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Loss of Tonoplast Integrity Programmed in
Tracheary Element Differentiation’
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A tracheary element (TE) is a typical example of a cell type that
undergoes programmed cell death in the developmental processes
of vascular plants. The loss of the selective permeability of the
tonoplast, which corresponds to tonoplast disintegration, occurred
after the cells commenced secondary wall thickening and played a
pivotal role in the programmed cell death of TEs in a zinnia (Zinnia
elegans L.) cell culture. A search for events specifically associated
with the TE vacuole provided an important clue to the understand-
ing of the cell death mechanism. The transport of fluorescein, a
fluorescent organic anion, across the tonoplast declined drastically
in differentiating TEs. The capacity of the vacuole to accumulate the
probe was also impaired. Treatment with probenecid, an inhibitor
of organic anion transport, caused rapid cell death of TEs and led to
the ultimate disruption of the vacuole even in other types of cul-
tured cells. These changes in vacuolar properties during TE devel-
opment were suppressed by cycloheximide. Specific mRNA accu-
mulation in cells cultured in a TE differentiation-inductive condition
was abolished by probenecid. These results suggest that a change in
vacuolar membrane permeability promotes programmed cell death
in TEs.

In recent years, much attention has been directed to the
characterization of programmed cell death (PCD) mecha-
nisms in plant cells (Greenberg, 1996; Jones and Dangl,
1996). As in animals, PCD is indispensable for the integral
development or maintenance of various tissues and organs
in multicellular plant species (Pennel and Lamb, 1997).
Plant PCD occurs in leaf cells undergoing the hypersensi-
tive response to preclude pathogen spread (e.g. Greenberg,
1997), in senescent leaf cells for the translocation of their
components to other younger, growing parts (e.g. Smart,
1994), in reproductive organ cells to support fertilization or
to supply nutrients for gametophyte and zygote develop-
ment (e.g. Greenberg, 1996), and in root cortex cells to form
aerenchyma for the efficient internal diffusion of oxygen
(e.g. Justin and Armstrong, 1987). It remains unclear
whether common regulatory mechanisms mediate these
varied examples of PCD in plants (Fukuda, 1997b; Pennel
and Lamb, 1997).

In the vascular systems, PCD plays a role in the construc-
tion of conduits such as vessels and tracheids that supply
water. These conductive tissues consist of dead tracheary
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element (TE) cells that are highly differentiated to form a
rigid, waterproof structure for long-distance water trans-
port. Differentiation into such cells requires various genet-
ically controlled mechanisms, including those involved in
PCD (e.g. Jones and Dangl, 1996; Fukuda, 1997a).

Transdifferentiation of isolated zinnia (Zinnia elegans)
mesophyll cells has been used to analyze TE differentiation
both at the physiological and the molecular level (Fukuda
and Komamine, 1980). In suspension culture, nearly one-
half of all cells can be induced to become TEs semisynchro-
nously (Fukuda and Komamine, 1980). This system very
precisely reflects most of the genetic events that occur
during the progression of TE differentiation in plants. For
example, genes expressed prior to the initiation of second-
ary wall thickening (SWT) (TED2-4, CCoAMT, CAOMT,
and ZePel) in cultured cells are also detected around the
site of TEs of zinnia hypocotyls or roots in a temporally and
spatially regulated manner (Demura and Fukuda, 1993,
1994; Ye et al., 1994; Ye and Varner, 1995; Domingo et al.,
1998). Furthermore, Sato et al. (1993, 1995) characterized
several peroxidases of zinnia, one of which was specifically
activated in the differentiation-inductive culture. They pro-
posed that this protein was selectively involved in lignin
deposition in the secondary wall of TEs. The p48h-17 gene
that encodes a Cys protease (Ye and Varner, 1996) and the
ZRNasel gene (Ye and Droste, 1996) were isolated as genes
specifically expressed in the inductive condition and were
demonstrated to localize around the vessels in situ. Such
hydrolytic enzymes are assumed to function in the auto-
lytic processes that produce hollow TEs (e.g. Fukuda,
1997a).

The cascade of gene expression underlying the cytolog-
ical phenotype of cultured TEs can represent TE differen-
tiation in situ (Fukuda, 1996). One of the TE-associated
events, vacuole disruption, is known to occur prior to
heavy lignin deposition and drastic autolysis (Burgess and
Linstead, 1984a). The mixing of the vacuolar contents with
the cytoplasm disorganizes the whole intracellular struc-
ture. Burgess and Linstead (1984b) confirmed its consis-
tency by comparing TEs in culture with those in situ, and
it has since been widely recognized as the critical event that
leads to cell death and subsequent autolysis (Fukuda, 1992;
Groover et al., 1997).

Various hydrolytic enzymes are synthesized for the pro-
gression of autolysis (Thelen and Northcote, 1989; Minami
and Fukuda, 1995; Ye and Droste, 1996; Ye and Varner,
1996; Beers and Freeman, 1997; Fukuda, 1997a; Aoyagi et
al., 1998). The enzymes are thought to accumulate in the TE
vacuole until disruption of the vacuole, so that they do not
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begin to destroy the working molecular apparatus in the
cytoplasm. The maintenance of vacuolar compartmenta-
tion should be necessary for differentiating TE cells to
produce a complete set of these enzymes (Fukuda et al.,
1998). If this is the case, some unknown mechanisms that
bring about the disintegration of the vacuolar membrane
and the release of enzymes must have a key role in the cell
death program. A major question, therefore, is whether the
vacuolar membrane of TEs exhibits specific visible charac-
teristics leading to the disintegration. To address this ques-
tion, a simple and efficient method to detect and quantify
vacuolar malfunction and disruption in TEs is needed.

In this report, the transport of a fluorescent organic anion
probe across the tonoplast was assayed in cultured cells to
monitor vacuolar function. A drastic change in the distri-
bution and thus the transport kinetics of the organic anion
could be observed in cells before and after the initiation of
SWT. This effect was controlled by some genetic program
expressed in TEs, and interestingly was very similar to that
caused by probenecid, an inhibitor of organic anion trans-
port (Cole et al.,, 1990; Oparka et al.,, 1991; Wright and
Oparka, 1994). Treatment with this compound was fol-
lowed by acceleration of TE cell death and by the disrup-
tion of the vacuole even in other cultured zinnia cells.
Probenecid affected the accumulation of mRNA of a
marker gene for SWT in culture. This intrinsic inhibitory
effect on the organic anion transport was coupled with the
cell death program of TE differentiation.

MATERIALS AND METHODS
Plant Material and Culture

The first leaves of 14-d-old seedlings of zinnia (Zinnia
elegans L. cv Canary Bird [Takii Shubyo, Kyoto]) were used
for the isolation of mesophyll cells in suspension culture
according to the method of Fukuda and Komamine (1980).
All experiments were performed with cells cultured
in inductive D medium that contained 0.1 mg/L
a-naphthylacetic acid and 0.2 mg/L benzyladenine as hor-
mones. The percentages of total (T), living (L), or dead (D)
TEs were defined as follows: T = TEs/(TEs + other living
cells) X 100, L = living TEs/(TEs + other living cells) X
100, D = dead TEs/(TEs + other living cells) X 100, where
living cells mean those stained with fluorescein diacetate
(FDA) so that their cytoplasm and vacuole were distin-
guishable. More than 500 cells were examined as one sam-
ple for the determination of these values. All assays were
performed in triplicate within each experiment.

Microscopy

Observations were carried out with an epifluorescence
microscope (model BH2-RFL-T2 or BX-50-FLA, Olympus,
Tokyo) and an inverted microscope (IX 70, Olympus). To
visualize the fluorescence of fluorescein, an excitation filter
of 490 nm and a dichroic mirror of 500 nm were used. The
filter and mirror were changed to 545 and 570 nm, respec-
tively, for the observation of FM 4-64 fluorescence. The
autofluorescence of chloroplasts was eliminated with a
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460-nm barrier filter if necessary. Photographs were taken
using a model PM-CBSP or PM-30 camera (Olympus) with
black and white film (PREST 400, Fuji Photo Film, Tokyo),
color film (Super G 400, Fuji Photo Film), or reversal film
(Ektachrome 400, Kodak, Rochester, NY), and were se-
lected to best illustrate the phenomenon described.

Treatment with Reagents and Inhibitors

FDA (Aldrich, Milwaukee, WI) and FM 4-64 (Molecular
Probes, Eugene, OR) were added to the medium of each
sample to a final concentration of 0.1 and 1 ug/mL, respec-
tively. Probenecid (Wako Pure Chemical Industry, Osaka)
was used at 100 um unless otherwise specified. Cyclohex-
imide (CHX) (Wako Pure Chemical Industry) was used at
a concentration of 50 uM based on previous results
(Fukuda and Komamine, 1983). The effects of the chemicals
were assessed by microscopic analyses. For the determina-
tion of the number of cells excluding fluorescein from their
vacuole, cells were subjected to a further 1-h incubation
with FDA at the same temperature of the culture condition
before observation.

RNA Gel-Blot Analysis

Zinnia cells were lysed by snap-freezing and subsequent
incubation with phenol in buffer (200 mm Tris-Cl, 100 mm
NaCl, and 10 mm EDTA, pH 8.0) in immediate vigorous
vortexing. Total RNA was isolated by mixing the lysate
with an equal volume of extraction buffer (50 mm Tris-Cl,
300 mMm NaCl, and 5 mm EDTA, pH 8.0) followed by the
microcentrifugation and precipitation of the contents in
aqueous phase with ethanol. Remnant DNA was removed
by RNA precipitation with one-third volume of 10 m LiCl
at 4°C. RNA gel-blot analyses were carried out according to
the method of Sambrook et al. (1989). The TED3 and ZCP4
probes were generated by PCR and labeled with
digoxigenin-11-dUTP (Boehringer Mannheim, Basel) using
cloned ¢cDNAs as templates (Demura and Fukuda, 1993;
Yamamoto et al., 1997). For signal detection, blocking re-
agent, anti-digoxigenin F,,, fragment, and CDP-Star were
used according to the manufacturer’s instructions (Boeh-
ringer Mannheim). Signals were recorded by the exposure of
membranes to radiographic films (Hyperfilm ECL, Amer-
sham International, Buckinghamshire, Little Chalfont, UK).

RESULTS

Selective Permeability of the Tonoplast in
Differentiating TEs

TEs are highly specialized, mortal cells that form the
rigid, lignified secondary wall. Electron microscopic obser-
vations by Burgess and Linstead (1984a, 1984b) showed
that there are many cells with both SWT and apparently
intact subcellular components, indicating that TEs can sur-
vive for a certain period after the initiation of SWT. Since
cells within the secondary wall always die, PCD has al-
ready been or is being expressed at this stage (Fukuda,
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Figure 1. Light (a, ¢, and e) and fluorescence (b, d, and f) images of
zinnia cells stained with FDA, some of which are differentiating into
TEs. A, The staining patterns of TEs were categorized into living type
1 (t1, a and b), dying type 2 (t2, c and d), and dead type 3 (t3, a and
b). After a 1-h incubation with FDA, fluorescein was transported to
the vacuole of non-TE cells but remained in the cytoplasm of TEs (e
and f). co, Cell that either has not yet differentiated or will never
differentiate into a TE; cy, cytoplasm; va, vacuole. B, After a further
2-h incubation, non-TE cells (nte) sequestered fluorescein completely
in their vacuole (a and b) but many TE cells (te) still excluded the dye
(a). The red autofluorescence of the chloroplasts in the cytoplasm is
visible in the non-TE cell. The bars indicate 20 um.

1997a). To analyze the kinetics of living TEs and to deter-
mine their longevity in zinnia cell culture, FDA, a vital dye,
was applied. FDA is de-esterified in living cells to become
fluorescein that can fluoresce. When FDA was added to
culture at 55 h, three characteristic staining patterns of
differentiating TE cells could be observed (Fig. 1A). In
contrast with other intact cells, stained TEs could be cate-
gorized into those with green fluorescence in the cytoplasm
(Fig. 1A, b, t1), those with yellow fluorescence in the whole
cell (Fig. 1A, d, t2), and those with no fluorescence (Fig. 1A,
b, t3), which correspond to living, dying, and dead TEs,
respectively. These characteristics were designated as type
1 (Fig. 1A, b, t1), type 2 (Fig. 1A, d, t2), and type 3 (Fig. 1A,
b, t3) for further analyses. FDA can diffuse across the
plasma membrane, causing cytoplasmic fluorescence to ap-
pear immediately (Fig. 1A), whereas, in general, vacuole
staining occurs very gradually (e.g. Yoshida, 1994) due to
the physicochemical properties of the dye and membrane
lipids (see “Discussion”). TEs immediately filled with yel-
low fluorescence (Fig. 1A, d, t2) indicate the lack of a
functional vacuole in these cells.

After incubation with 0.1 ug/mL FDA for about 1 h,
fluorescein in the cytoplasm usually began to enter the
vacuole. Figure 1A, e and f, show the staining pattern of a
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Figure 2. A, Time course of the appearance of TE types 1 to 3. Zinnia
cells cultured for the indicated times were stained with FDA and
examined immediately. The percentages of living (type 1), dying
(type 2), and dead (type 3) TEs were calculated. B, The percentages
of living TEs in the culture were recorded. Error bars represent sp.
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Figure 3. Exclusion of fluorescein from the TE vacuole. Cells cul-
tured for 0 (A), 50 (B), or 58 h (C) were stained with FDA for the
indicated times at 26°C. The percentages of TEs and non-TE cells that
do not contain fluorescein in their vacuole at all were calculated.
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TE and non-TE cell 1 h after FDA treatment. While non-TE
cells allowed the dye to enter their vacuole, many TEs still
had fluorescein only in their cytoplasm. More than one-half
of all TEs exhibited this staining pattern. Because the cyto-
plasm and the vacuole were differently stained by this
method, the vacuolar compartment was discernible even
after the entrance of the dye into the vacuole (Fig. 1A, f).
Further incubation resulted in the disappearance of cyto-
plasmic green fluorescence in all non-TE cells, because
fluorescein was sequestered into vacuoles (Fig. 1B). How-
ever, many TEs still had fluorescein in their cytoplasm only
(Fig. 1B). TEs therefore appeared to have a defect on fluo-
rescein transport into the vacuole.

The time course of the appearance of each cell type was
investigated through the differentiation process. Figure 2A
shows how the percentages of TE cells with the character-
istic staining changed. Until 4 h after the first appearance of
TE cells, most of the TEs corresponded to type 1 cells. The
percentage of type 1 cells then decreased, while the per-
centage of type 3 cells increased. At a maximum (at 56 h),
about 20% of living TEs could be seen at a time. The
number of type 2 cells was always small and constant
throughout the entire culture process. All type 1 cells at
each point were transformed to type 3 cells between 4 and
8 h, indicating that the longevity of living TEs in culture
was about 6 h after the onset of SWT. Consequently, the
percentage of living TEs in culture decreased gradually
from 44 to 72 h (Fig. 2B).

Inhibition of Fluorescein Transport into the Vacuole of TEs

Since the above result (Fig. 1A, e and f) suggested that
the tonoplast of TEs became less permeable to fluorescein,
the number of TE and non-TE cells that excluded the dye
from the vacuole was counted following FDA administra-
tion. Cells at 0, 50, or 58 h of culture were loaded with FDA
and the percentages of TEs and non-TE cells excluding
fluorescein from their vacuole were calculated separately
(Fig. 3, A-C). As a control, cells incubated with FDA from
the start of the culture were also examined (Fig. 3D). Figure
3A shows that almost all zinnia cells began to transport
fluorescein into their vacuoles within 30 min after the
addition of FDA to the medium. At 50 and 58 h (Fig. 3, B
and C), when a substantial percentage of TEs had become
apparent (Fig. 3E), fluorescein uptake also occurred but at
a much slower rate. About 40% (B) or 60% (C) of living TEs
excluded the dye from the vacuole even at 3 h. Thus, the
accumulation of the dye into the TE vacuole was signifi-
cantly inhibited. If FDA was loaded at the start of culture,
the dye was completely sequestered in the vacuole of most
mesophyll cells, but the majority of TEs exhibited both
green and yellow fluorescence in the cytoplasm and vacu-

Cells from the same culture but from another batch containing FDA
from the start were sampled at indicated times and examined for the
presence of fluorescein in vacuoles (D). The percentages of total TEs
and the ratios of dead to living TEs in cultures in the presence or
absence of FDA are shown in E. Asterisks (*) indicate that the
parameter could not be defined at this time because TE formation had
not yet occurred. Error bars represent sp.
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Figure 4. A, Alteration of cellular structure by probenecid. Zinnia
cultured cells before (a) and after (b—d) treatment with probenecid
were observed using an inverted microscope and a Petri dish. Several
1-pL drops of 0.1 mg/mL probenecid were carefully added to the cell
suspension cultured for 50 h until visible changes occurred. Micro-
graphs are arranged sequentially (a, before probenecid addition;
b, 15 min after probenecid addition; c, 1 h after probenecid addition;
d, after a prolonged incubation). Upon higher magnification of
other cell images (e and f), the structural change is obvious and the

ole, respectively. It was striking that 10% of TEs in the
culture containing FDA from the beginning also excluded
the dye at 50 and 58 h, albeit once they had sealed the dye
in the vacuole before SWT (at 18 h, Fig. 3D). Because these
TEs still contained fluorescein in their cytoplasm, the ex-
clusion of fluorescein from the vacuole occurred concur-
rently with the inhibition of uptake. The difference in
fluorescein exclusion of TEs at almost the same develop-
mental stage (50 or 58 h) in Figure 3, B to D, strongly
suggested that fluorescein can fluoresce even in the TE
vacuole and that the lack of fluorescein in TEs (Fig. 3, B and
C) was due to an inhibition of dye transport and not to
degradation or the influence of vacuolar pH. Experiments
designed to examine the direct uptake of fluorescein mole-
cules by these cells through acid loading gave the same
results (data not shown). The results shown in Figure 3E
suggest that the amount of FDA used here had no effect on
TE differentiation.

Effects of Probenecid on the Viability of TE

The effect of probenecid on TE development was tested
because it is known to inhibit the transport of organic
anions such as fluorescein derivatives across the tonoplast
(Wright and Oparka, 1994). Probenecid altered the struc-
ture of cultured cells, and some laterally located cytoplasm
disappeared (Fig. 4A). To compare non-TEs with TEs, cells
were stained with FDA in the presence or absence of 100
uMm probenecid at 55 h. Figure 4B, a and b, shows the
fluorescent cytoplasm of non-TE cells. Like most plant
mesophyll cells, those of zinnia leaves have a large central
vacuole without any intervening cytoplasmic strands and
basically maintain such an intracellular structure until
about 72 h. The cytoplasm was distributed in a relaxed
mode around the central vacuole of non-TE cells (Fig. 4B, a
and b). But the cytoplasm of living TEs was compressed to
form a very thin layer (Fig. 4B, c and d) as differentiation
progressed. This layer ran along the inward protrusion of
the thickened secondary walls. After probenecid treatment,
the cytoplasm of non-TE cells became thinner, tense, and
compressed around the vacuole due to vacuolar swelling,
similar to those of TEs (Fig. 4B, e and f). Because all
probenecid-treated non-TE cells continued to exclude flu-
orescein from their vacuole for more than 3 h, a concentra-
tion of 100 uM probenecid was also effective in blocking
fluorescein transport across the tonoplast in zinnia cells.
This concentration was significantly lower than those used
in other cases (Oparka et al., 1991). Curiously, under these

cytoplasm before probenecid addition (e) became localized to the
pole of cells by the treatment (f). B, Comparison of the morphological
features of TEs with those of non-TE cells treated with probenecid.
Light (a, ¢, and e) and fluorescence (b, d, and f) micrographs of zinnia
cells cultured for 55 h and then stained with FDA for less than 10
min. Non-TE cells (a and b), TEs (c and d), and non-TE cells treated
with probenecid (e and f) accumulated fluorescein in their cyto-
plasm, but the morphology of the cytoplasm and the vacuole of
control non-TE cells was different from those of TEs and non-TE cells
treated with probenecid. Swelling of the vacuole was evident in TEs
and non-TE cells treated with probenecid. The bars indicate 20 pm.
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Figure 5. Cell death caused by probenecid. Cells were cultured for
51 h and then treated with 100 um probenecid. A, The percentages
of living TEs and non-TE cells were recorded separately. At 51 h, T
and L values (%) were as follows: T(51) = 30.68 * 6.08, L(51) =
24.18 + 1.30. B, The percentage of TEs to total cells (including dead
cells) in the culture was shown. In this case, the conventional T value
does not make sense because non-TE cells were also killed by this
treatment. c25, Sample of cells in a control batch in which cells have
been cultured for 76 h in the absence of probenecid. Error bars
represent sD.

conditions, type 1 TEs were very rare even at 55 h, when
they are usually abundant (Fig. 2). In fact, the percentage of
living to total TEs was drastically decreased by probenecid
treatment (Fig. 5A). When 100 uM probenecid was added
51 h after induction, almost all living TEs were dead within
1 h (Fig. 5A), in contrast to controls (Fig. 2B). Non-TE cells
gradually died beginning at 3 h, and were completely dead
by 25 h. Probenecid can therefore efficiently kill differen-
tiating TE cells. The percentage of TEs to total cells at each
time point was almost equal to that before addition (Fig.
5B), indicating that further TE formation was consequently
aborted by probenecid-induced TE cell death.

Probenecid is a weak acid and its permeation into cells is
influenced by medium pH, so the effect of pH on TE
viability was investigated. Cells cultured for 53 h were
incubated in the presence of 100 um probenecid for 1 to 3 h
at either pH 4.5 or 5.5 (Fig. 6A). The medium pH at 53 h of
culture declined to 4.8 (Roberts and Haigler, 1994) and was
adjusted with 1 N KOH just after the addition of probene-
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cid. More TEs were killed by 100 um probenecid at pH 4.5
than at pH 5.5, due to the abundance of the undissociated
form of probenecid at pH 4.5 (Fig. 6A). Therefore, probe-
necid may only be effective once it has entered TEs. Under
the same pH conditions, an increase in probenecid concen-
tration had a more severe effect on TEs within 1 h, while
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Figure 6. Effect of pH and probenecid concentration on cell viabil-
ity. A, Dependence of the probenecid effect on medium pH. Probe-
necid at 100 um was added at 53 h to culture media, the pH of which
was adjusted to 4.5 or 5.5 with the appropriate amounts of 1 N KOH
just after probenecid addition. The percentages of TE and non-TE
cells were examined separately at 1 and 3 h after the addition of
probenecid. T(53) = 23.62 = 4.69, L(53) = 18.34 * 3.64. B,
Dependence of the probenecid effect on the probenecid concentra-
tion under the same pH (4.7) medium. The medium of zinnia cell
culture was buffered with 20 mm MES (pH 4.7) at 53 h after induction
and supplied with 100 to 1 pum probenecid. The percentages of TE
and non-TE cells were calculated separately 1 and 3 h after the
treatment with probenecid. T(53) = 23.62 * 4.69, L(53) = 18.34 =
3.64. Error bars represent sp.



Programmed Vacuole Collapse in Tracheary Element Differentiation 769

Figure 7. Vacuole disruption visualized by FM 4-64. FM 4-64 was
added to the culture from the beginning for the selective staining of
the vacuole. The light (a, ¢, e, and g) and fluorescence (b, d, f, and
h) micrographs of zinnia cells are shown. TE (a and b) and non-TE
cells treated with 100 um probenecid for 1 h (e and f) have a large
central vacuole. The vacuole of TEs ruptured to form small, fragmented
vacuoles (arrowhead, ¢ and d). Similarly, treatment with probenecid
for 6 h caused the rupture, fragmentation, and shrinkage of the vacuole
of non-TE cells (arrowhead, g and h). The bar indicates 20 um.

the viability of non-TE cells was almost unaffected up to
3 h (Fig. 6B). The culture medium was replaced with 20 mm
2-(N-morpholino)-ethanesulfonic acid (MES) medium (pH
4.7) just before the experiment to prevent the differential
effect of probenecid by medium pH. The probenecid effect
on living TEs is therefore dose dependent.

To determine whether probenecid also killed non-TE
cells by disrupting the vacuole, vacuole morphology was
examined using FM 4-64, which specifically stains the yeast
vacuolar membrane (Vida and Emr, 1995). FM 4-64 selec-
tively stained the tonoplast of zinnia cells (Fig. 7) when
added to the culture from the start, although it significantly
retarded and reduced TE differentiation (data not shown).
The tonoplast of TEs formed a wave along the pattern of

secondary walls (Fig. 7, a and b). When the vacuole dis-
rupted, it shrank and fragmented (Fig. 7, ¢ and d). The
swollen vacuole of non-TE cells (Fig. 7, e and f) also rup-
tured and shrank after 6 h of incubation in 100 um probe-
necid, similar to TEs (Fig. 7, g and h).

The relationship between tonoplast selective permeabil-
ity and vacuole shape was also investigated using probe-
necid and FDA. Although the dye was confined to the
cytoplasm in all living cells treated with 100 um probenecid
at this time of culture (55 h), incubation for another 6 h

# s
"a

Figure 8. Tonoplast disintegration of cells treated with probenecid.
Light (a, ¢, e, and g) and fluorescence (b, d, f, and h) micrographs of
zinnia cells. Non-TE cells that were treated with 100 um probenecid
for 6 h after 55 h of culture (a—d) were stained with FDA for 1 h. Large
arrows point to the tonoplast (a, ¢, and f). The arrowhead indicates
the fragmented, spherical vacuole formed after the disruption of the
central vacuole (a). TEs incubated with FDA for 1 h (e and f) lost their
tonoplast selective permeability without any drastic changes in the
boundary between the cytoplasm and the vacuole (large arrow).
Dead non-TE cells and differentiating TE cells killed by 100 um
probenecid (g and h) did not autolyze their contents. Small arrows
indicate the slightly thickened secondary wall of a very young TE cell
killed by probenecid. The bar indicates 20 pwm.
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Figure 9. Effect of CHX on TE differentiation, cell death, and the
inhibition of fluorescein transport across the tonoplast. A, CHX at 50
um was added to culture at 50 h. The percentages of TEs, living TEs,
and living TEs whose vacuole was not fluorescent were determined.
The parameters presented were dead TEs, living TEs containing
fluorescein in their vacuole, living TEs excluding fluorescein from the
vacuole. B, The percentages of living non-TE cells were not affected
by the 50 um CHX treatment of this experiment. c9 and c21, Patterns
of differentiating TEs in control batches in which cells have been
cultured for 59 and 71 h in the absence of CHX, respectively. Error
bars represent sp.

killed non-TEs significantly (Fig. 5A). Many non-TE cells
were first filled evenly with fluorescein, after which the
fluorescence soon faded away. Among such cells, one cell
filled with fluorescein, one cell precluded dye entry into
the vacuole, and a third cell was dead as shown at the right,
center, and left, respectively in Figure 8, a and b. The
tonoplast of the cell at the right clearly lost selective per-
meability, like type 2 TE cells (Fig. 1A, c and d), whereas
that of the middle cell retained selective permeability to
fluorescein. In a bright-field image, the large compartment
of the central vacuole was not seen in the cell (at the right),
and a spherical, balloon-like structure was observed in-
stead. This was composed of the fragmented tonoplast and
was probably the same as those found in dying TE cells
(Fig. 8, e and f; Groover et al., 1997). These morphological
data indicate that probenecid can also induce cell death in
non-TEs via the loss of tonoplast selective permeability,
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and that the resultant fragmented vacuole loses membrane
integrity. Furthermore, another cell shown in Figure 8, c
and d, had lost its tonoplast selective permeability during
probenecid treatment, although the shape of its central
vacuole apparently re-mained intact. Figure 8, e and f,
shows dying TEs that still had the boundary between the
cytoplasm and the central vacuole. The existence of these
cells strongly suggested that the loss of tonoplast selective
permeability occurred before the physical fragmentation of
the vacuolar membrane both in TEs and in probenecid-
treated non-TE cells.

In contrast to the formation of TE (Fukuda 1997a, 1997b;
Groover et al., 1997), non-TE cells killed by probenecid
plasmolyzed and did not autolyze (Fig. 8, g and h). This
probenecid treatment produced many dead cells with only
slight SWT, the contents of which also remained undi-
gested (Fig. 8, g and h). Therefore, probenecid could dis-
rupt the vacuole but could not induce autolysis.

Cell Death Suppressed by Cycloheximide (CHX)

To examine whether the inhibition of organic anion trans-
port into the TE vacuole was regulated by the cell death
program, CHX, an inhibitor of cellular protein synthesis,
was applied to the culture. The influence of CHX on TE
formation differed depending on the timing of inhibitor
added to the culture. When zinnia mesophyll cells were
treated with CHX from the start of the culture (Fukuda and
Komamine, 1983), SWT was completed prevented. At 50 h,
when about 20% of cells had commenced wall synthesis,
they responded to this antibiotic in a different manner. As
shown in Figure 9A, CHX treatment up to 9 h prevented the
differentiation of cells into TEs, as shown by the low per-
centage of TE cells (22%) relative to the untreated control

probenecid =t o

TED3

ZCP4

rRNA

Figure 10. RNA gel-blot analyses using digoxigenin-labeled cDNA
probes for TED3 and ZCP4 genes. The total RNA of cells cultured for
57 h and subsequently treated with (+) or without (-) 100 um
probenecid for 1 h was extracted. In each lane 2 ug of total RNA was
loaded. rRNA was displayed by staining with methylene blue (Sam-
brook et al., 1989).
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(40%). Moreover, the increase in dead TEs was also blocked
from 3 to 9 h. The proportion of TEs excluding fluorescein
from their vacuole decreased dramatically among the total
living TEs. Therefore, differentiation, cell death, and fluores-
cein exclusion from the vacuole of TEs were all suppressed
by CHX treatment. The parallel changes in cell death and
vacuolar exclusion of fluorescein suggest that biochemical
changes had occurred, resulting in a loss of tonoplast integ-
rity. Fluorescein exclusion by the vacuole of living TEs also
clearly requires new or continuous expression of a certain
protein(s) associated with TE formation.

The effect of CHX was attenuated by 21 h possibly due to
partial CHX detoxification as seen in yeast growth (Meyers
et al., 1992), such that differentiation and cell death could
progress to nearly the control level (Fig. 9A). The percent-
age of living non-TE cells in culture was almost constant
irrespective of CHX treatment (Fig. 9B). CHX at 50 um did
not have any significant nonspecific toxic effect on zinnia
cells. The ratio of non-TE cells excluding fluorescein from
their vacuole to total living non-TE cells was much smaller
than that of TEs throughout this experiment (data not
shown). The treatment did not affect the fluorescein uptake
into the vacuole of non-TE cells.

A
Time scale

0

Events in culture

Appearance of TE cells

TED3mRNA accumulation

Z(CP4mRNA accumulation
. ]

Time period used in the experiments

Probenecid experiment in Fiﬁ.f)
CHX exgeriment in Fiﬁ' 9
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TE formation

CHX
> )
g /
Tonoplast Secondary wall

a c d e
Events in a TE cell
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Inhibition of fluorescein transgort into the vacuole
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Accumulation of Marker Genes for TE Differentiation
Could Be Altered by Probenecid

To investigate the effect of probenecid on mRNA accu-
mulation in cultured cells, RNA gel-blot analyses were
performed using probes for two marker genes, TED3 and
ZCP4. Although in situ studies showed RNA expression of
the TED3 and the Cys protease genes (p48-17 and ZCP4)
associated with TE cells (Demura and Fukuda, 1994; Ye and
Varner, 1996; Igarashi et al, 1998; A. Minami and H.
Fukuda, unpublished results), the regulation of expression
appears to differ markedly. TED3 mRNA is steadily ex-
pressed after 36 h, but ZCP4 mRNA only appears from 48
to 72 h in this culture system (Fukuda, 1997a). All known
TE-associated genes exhibit one of these expression pat-
terns in cultured cells (Fukuda, 1997a). The expression of
these genes represents two distinct regulatory points in the
TE differentiation program, although visible changes such
as SWT or the production of other hydrolytic enzymes start
temporally together with the latter ZCP4 expression.

Total RNA samples from cells incubated for 1 h with or
without 100 uM probenecid from 57 h after induction,
when transcripts of these genes had accumulated as de-

Figure 11. A simple model of events occurring
during TE PCD. A, Related events occurring in
cultured cells (Fukuda, 1997a) after hormonal
induction (0 h) are displayed with time periods
selected for two experiments studying the effect
of probenecid and cycloheximide (Figs. 5 and
9). B, Events occurring in a single, differentiating
TE are shown with an emphasis on the changes
in the vacuole. A general model of TE PCD was
made by Groover et al. (1997). Shaded areas
indicate the distribution of fluorescein when
FDA is added to the culture at stage c. CHX
suppresses progression to stage b, ¢, and d (Fig.
9). Related events and vacuolar properties are
also shown. a, Before TE differentiation; b, sec-
ondary wall formation; ¢, vacuole swelling, in-
hibition of fluorescein transport into the vacu-
ole, and fluorescein exclusion from the vacuole;
d, loss of the selective permeability of the tono-
plast; e, tonoplast shrinkage and fragmentation;
f, a dead TE.
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scribed previously (Fukuda, 1997a), were probed with
TED3 and ZCP4. The results shown in Figure 10 indicate
that ZCP4 mRNA accumulation was abolished by a 1-h
treatment with probenecid, whereas TED3 mRNA was
maintained at a constant level in 2 ug of total RNA. These
data strongly suggest that ZCP4 mRNA accumulated
mainly in cells that could be selectively killed by probene-
cid treatment, and strongly support the observation of
selective TE cell death that resulted from this treatment
(Fig. 5A). Meanwhile, TED3 was equally expressed in these
cells irrespective of the difference in susceptibility to pro-
benecid. Probenecid therefore affects the cells that have
expressed the latter TE-differentiation program, suggesting
the involvement of the latter regulatory point in the
changes in the vacuolar properties of TEs. These results are
summarized in Figure 11.

DISCUSSION
Change in Tonoplast Permeability during TE Formation

FDA has been used as a probe to monitor vacuolar
function and/or properties during TE differentiation. This
dye is highly lipophilic and readily passes through the
plasma membrane of a cell; its acetyl ester groups are then
cleaved by intracellular esterase activity to generate fluo-
rescein. Most of the fluorescein molecules in the cytoplasm
are in the polar, dissociated form and are therefore retained
within the cell (Oparka, 1991). The selective permeability of
the membrane restricts free passage of electrolytes across
the membrane and maintains cell integrity. This dye was
used to identify living and dead TEs in the zinnia cell
culture (Fig. 1A, a—d). Three characteristic staining patterns
were recognized: cells with green fluorescence in their
cytoplasm, cells with yellow fluorescence in the whole cell,
and cells with no fluorescence. The difference in these
fluorescence spectra reflects the variant molecular forms of
fluorescein affected by the pH of the milieu where the dye
is present (Martin and Lindqvist, 1975). The cytoplasmic
and vacuolar pH are generally about 7.0 and 5.5, respec-
tively. At physiological range, the fluorescence of the yel-
low wavelength area becomes conspicuous as fluorescein is
exposed to the solutions of lower pH. The first and the last
cell types obviously correspond to the living and dead
states of TEs, respectively. The second type of TE has just
lost the tonoplast selective permeability to both fluorescein
and H", and only accounted for a small number of dying
cells undergoing tonoplast disintegration (Fig. 2A). Closer
examination indicated that after the ester groups of FDA
were cleaved, the dye was transported to the vacuole of
non-TE cells, but remained in the cytoplasm of differenti-
ating live TEs (Fig. 1A, f, and Fig. 1B). The time course of
the appearance of cells with or without fluorescein in their
vacuoles revealed that the inhibition of fluorescein trans-
port across the tonoplast was correlated with the formation
of TEs (Fig. 3, B and C). Moreover, since the number of TEs
excluding fluorescein from their vacuoles was variable de-
pending on the timing of FDA addition to culture (Fig. 3,
B-D), one can conclude that both the inhibition of uptake
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across the tonoplast and the exclusion of fluorescein from
the vacuole accompany TE formation.

Oparka et al. (1991) and Wright and Oparka (1994) de-
termined that a probenecid-sensitive, ATP-dependent or-
ganic anion transporter is responsible for the transport of
fluorescein derivatives into the vacuoles of plant cells.
Organic anion transporters that can be affected by probe-
necid are also detected in vitro in the tonoplast of barley or
rye leaf cells (Fig. 1; Blake-Kalff and Coleman, 1996; Klein
et al., 1997). Probenecid addition appeared to promote and
reinforce the inhibition of transport in differentiating, living
TEs, whereas it caused the initiation of transport inhibition
in non-TE cells. Thus, probenecid killed living TEs rapidly
and selectively and then killed non-TE cells after a signifi-
cant time lag (Fig. 5A). The possible target of probenecid in
TE cells is not on the outer surface but in the cytoplasm (Fig.
6A), and the deleterious effect of probenecid is dose depen-
dent (Fig. 6B). Thus, the probenecid effect could at least in
part mimic developmental changes in the TE vacuole.

In addition, many features of differentiating, living TEs
are similar to those of probenecid-treated cells. In contrast to
fluorescein, Lucifer Yellow, a hydrophilic dye with a much
lower pK, value, did not leak from the vacuole following
probenecid treatment (Oparka et al., 1991). When the dye
was added to culture at the beginning, substantial accumu-
lation could be observed in the vacuole of all cells but not in
the cytoplasm. TEs could be formed even in such a situation
but, unlike fluorescein, Lucifer Yellow did not leak from the
TE vacuole until the very moment of its disruption (data not
shown). Also, the vacuoles of TEs became swollen as differ-
entiation progressed (Fig. 4B, c and d). This vacuole swelling
also occurred in non-TE cells treated with probenecid (Fig.
4B, e and f; Oparka et al., 1991). Enhanced vesiculation in the
cytoplasm is reported to occur both in TEs (Groover et al.,
1997) and in onion epidermal cells fed with probenecid
(Oparka et al.,, 1991). Furthermore, Groover et al. (1997)
showed that the vacuolar membrane shrinks inwardly when
the TE vacuole collapses (Fig. 7, ¢ and d). Non-TE cells
treated with probenecid also died from the disintegration of
their tonoplasts (Fig. 7, e-h; Fig. 8, a—d) in the same manner
as TEs (Fig. 8, e and f). The small, spherical structure of the
fragmented tonoplast that results from shrinkage was
formed in dying non-TE cells (Fig. 7, g and h; Fig. 8, a and b)
in the same manner as TEs (Fig. 7, c and d). These findings
show that all of the known effects of probenecid can occur in
differentiating, living cells, and suggest that these effects
play an important role in vacuole disruption.

It is possible that the effects of probenecid on TE devel-
opment are inevitable consequences of anion transport inhi-
bition. For example, the unbalanced distribution of electro-
lytes across the membrane could perturb the membrane
potential and the total transport system. Disruption of cel-
lular osmoregulation could thus have deleterious effects on
cellular homeostasis. Probenecid might alter the water po-
tential gradient across the tonoplast by blocking organic
anion transporters and possibly other transport systems,
leading to tonoplast disintegration. Probenecid has been
shown to perturb the osmoregulatory mechanisms of guard
cells, forcing them to remain swollen (Schwartz et al., 1995).
Furthermore, a certain class of ATP-dependent drug trans-
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porters prevent the swelling-induced membrane disintegra-
tion of animal cells (Roman et al., 1997). This class of trans-
porters on plant cell vacuoles (Rea et al., 1998) may perform
a similar function in zinnia cultured cells, so that probenecid
inhibition of those transporters can lead to a loss of mem-
brane integrity. Developing TEs have intrinsic inhibition of
organic anion transport (Figs. 1 and 3). Probenecid may
reinforce this effect and cause rapid cell death of TEs
through tonoplast disintegration. These functions are dis-
tinct from those of proton pumps or aquaporins. Organic
anion uptake by the vacuoles is independent from vacuolar
pH and H"-ATPase inhibition (Blake-Kalff and Coleman,
1996; Klein et al., 1997), and the alkalization of the vacuole
does not seem to cause vacuole disruption in cultured cells
(Matsuoka et al., 1997). Aquaporins (Maurel, 1997) cannot
continue to transport water against a water potential gradi-
ent until a membrane compartment disrupts.

One criterion to discriminate PCD processes from ne-
crotic death is the dependence of cell death on specific gene
expression. Figure 9A shows the response of living TEs to
CHX, which suppressed SWT, death, and the exclusion of
fluorescein molecules from the vacuole of TEs. These find-
ings suggest that not only vacuole disruption but also the
change in permeability of the tonoplast resulted from the
function of a certain gene product(s) that appears at TE
formation. The possibility that some necrotic effects such as
spontaneous lipid deterioration are responsible for the
tonoplast disintegration was completely ruled out. Even
after the initiation of SWT, the vacuole disruption of TEs is
still under the control of a genetic program.

Transport Inhibition and TE Cell Death Program

Possible regulatory mechanisms of plant PCD include
Ca”"-mediated processes (Greenberg, 1997; O’Brien et al.,
1998) and oligosaccharide-dependent processes (McCann,
1997). These molecules also function in TE differentiation
(Roberts and Haigler, 1989, 1990; Roberts et al., 1997; Do-
mingo et al., 1998). In particular, Ca?" influx and extracel-
lular proteolysis mediate the death of zinnia cells (Groover
and Jones, 1999). However, events directly related to the
vacuolar membrane of TEs had not been found. As indi-
cated above, the organic anion transport system across the
tonoplast was impeded in cultured zinnia cells that began
to show SWT. Since cells that develop SWT eventually die
from vacuole disruption, events that occur specifically in
the TE vacuole must be important in the cell death of TEs.
The inhibitory effect on organic anion transport could lead
to vacuole disruption (Figs. 5A, 7, and 8) even in non-TE
cells. Moreover, the effects of transport inhibition are dis-
tinct from those of the reagents tested by Groover and
Jones (1999), which killed all zinnia cultured cells immedi-
ately. Probenecid may act on another, novel event in the
process of vacuole disruption.

RNA gel-blot analyses revealed that probenecid abol-
ished ZCP4 mRNA accumulation within 1 h (Fig. 10). Cells
expressing ZCP4 were killed rapidly and selectively, sug-
gesting that the intrinsic inhibitory effect of fluorescein
transport, which could be promoted by probenecid treat-
ment, occurred in parallel with ZCP4 expression. It is un-

likely, however, that probenecid, a xenobiotic compound,
has a key role in the actual differentiation process of TEs in
vivo. Some genetic mechanism(s) may exist that can bring
about the same effect. The result of the experiment with
CHX (Fig. 9) strongly supports this idea.

In mammalian hepatocytes, probenecid treatment in-
vokes the expression of a particular gene (Gant et al., 1995).
However, probenecid drastically decreased ZCP4 mRNA
in culture and did not induce ZCP4 expression in non-TE
cells (Fig. 10). Probenecid probably does not induce specific
genes to exert its disruptive effect, much less activate the
entire genetic program of TE formation. Not all of the TE
formation processes (Groover et al., 1997) were mimicked
by probenecid-treated non-TE cells. Non-TE cells and im-
mature TEs killed by probenecid did not autolyze their
contents (Fig. 8, g and h) but, rather, morphologically
resembled those reported on PCD in a diluted carrot sus-
pension culture (McCabe et al., 1997; Pennell and Lamb
1997). The coordinated progress of the program of TE
formation may require other regulatory mechanisms that
would establish a background such as sufficient produc-
tion of hydrolytic enzymes to function in autolysis. The
inhibition of organic anion transport into the vacuole alone
does not regulate total TE formation. However, given the
critical role of vacuole collapse as the trigger of TE cell
death, further analysis of intrinsic transport inhibition at
the molecular level may reveal the fatal signal generated by
the TE cell death program.
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