mediated cel-
lular changes in plants is still not available. In the present
study, we analyzed the temporal and spatial events that oc-
cur at the organelle level in plant cells under Bax-induced
cell death. On the basis of our results, we conclude that
the vulnerability of organelles to Bax is an orchestrated
mechanism that occurs prior to the consequential death
of the plant cell. This heterologous system provides a
useful basis for discussing the cell death mechanism that
is commonly preserved in both animals and plants.

Materials and methods
Plant materials

The Bax transgenic line was obtained by transforming Ara-
bidopsis thaliana ecotype Col-0 with the DEX-inducible
vector pTA7002 (Aoyama and Chua 1997) containing
mouse Bax (Kawai-Yamadaetal. 2001). Double-transgenic
plants possessing mitochondria (mt)-GFP or plastid (pt)-
GFP and Bax were generated using pollen from the Bax
transgenic plants to fertilize the flowers of mt-GFP or pt-
GFP plants (Niwa et al. 1999). The F, population that grew
on the medium containing hygromycin (20 wg ml~') was
used for further analysis. Transgenic plants were grown at
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23°C under continuous light. Tobacco suspension-cultured
cells BY-2 were grown in modified MS medium (Murashige
and Skoog 1962) enriched with 0.2 mg 1! 2,4-D and main-
tained at 28°C under continuous darkness. Arabidopsis
cell suspension cultures were derived from Bax transgenic
Arabidopsis plants (Kawai-Yamada et al. 2001) and
maintained in MS medium supplemented with 3% sucrose
and 0.1 mg 1-! 2,4-dichlorophenoxyacetic acid (2,4-D).
The cells were transferred to fresh medium every 7 days,
and experiments were carried out 3 days after the transfer.

Cell fractionation

Three-week-old Bax transgenic plants were homogenized
using a pestle and mortar in 0.4 M mannitol, 25 mM MOPS
buffer (pH 7.8), 1 mM EGTA, 4 mM cysteine, and 0.2%
(w/v) bovine serum albumin. The homogenate was filtered
through Miracloth (Calbiochem, San Diego, Calif.), then
the filtrate was subsequently centrifuged at 2,000 g for
10 min at 4°C. The supernatant was transferred to a new
tube and re-centrifuged at 10,000 g for 15 min at 4°C to
obtain a pellet containing mitochondria. The supernatant
was re-centrifuged at 100,000 g for 60 min at 4°C and the
resulting supernatant was used as a cytosolic fraction. The
pellet containing mitochondria was resuspended in 0.4 M
mannitol, 10 mM Tricine (pH 7.2), and 1 mM EGTA.
These fractions were stored at —80°C.

Immunological detection

Total protein extraction and Western blot analysis were
performed as described in Kawai et al. (1995). Proteins
(20 pg) were electrophoresed on sodium dodecyl sul-
fate (SDS)-polyacrylamide gels (15%), blotted onto a
polyvinylidene difluoride (PVDF) membrane (Immobilon,
Millipore), and then treated with anti-Bax antibody
(06-499; Upstate Biotechnology, Charlottesville, Va.) or
anti-VDAC antibody (PM035; GTMA). Bax and VDAC
proteins were visualized with the enhanced chemilumi-
nescence (ECL) system according to the manufacturer’s
instructions (Amersham Pharmacia, Piscataway, N.J.).

Yeast strain and expression

Expression vector pTS909-Bax-GFP was constructed by
ligating the Sa/l-tagged coding sequence of mouse Bax
cDNA into the Sall site of a cassette vector pTS910-GFP.
The Bax-GFP fragment was cut out with HindIIl/Sall and
inserted into the HindIIl/Sall site of pTS909 possessing
a 2-pum replicon. The Saccharomyces cerevisiae strain
BF264-15 Dau (MAT« adel his2 leu2-3, 112 trpl-1a ura3;
Lew et al. 1991) was transformed with plasmid pTS909-
Bax or pTS909-Bax-GFP by the lithium acetate method.
The plasmid pTS909 was also introduced into yeast as a
control. Tryptophane™ (Trp™)-transformants were streaked
either on a synthetic dropout (SD)-glucose plate or on a
SD-galactose plate and incubated at 30°C for 3 days.
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Transient expression of Bax-GFP in tobacco BY-2 cells

To express the GFP-tagged Bax in tobacco suspension
cells BY-2, we cloned the Sal/l-tagged coding sequence of
mouse Bax amplified by PCR into the Sall site of a GFP
cassette plasmid (pUC18-GFP) containing a CaMV 35S
promoter and a nopaline synthase (NOS) terminator (Niwa
et al. 1999). Plasmid DNA (5 pg) was introduced into
4-day-old tobacco BY-2 cells by particle bombardment
with a helium-driven particle accelerator (PDS/1000;
Bio-Rad, Hercules, Calif.). The applied bombardment pa-
rameters were 1,100 psi (1 psi =6.89 kPa) of bombardment
pressure, 1.0-pm gold particles, a distance of 12 cm from
the macrocarrier to the leaf pieces and suspension cells,
and a decompression vacuum of 28 in Hg. The bombarded
samples were incubated at 28°C in continuous darkness.

Microscopic observations

Microscopic observation was carried out using a fluo-
rescent microscope (Nikon Eclipse-600 and a 100 x 1.4
numerical aperture objective) and a confocal laser scanning
microscope system (MicroRadiance MR/AG-2; Bio-Rad).
BY-2 cells or 3-week-old transgenic Arabidopsis leaves
treated with or without DEX were placed on glass slides
and examined with an argon ion laser (488 nm) in order
to observe the GFP and with a green HeNe laser (543 nm)
to observe chlorophyll autofluorescence, Mito-RFP, and
Mito Tracker Red.

To visualize active mitochondria that maintained a
transmembrane potential, BY-2 cells were stained with the
fluorescent probe Mito Tracker Red (500 nM, Molecular
Probes, Invitrogen, Carlsbad, Calif.) for 15 min as de-
scribed in Arimura and Tsutsumi (2002). For the control of
mitochondrial localization, Mito-RFP was co-transfected
to BY-2 cells. Mito-RFP contains a mitochondrial-targeting
signal derived from the Arabidopsis ATPase o-subunit
(Niwa et al. 1999) connected with RFP (Clontech, Palo
Alto, Calif.). The chimera gene was under 35S CaMV
promoter regulation.

For electron microscopic analysis, leaf sections obtained
from 3-week-old plants treated with 10 wM DEX were
fixed in 2.5% glutaraldehyde in cacodylate buffer (pH 7.2),
and then treated with OsO4. The substituted samples
were embedded in Spurr’s resin, and thin serial sections
were prepared with an Ultracut UCT (Leica, Wien,
Austria). Sections were stained with uranylacetate and
lead citrate (UA/Pb) and observed under the electron
microscope (Hitachi H-7600; Hitachi High-Technologies,
Shinjyuku-ku, Japan).

Evans blue staining

Cell cultures treated with or without DEX were incubated
for 15 min with 0.5% Evans blue and then washed
extensively to remove excess and unbound dye with
distilled water. Dye bound to dead cells was solubilized

in 50% methanol with 1% SDS for 30 min at 50°C and
quantified by absorbance at 600 nm.

Ion leakage measurement

Leaf discs from 1-month-old Arabidopsis plants were
floated on distilled water or solutions containing various
chemicals. Electrolyte leakage was monitored using an
electrical conductivity meter (Horiba B-173, Japan).

Results

Bax targets mitochondria and disrupts
the mitochondrial transmembrane potential

Bax is known to translocate to mitochondria during the
initiation of apoptosis in animal cells (Gross et al. 1999).
Lacomme and Cruze (1999) reported that the GFP-tagged
C-terminal region of Bax, which was ectopically expressed
using a virus vector, co-localized with Mito Tracker Red
in Nicotiana benthamiana leaf trichomes. In this study, we
determined the cellular localization of the full-length Bax
protein in transgenic plants. Following DEX treatment
to induce Bax gene expression, several cellular fractions
(total, cytosol, and mitochondria-rich) were isolated for
Western blot analysis. As shown in Fig. la, the level
of Bax in total protein extracts increased after 1 day
of DEX treatment. A similar pattern was found for the
mitochondria-rich fraction. In contrast, the level of Bax
protein decreased in the cytosol fraction after 2 days of
treatment. VDAC (voltage-dependent anion channel), a
mitochondrial outer membrane protein, was not detected
in the cytosolic fraction, indicating that there was no
mitochondrial contamination in the cytosol fraction.

To further analyze the localization of Bax in plant cells,
we first constructed yeast expression vectors that con-
tained cDNAs encoding Bax (pTS909-Bax) or Bax-GFP
(pTS909-Bax-GFP) under the control of a GALI promoter.
These plasmids were transformed into the wild-type yeast
strain BF264-15 Dau, and the ability of the fusion protein to
induce cell death was studied. As a control study, the empty
pTS909 (vector) plasmid was transformed into the same
yeast strain. As shown in Fig. 1b, yeast cells transformed
with pTS909-Bax or pTS909-Bax-GFP markedly lost via-
bility when yeast cells were plated on galactose-containing
medium. In contrast, cells transformed with the empty vec-
tor pTS909 survived. This result indicates that the GFP-
tagged Bax retains the ability to induce cell death in yeast.

We then expressed Bax-GFP in plant cells. The vector,
pUC18-35 S-Bax-GFP (Bax-GFP), was constructed and
introduced into tobacco BY-2 suspension cells by means of
particle bombardment. Under confocal laser scanning mi-
croscopy, the fluorescent signal of Bax-GFP was observed
in cytosolic and punctuated structures that co-localized
with the fluorescent signals of Mito-RFP (a marker for
mitochondria) (Fig. 1c). Bombardment of the control
plasmid pUC18-35S-GFP (GFP) resulted in a cytosolic
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Fig. 1 Cellular localization of Bax protein. a Immunodetection of
Bax protein in a transgenic Arabidopsis plant. Following treatment of
the transgenic plants harboring Bax (3 week-old) with 10 puM DEX
for up to 3 days, total, cytosol and mitochondrial-enriched fractions
were isolated and used for Western blot analyses with antibodies
against Bax and voltage-dependent anion channel (VDAC). b Effects
of GFP-tagged Bax (Bax-GFP) on Bax-induced lethality in yeast.
Expression vectors (pTS909-Bax and pTS909-Bax-GFP) or control
plasmid (pTS909) were transformed into yeast strain BF264-15Dau
(Xu and Reed 1998). The transformants were streaked on glucose
(Glu)- or galactose (Gal)-containing medium lacking tryptophane.
Photographs were taken after a 3-day incubation at 30°C. ¢ Distri-
bution of Bax-GFP fluorescence in plant cells. Tobacco suspension

localization. This result indicates that Bax protein is
localized to the mitochondria in plant cells. To visualize
those functional mitochondria retaining a transmembrane
potential, we used Mito Tracker Red, a vital mito-
chondrial fluorescent probe. In cells expressing GFP,
Mito Tracker Red clearly stained the mitochondria, while
Bax-GFP-expressing cells did not show the fluorescence
of Mito Tracker Red (Fig. 1d). These results suggest
that mitochondrial localization of Bax causes the loss of
mitochondrial membrane potential.

Early morphological changes of mitochondria
after the Bax expression

To analyze the behavior of the organelles during Bax-
induced cell death, we visualized mitochondria and
chloroplasts using GFP. Double-transgenic plants possess-
ing Bax (DEX-inducible; Kawai-Yamada et al. 2001) and
organelle-targeted-GFP [mt- or pt- targeted GFP (S65T)
under the control of the 35S promoter; Niwa et al. 1999]
were obtained. When 3-week-old seedlings harboring
the DEX-inducible Bax gene (either mt-GFP/Bax or pt-
GFP/Bax plants) were transferred to a medium containing
10 wM DEX, massive cell death was observed at the whole-
plant level within 4 days. In contrast, this did not occur
in the control lines (mt-GFP/pTA, pt-GFP/pTA) (Fig. 2a).
Immunoblot analysis revealed that the Bax proteins were
detectable 24 h after initiation of the DEX treatment in the
mt-GFP/Bax and the pt-GFP/Bax plants (Fig. 2b). Meso-
phyll cells of the mt-GFP/pTA and the pt-GFP/pTA plants
(3-week-old) were observed with or without 10 pM DEX
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cells were co-transfected with mitochondria-targeted red fluorescent
protein (Mito-RFP) and GFP, or Bax-GFP by the particle accelera-
tor as described in the Materials and methods. The transfected cells
cultured for 1 day were observed under a confocal laser scanning
microscope (MicroRadiance MR/AG-2; Bio-Rad) at a 488-nm ex-
citation wavelength to detect GFP (green) and a 543-nm for RFP
(red). Magnified images of Bax-GFP-expressing cells are shown in
the lower panels. d Loss of mitochondrial membrane potential after
Bax expression. BY2 cells transiently expressing Bax-GFP (1 day
after transfection) were stained with a mitochondrial membrane po-
tential indicator, Mito Tracker red and observed under a confocal
laser scanning microscope

for 3 days under a confocal laser scanning microscope. As
shown in Fig. 2¢, the GFP signal in the mt-GFP plants was
seen as bacilliform shapes that moved. On the other hand,
pt-GFP co-localized with the red autofluorescence derived
from chlorophylls, and these fluorescent patterns were not
affected by the DEX treatment.

Using mt-GFP/Bax plants, we observed mitochondrial
morphology during Bax-induced cell death (Fig. 3a). In
the absence of DEX treatment (day 0), the mitochondria as-
sumed a bacilliform shape (Fig. 3a; a’, f'), and most were ac-
tively moving around, possibly due to cytoplasmic stream-
ing. Within 1 day after initiation of the DEX treatment, the
morphology of the mitochondria had changed dramatically
and assumed a round shape (Fig. 3a; b/, g'). At this stage
most of the mitochondria were immobile, with only a few
moving slowly. By the second day of DEX treatment, mi-
tochondria swelling was observed and cytoplasmic stream-
ing had stopped completely [Fig. 3a; ¢/, h'; see electronic
supplementary material (movie)]. Irregular clumping of the
mitochondria was noted at 3 days (Fig. 3a; d’, i), and by the
4th day, mt-GFP no longer fluoresced and the chlorophyll
autofluorescence had declined dramatically (Fig. 3a; €/, j').

Chloroplast disruption followed by vacuolar rupture

The pt-GFP (green) signal and the autofluorescence of the
chloroplasts (red) had completely co-localized at day O
(Fig. 3b; a’, f', X'). However, after 1 day of DEX treat-
ment, pt-GFP was no long uniformly distributed within the
chloroplast (Fig. 3b; b, g/, 1'). This tendency was observed
in most of the chloroplasts approximately 20 h following
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Fig. 2 Phenotypes associated with the expression of Bax. a
Phenotypes of plants possessing mt-GFP or pt-GFP, and Bax.
Three-week-old seedlings grown in the absence of DEX were
transferred to a medium containing 0 wM (—) or 10 wM (+) DEX
and cultured at 23°C for 4 days. The mt-GFP/pTA and pt-GFP/pTA
lines were used as negative controls. b Accumulation of Bax
protein as a function of time. Three-week-old seedlings grown on
non-inductive medium were transferred onto the inductive medium
containing 5 wM DEX and cultured at 23°C. Proteins were isolated
at selected time points (0, 1, and 2 days) after initiation of the DEX
treatment. Twenty micrograms of total proteins was used for Western
blot analysis. ¢ Distribution of mt-GFP and pt-GFP fluorescence
in double-transgenic plant cells. Three-week-old seedlings were
transferred onto the medium containing 0 uM (=) or 10 pM (+)
DEX and cultured at 23°C for 4 days. These plant cells were
observed under a confocal laser scanning microscope at a 488-nm
excitation wavelength for GFP (green) and a 543-nm for chlorophyll
autofluorescence (red), as described in the Materials and methods

initiation of the DEX treatment. At 2 days post-DEX treat-
ment, pt-GFP had leaked out of the chloroplasts and spread
into the cytosol (Fig. 3b; ¢/, i/, m’). However, we were still
able to confirm the existence of the vacuole at this time.
At 3 days post-DEX treatment, the pt-GFP had spread and
could be detected throughout the cell (Fig. 3b; d’, i/, n’).

This widespread distribution of the pt-GFP indicated that
the tonoplast had ruptured between day 2 and day 3. By the
fourth day of DEX treatment, chlorophyll autofluorescence
had decreased and eventually disappeared (Fig. 3b; €/, ]}/, 0').

Ultrastructural analysis

Electron microscopic analysis was carried out to examine
the subcellular morphology of Bax-expressing cells. As
shown in Fig. 4a, living cells were characterized by a rigid
cell wall and well-structured chloroplasts tightly pressed
against the plasma membrane. However, broken chloro-
plasts and plasmolysis were apparent in mesophyll cells
of plants expressing Bax (Fig. 4b). Electron microscopy
also confirmed that the mitochondria became round in
shape and aggregated following Bax expression (Fig. 4d).
Relative to the control (Fig. 4e), the lamella structure of
the chloroplasts of the Bax-expressing cells had loosened
within a day (Fig. 4f). With 2 days of Bax expression, the
inner structure of chloroplast had been destroyed (Fig. 4g).

Chlorosis is light-dependent in Bax-expressing plants

Light is required for lesion formation in response
to pathogens (Peever and Higgins 1989; Guo et al.
1993), lesion-mimic mutants (Jabs et al. 1996; Genoud
et al. 1998), and transgenic plants that form spontaneous
HR-like lesions ( Elkind et al. 1990; Chamnongpol et al.
1996). To examine the influence of light in Bax-induced
plant cell death, we treated seedlings or detached leaves
of Bax plants with 5 wM DEX under complete dark or
light conditions. As shown in Fig. 5a, DEX-treated leaves
showed an apparent chlorosis after a 3- to 4-day exposure
to light. Such discoloration was not observed in leaves
kept in the dark. Immunological Western blot analysis
confirmed the expression of Bax protein in plants grown
under dark or light conditions (Fig. 5b).

Ion leakage was used to monitor plant cell death
(Mitsuhara et al. 1999; Rizhsky et al. 2002). We previously
reported that the ectopic-expression of Bax triggers the
leakage of ions in plants grown in light (Kawai-Yamada
et al. 2004). The leaf discs of plants expressing the Bax
protein showed an obvious ion leakage even when kept
in the dark (Fig. 5¢), while the control samples (—DEX)
did not show any ion leakage regardless whether they
were kept under dark or light conditions. To investigate
the behavior of the chloroplasts and vacuole, we used both
transgenic plants harboring Bax and pt-GFP genes. Both
in the presence (Fig. 3b) and absence (Fig. 5d) of light,
a massive leakage of pt-GFP from the chloroplasts to the
cytosol occurred and the vacuole was disrupted within
3 days post-DEX treatment.

To further investigate light-mediated Bax-induced
chlorosis, p-benzoquinone (BQ) was used as a quencher of
singlet oxygen and triplet chlorophyll, which are generated
by the photo-reaction in chloroplasts (Fujimori and
Livingston 1957; Feierabend and Winkelhusener 1982).



Fig. 3 Morphological changes a 0
in the mitochondria and
chloroplasts during
Bax-induced cell death. a
Morphological changes in the
mitochondria. Three-week-old
mt-GFP/Bax seedlings were
transferred to the medium
containing 10 wM DEX and
cultured at 23°C. Mesophyll
cells were examined using a
confocal laser scanning
microscope at each time point
(0, 1, 2, 3, and 4 days). The
merged images of mt-targeted
GFP (green) and
autofluorescence of chlorophyll
(red) are shown. f— are
magnified images of @’-¢’. b
Distribution of pt-GFP during
Bax-induced cell death.
Mesophyll cells of pt-GFP/Bax
plants were examined as
described in 3a. The merged
images of pt-targeted GFP
(green) and autofluorescence of
chlorophyll (red) are shown.

f -0’ are magnified images of
a'-e'. Yellow signals are areas
where the green and red signals
co-localize. * Vacuole

Leaf discs of plants expressing Bax were incubated in
distilled water with or without BQ. Following a 4-day in-
cubation in continuous light, the leaf samples treated with
BQ remained green (Fig. 6a). However, BQ treatment did
not inhibit ion leakage in plants expressing Bax (Fig. 6b).

In addition, we studied the effects on the chloroplast
using cultured cells. Arabidopsis suspension cells trans-
formed with the Bax gene were generated and grown in
the dark. The Bax protein was detected immunologically
(Fig. 6¢c). Bax protein levels in DEX-treated suspension
cells rose within 1 day and remained constant for 2 days.
We then evaluated the rate of dead cells in Bax-expressing
cell suspensions using Evans blue. As shown in Fig. 6d,
Bax transgenic lines showed a remarkable increase in cell
death upon Bax expression. DEX treatment had no effects
on the basal level of Evans blue staining in the control
cells. These results indicate that light is essential for leaf
chlorosis, which is the last step of plant cell death, but it
is not essential for ion leakage or organellar disruption.

Discussion

There exists a great deal of controversy surrounding our
understanding of the basic mechanism of cell death in
plants and metazoa (see Lam et al. 2001). The obvious
similarity in the evolutionary aspects of PCD in distantly
related organisms, however, provides an insight into how
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cell survival is sustained through intracellular organelles.
In relation to this, recent advancements in gene cloning
and the development of heterologous suicide systems have
warranted the studies on possible universal mechanisms
in cell death (Zha et al. 1996; Laccome and Cruz 1999;
Dickman et al. 2001; Kawai-Yamada et al. 2004).

Bax, a pro-apoptotic member of the Bcl-2 family, is a cru-
cial protein in the PCD pathways of animal systems. Bax
localizes in the cytosol of healthy cells and translocates to
the surface of mitochondria upon the initiation of apoptosis
(Nechushtan et al. 2001). The mitochondrial localization of
Bax allows proteins such as cytochrome ¢ to move from the
mitochondria to the cytosol, which eventually leads to the
initiation of apoptosis (Jiirgensmeier et al. 1998). Interest-
ingly, the overexpression of Bax in yeast and plants causes
lethality even though these organisms do not have Bcl-2-
related proteins naturally (Zha et al. 1996; Jiirgensmeier
et al. 1997; Lacomme and Cruz 1999; Kawai-Yamada
et al. 2001). Furthermore, anti-apoptic proteins Bcl-2,
Ced-9, and Bcl-xI can increase the resistance to stress
caused by fungal pathogens, UV-B irradiation, or paraquat
(Mitsuhara et al. 1999; Dickman et al. 2001). These results
imply that plants and metazoa share a similar cell-death
pathway.

We reported recently that in transgenic Arabidopsis,
Bax-induced cell death was accompanied by the generation
of ROS, a metabolic process probably originating in the
mitochondria (Kawai-Yamada et al. 2004). In the present
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Fig. 4 Electron micrographs of Bax-expressing Arabidopsis meso-
phyll cells. Mesophyll cells obtained from plants treated with 10 uM
DEX for 1 day (f), 2 days (g), 3 days (d), or 4 days (b) were ex-
amined under an electron microscope. a, ¢, e Control cells, b, d, f,
g Bax-expressing cells. a, b Whole cell, ¢, d mitochondria, e, f, g
chloroplast

study, we demonstrated that the full-length Bax protein
fused with GFP was localized on plant mitochondria and
that this preceded the disruption of the mitochondrial
transmembrane potential, the latter being known as a
typical feature of early apoptosis in metazoa (Finucane
et al. 1999). Lacomme and Cruz (1999) used a virus vector
system and demonstrated that a fusion protein consisting

of the transmembrane domain of Bax and GFP co-localizes
with the signal of Mito Tracker Red in the leaf trichome
cell of Nicotiana benthamiana. In the Arabidopsis pro-
toplast system, Baek et al. (2004) showed the importance
of the C-terminal region of the Bax protein to localize
mitochondria. Our results support these data and prove that
dysfunction of mitochondria depends on Bax localization.
Using double-transgenic Arabidopsis plants possessing
Bax and organelle-targeted GFP, we observed that the mi-
tochondria underwent morphological changes following
Bax expression: the original bacilliform shape changed
into a round form and eventually the mitochondria became
swollen. It has recently been reported that the fragmentation
of tubular mitochondria into short punctiform structures is a
common early feature of apoptotic mammalian cells (Vieira
et al. 2002; Breckenridge et al. 2003). Normal HeLa cells
display worm-like-shaped mitochondria, whereas cells in
the process of Bax- or etoposide-induced death have
punctiform mitochondria (Desagher and Martinou 2000).
Changes in the morphology of the mitochondria have been
reported in yeast as well as in mammalian cells (Dimitrova
etal. 2004). Karbowski et al. (2004) showed that mitochon-
dria fusion is blocked during Bax-induced apoptosis and
that permeabilization of the outer mitochondrial membrane
occurs within the same time range. Fannjiang et al. (2004)
reported that the mitochondrial fission proteins Dnml,
Mdv1, and Fisl regulate cell death in yeast. In this study,
we also demonstrated that mitochondrial punctation occurs
during Bax-induced cell death. This morphological change
may be the one common feature of cell death that is widely
maintained. On the other hand, during the apoptosis of hu-
man fibrosarcoma cells, mitochondrial aggregation around
the nucleus was observed to occur earlier than release of cy-
tochrome ¢ (Haga et al. 2003). However, our results suggest
that mitochondrial aggregation is one of the later events
(after 3 days) that occur during Bax-induced plant cell
death. An actin polymerization inhibitor causes mitochon-
drial aggregation in tobacco cells (Van Gestel et al. 2002),
suggesting that Bax-induced mitochondrial aggregation in
plant may be associated with actin filament dysfunction.
Interestingly, light is required for the HR in rice leaves
infected with Xanthomonas (Guo et al. 1993) and tomato
plants treated with the AAL toxin (Moussantos et al. 1993)
or FB1 (Stone et al. 2000). In addition, when tobacco
leaves infiltrated with Pseudomonas solanacearum were
incubated in the dark, the HR was not induced and the
tissue reaction, a spreading of necrotic lesions, resembled
a compatible interaction (Lozano and Sequeria 1970).
Although the reason for light-dependent augmentation of
lesion formation is poorly understood, light can enhance
the oxidative burst (Allen et al. 1999). Phytochrome
signaling (Genoud et al. 1998) or photosynthesis (Gray
et al. 1997) is also required for some lesion phenotypes.
It is possible that light is important for the oxidative burst
and photo-bleaching in the case of the HR. The results
of our analysis of cell suspensions cultured in the dark be
an indication that light is not essential for Bax-induced
cell death in plants. Exposure to light is a prerequisite for
the chlorosis of plants expressing Bax. Nevertheless, ion
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pression of Bax-induced chlorosis under the dark condition.
Three-week-old plants grown on MS medium under continuous
light (100 wmol m~2 s~1) were transferred to a medium containing
5 pM DEX and subsequently grown under light or dark conditions.
The photographs were taken 1-4 days following initiation of the
DEX treatment. b Immunological detection of Bax protein in the
Bax transgenic plants treated with (+) or without (—) 5 wM DEX un-
der dark or light conditions for 24 h. Ten micrograms of total proteins
was used for Western blot analysis. ¢ Bax-induced ion leakage under
dark or light conditions. Detached leaves of Bax transgenic plants
were incubated with (4) or without (—) 5 wM DEX in distilled water
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at 23°C under light or dark conditions. Electrical conductivity of
the solution was measured with a conductivity meter (n=3; relative
value). d Bax-induced chloroplast and tonoplast disruption under the
dark condition. Three-week-old transgenic plants containing Bax
and plastid tagged-GFP (pt-GFP/Bax) were treated with 10 pM
DEX under the dark condition. Compare with 3b images under
the /ight condition. As a control, a transgenic plant with an empty
vector and plastid targeted-GFP (pt-GFP/pTA) was treated similarly.
Images were obtained using a confocal laser scanning microscope at
the following wavelengths: 448 nm for pt-GFP and 568 nm for the
chlorophylls. Merged images are shown in the lower panel
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Fig. 6 a Suppression of Bax-induced chlorosis by BQ treatment.
Leaf discs obtained from Bax transgenic plants (3 weeks old) were
treated with 5 wM DEX solution with (+) or without (=) 1 mM
BQ for 4 days at 23°C. b Bax-induced ion leakage in BQ-treated
leaflets. Three leaf discs obtained from Bax transgenic plants were
treated with DEX (0 wM or 5 wM) and BQ (0-2.0 mM) under light
condition at 23°C, and the electrical conductivity of the solution
was measured with a conductivity meter (n=3). ¢ Immunological
detection of the Bax protein under the control of a DEX-inducible

system. Three-day-old suspension-cultured cells were treated with
0 uM (=) or 10 pM (+) DEX and then cultured at 23°C for 3 days.
Proteins were isolated at each time point (0, 1, 2 and 3 days) after the
DEX treatment. Twenty micrograms of the total protein was used for
Western blot analysis. d Induction of cell death by Bax. Cell death of
suspension cells was measured by Evans blue staining each day (0, 1,
2 and 3 days) following the treatment with DEX, as described in the
Materials and methods. Three-day-old suspension cells of transgenic
lines (pTA and Bax) were treated with O wM (—) or 10 uM (+) DEX
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leakage, the disruption of the chloroplasts and of tono-
plasts, and consequential DNA degradation (data not
shown) are events entirely separate from light-induced
chlorosis. Bax induction is likely to cause two mechanisms:
first, the accumulation of ROS, which is generated in
Bax-associated mitochondria, triggers cell death by a light-
independent process; second, chlorophyll is broken down
through a light-dependent photo-breaching mechanism.

In mammalian cells, Bax causes Ca** release from the
endoplasmic reticulum to the cytosol, which results in
a subsequent increase of mitochondrial Ca** (Scorrano
et al. 2003). In addition, Ca’* is also a prominent mod-
ulator of the mitochondrial permeability transition. We
observed that cytoplasmic streaming in the mitochondria
ceased as a result of Bax and that this occurred at almost
same time as the transformation of the mitochondria into
a punctiform. Cytoplasmic streaming, which requires
actomyosin systems, has been found to be inhibited
by cytosolic Ca’* increase and by a depletion of ATP
(Kikuyama and Tazawa 1982; Kuroda 1999). Similar
to the process that occurs in mammalian cells, Bax
may down-regulate cytoplasmic streaming by increasing
cytosolic Ca®* levels in the plant cells.

In conclusion, we observed that Bax caused the following
physiological changes in the cell: the loss of mitochondrial
membrane potential, the cessation of cytoplasmic stream-
ing, and consequential organelle destruction, including the
loss of membrane permeability. We propose here that an
orchestrated organelle vulnerability is the prerequisite for
Bax-induced cell death in plants.
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