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The molecular mechanisms of aluminum (Al) toxicity and tolerance in plants have been the focus of ongoing research in the area
of stress phytophysiology. Recent studies have described Al-induced apoptosis-like cell death in plant and animal cells. In this study,
we show that yeast (Saccharomyces cerevisiae) exposed to low effective concentrations of Al for short times undergoes enhanced cell
division in a manner that is dose and cell density dependent. At higher concentrations of Al or longer exposure times, Al induces
cell death and growth inhibition. Several apoptotic features appear during Al treatment, including cell shrinkage, vacuolation,
chromatin marginalization, nuclear fragmentation, DNA degradation, and DNA strand breaks, as well as concomitant cell
aggregation. Yeast strains expressing Ced-9, Bcl-2, and PpBI-1 (a plant Bax inhibitor-1 isolated from Phyllostachys praecox),
respectively, display more resistance to Al toxicity compared with control cells. Data from flow cytometric studies show these
three antiapoptotic members do not affect reactive oxygen species levels, but decrease calcium ion (Ca21) signals in response to
Al stress, although both intracellular reactive oxygen species and Ca21 levels were increased. The data presented suggest that
manipulation of the negative regulation process of programmed cell death may provide a novel mechanism for conferring Al
tolerance.

Programmed cell death (PCD) comprises a series of
genetically controlled events and plays important
roles in various biological processes, from develop-
ment to stress responses. Apoptosis, a highly regulated
PCD, is morphologically and biochemically defined with
some typical characteristics (Lawen, 2003). Although
the precise mechanisms of PCD in many aspects are
still far from clear, PCD is often mediated by two
important molecular signals, reactive oxygen species
(ROS) and calcium ions (Ca21; Brookes et al., 2004).

Bcl-2 family members can regulate PCD negatively
(e.g. Bcl-2, Ced-9, and Bcl-XL) and positively (e.g. Bax
and Bak). Bcl-2 and Ced-9 represent two of the most
important antiapoptotic members in mammals and
nematodes, respectively. Bcl-2 prevents many forms of

PCD in a variety of cell types. The heterogeneous
function of Bcl-2 family members in regulating cell
death is conserved in plants (Mitsuhara et al., 1999;
Dickman et al., 2001; Xu et al., 2004), suggesting that
the PCD machinery of eukaryotic species may share
some common elements. However, in spite of the de-
tection of a Bcl-2-like protein by immunoblots (Dion
et al., 1997), so far no homolog of Bcl-2 family mem-
bers has been identified in plants and lower eukary-
otes, suggesting that other PCD regulators may be
employed in those species. Bax inhibitor-1 (BI-1), as one
of the few endogenous cell death inhibitors in plants,
is potentially a core regulator of PCD (Hückelhoven,
2004). BI-1 is dispensable for normal plant develop-
ment, but plays a protective role against both biotic
(e.g. fungal pathogen and fungal toxin) and abiotic
(e.g. oxidative stress and heat shock) stresses (Chae
et al., 2003; Matsumura et al., 2003; Eichmann et al.,
2004; Kawai-Yamada et al., 2004; Watanabe and Lam,
2006). Interestingly, BI-1 is mainly located in the en-
doplasmic reticulum and associated perinuclear re-
gion, probably serving as a pore or ion channel
downstream of oxidative stress (Xu and Reed, 1998;
Kawai-Yamada et al., 2001; Chae et al., 2004; Kawai-
Yamada et al., 2004).

Aluminum (Al) toxicity is a serious agricultural
problem in the acid soil. The molecular mechanisms
of Al toxicity and tolerance in plants have been the
focus of ongoing research in the area of stress phyto-
physiology, and several possible mechanisms have
been proposed to explain the action of Al toxicity. Due
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to the special chemical nature of Al, however, the
mechanisms of Al toxicity remain largely obscure and
controversial (Matsumoto, 2000; Kochian et al., 2004).
Al toxicity in plants was associated with oxidative
damage (Ezaki et al., 2000; Yamamoto et al., 2002; Devi
et al., 2003; Pan et al., 2004) and blockage of Ca21

channels (Huang et al., 1996; Kawano et al., 2004).
Mechanisms of Al tolerance have been broadly classi-
fied as external exclusion and internal detoxification,
and great efforts have been made to obtain Al-tolerant
plants using biotechnological means (Ezaki et al., 2001;
Delhaize et al., 2004; Sasaki et al., 2004). Most impres-
sively, ALMT1 was demonstrated as a major Al-tolerant
gene conferring effective protection to crop species
(Delhaize et al., 2004). In humans, Al is considered to
be a neurotoxic metal and often connected with the
onset of neurodegenerative disorders such as Alzheimer’s
disease (Savory et al., 2003). Recent studies have de-
scribed some apoptotic hallmarks that appeared upon
Al treatment in plant and animal cells, suggesting
that Al can induce apoptosis-like cell death (Suárez-
Fernández et al., 1999; Pan et al., 2001; Aremu and
Meshitsuka, 2005).

Innumerable reports imply similar molecular mech-
anisms and biochemical features in the PCD of ani-
mals, plants, and yeast. Although yeast apoptosis is
still controversial (LeBrasseur, 2004), abundant evi-
dence suggests that yeast is an excellent model system
because it has been extensively characterized both
biologically and genetically (Fleury et al., 2002b; Jin
and Reed, 2002; Madeo et al., 2004). Moreover, yeast
has several advantages for research on Al toxicity and
tolerance (MacDiarmid and Cardner, 1996), and paral-
lels between yeast and plant systems are evident on
some mechanisms of Al toxicity (Schott and Gardner,
1997; MacDiarmid and Gardner, 1998; Ezaki et al.,
1999; Anoop et al., 2003). Therefore, clarifying how Al
induces yeast cells to undergo PCD would be helpful
to better understand the complex mechanisms of Al-
induced PCD in plants. This study showed the effect of
Al in yeast (Saccharomyces cerevisiae) mainly concerned
with PCD and the potential roles of antiapoptotic
members in Al tolerance, suggesting that manipulation
of the negative regulation process of PCD may provide
a novel mechanism for conferring Al tolerance.

RESULTS

Positive and Negative Effects of Al Toxicity

on Cell Growth in Yeast

In yeast, as reported in plants and animals, the Al
inhibitory effect on cell growth (OD600 values) was
positively correlated with Al concentrations (Fig. 1A).
In 2 mM Al treatment, however, cell density was higher
than in any other level treatment within the first 10 h
and then its predominance was decreased gradually,
indicating that 2 mM Al might promote yeast growth in
our present culture system. Further data showed that

Figure 1. Yeast growth under Al treatment. A, Yeast strain EGY48
transformed with empty vector pGilda (control) was incubated in liquid
SD/Gal-Raf/His medium (pH 4.0) containing a series of AlCl3 levels.
Cell densities (OD600 values) were determined at 2-h intervals over a
24-h period. It was shown that 2 mM Al promoted cell growth at the
beginning of growth. B, Comparison of growth between yeast cells
expressing Ced-9, Bcl-2, PpBI-1, and the control cells incubated in
liquid SD/Gal-Raf/His medium (pH 4.0) added serous doses of AlCl3 for
24 h. Relative OD600 measurements were calculated as the OD600 of
treated cells divided by that of untreated cells. The value of strains with
no Al treatment was set at 100%. C, Comparison of growth among yeast
strains either incubated in SD/Gal-Raf/His medium (pH 4.0) without Al
(left) or in SD/Glu/His medium (pH 4.0) with 0.5 mM Al (right). Relative
OD600 measurements of the control cells (left) or those of strains
without Al (right) were set at 100%.
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Al significantly enhanced cell growth in a range of 1 to
4 mM Al levels and the cell density (OD600 values) at
the 2 mM Al level reached a peak value of approxi-
mately 100% higher than that with no Al (Fig. 2A).
Furthermore, at 2 mM Al, lower initial cell density
could lead to a higher promotional effect for longer
periods (Fig. 2B). To rule out the possibility that en-
hanced cell growth may result from a reduced pH value
caused by Al or anions such as Cl2 and SO4

22, further
tests were conducted. As shown in Figure 2C, with pH
values lowered from 4.0 (the pH of medium without
Al) to 3.3 (the altered pH when Al is added), Cl2 and
SO4

22 could not significantly enhance cell growth. To
exclude another possibility that increased OD600 values
caused by 2 mM Al treatment was due to increased cell
size instead of accelerated cell division, we counted
the cell number under a microscope. The data on cell
number (Fig. 2D) are consistent with the results on cell
density (Fig. 2C). Other data from flow cytometry

showed that 2 mM Al induced more small cells than
the control without Al (Fig. 2, E–G). These data sug-
gested that enhanced cell division during the early
stage of Al treatment resulted from Al itself.

Al-Induced PCD in Yeast

Some Al-induced PCD hallmarks have been re-
ported in both plants (Yamaguchi et al., 1999; Pan
et al., 2001; Boscolo et al., 2003) and animals (Suárez-
Fernández et al., 1999; Aremu and Meshitsuka, 2005).
In this study, we want to confirm whether there also
exist some similar PCD characteristics during Al-
caused cell death in yeast. Cell viability assays were
performed by counting cell number and staining using
propridium iodide (PI) alone or together with fluores-
cein diacetate (FDA). From our results, cell viability
was negatively correlated with Al concentrations (ex-
cept for the data of 54 mM Al treatment, repeated five

Figure 2. Effect of Al toxicity on cell
division in yeast. A, OD600 measure-
ments of the control cells incubated in
SD/Gal-Raf/His medium upon indi-
cated Al levels for 2 h. B, Growth of
the control cells with different initial
cell densities (OD600 5 0.02, 0.05, and
0.1, respectively) incubated in SD/Gal-
Raf/His with 2 mM Al during 24 h.
OD600 values were measured at 2-h in-
tervals, and relative OD600 values were
calculated as a percentage of corre-
sponding controls. C and D, Compar-
ison of cell growth presented with
OD600 values (C) or cell numbers (D)
between cells treated with 0 mM AlCl3
(pH 4.0), 0 mM AlCl3 (pH 3.3), 2 mM

AlCl3 (pH 3.3), and 1 mM Al2(SO4)3 (pH
3.3) for 2 h. E and F, Cells were treated
with no Al (E) or 2 mM Al (F) for 2 h, and
then cell numbers with different sizes
(S, small; M, middle; L, large) were
cytometrically counted. G, Relative
cell numbers in Al-treated cells (F)
were expressed as a percentage of the
untreated control (E). Initial OD600 is
0.05, except for B.
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times) and treatment time (Fig. 3, A, C, E, and F),
indicating that Al-caused cell death occurred basically
in a time- and dose-dependent manner. Remarkably,
abnormal aggregation of dead cells occurred at the
6 mM Al level (Fig. 3F).

We simultaneously examined some typical markers
of apoptosis in yeast using scanning and transmission
electron microscopy. To avoid the complicated influ-
ence of low-level Al-enhanced cell division on analysis
of results, we mainly adopted 6 mM Al treatment,
which directly inhibits yeast growth, to perform PCD-
related assays. From our data herein, 6 mM Al induced
typical apoptotic characteristics, including cell shrink-
age (Fig. 4, A and B), nuclear fragmentation, vacuola-
tion, and chromatin marginalization (Fig. 4, C–F).
4#,6-Diamidino-2-phenylindole (DAPI)-stained cells
also exhibited Al-induced nuclear fragmentation and

DNA degradation (Fig. 4, G and H). To provide direct
evidence for DNA degradation in the process of Al-
induced cell death, TUNEL assay was conducted
using confocal laser-scanning microscopy. As shown
in Figure 4, I to N, TUNEL positive signals could be
detected in Al-treated yeast cells. Analysis of DNA
content by flow cytometry showed a significantly in-
creased percentage of apoptotic cells under Al stress
compared with the control without Al (Fig. 4, O and
P). These results fully demonstrated that Al-induced
cell death is a process of PCD.

Heterogeneous Antiapoptotic Members Improve Yeast
Growth and Viability under Al Stress

To further prove Al-induced PCD, we first isolated
a novel BI-1 gene from Phyllostachys praecox (PpBI-1)

Figure 3. Viability assays of yeast cells under Al
stress. A, Clonigenic survival rates of control cells
treated with Al for 12 h. Values were calculated as a
percentage of clonigenic numbers without Al treat-
ment. Viability with no Al for 0 h was set at 100%. B,
Clonigenic survival rates of cells transformed with
antiapoptotic genes upon 6 mM Al stress for 6 h.
Calculation method is the same as in A. C, Percent PI
permeability of the control cells upon indicated Al
levels for 12 h. Values were produced by dividing the
PI-stained cell numbers by the total ones. D, Com-
parison of the relative PI permeability between the
transgenic strains with the control. Values were cal-
culated by the formulation 1 2 (% of PI negative cells
with Al/% of PI negative cells without Al). E, Distri-
bution of PI positive and negative cells by flow
cytometry. F, Cells stained by FDA-PI observed under
a fluorescent microscope. Viable cells were green
fluorescent and dead cells were red fluorescent. The
arrow points to the aggregated cells under Al stress.
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using the RACE technique. Alignment analysis
showed that PpBI-1 is the closest to rice (Oryza sativa)
OsBI-1 and second to barley (Hordeum vulgare) HvBI-1
(Fig. 5, A and B), supporting the accepted evolutionary
classification that BI-1 has a separation between mono-
cotyledonous and dicotyledonous species (Bolduc
et al., 2003).

The three antiapoptotic proteins (Ced-9, Bcl-2, and
PpBI-1) in transgenic cells were examined by western
blot (data not shown). To assess whether antiapoptotic
members can enhance Al tolerance in yeast, growth

power (OD600 values) of these strains was assayed in
liquid medium. As shown in Figure 1B, all three
antiapoptotic members could block Al-caused growth
inhibition, especially at 0.2 and 0.5 mM Al levels. Based
on their growth curves, cells harboring Bcl-2 displayed
less Al tolerance than those harboring Ced-9 or PpBI-1
(data not shown). No significant difference was found
in synthetic dextrose (SD)/Gal-Raf/His (inducible ex-
pression) with no Al or in SD/Glu/His (no expression)
with 0.5 mM Al (Fig. 1C), indicating that alleviation of
Al-caused growth inhibition resulted from the action

Figure 4. Characterization of Al-induced PCD in yeast. Yeast cells were treated with no Al (A, C, G, I, J, O) and 6 mM (B, D, E, F,
H, K, L, M, N, P) Al for 6 h and then harvested for further experiments. A and B, Scanning electron micrographs of the control and
Al-treated cells. Bars, 5 mm. C to F, Transmission electron micrographs of control cells and Al-treated cells. Insets, Arrows point to
regions of nuclei with marginalized chromatin. Bars, 0.5 mm. N, Nucleus; M, mitochondrion; V, vacuole. G and H, Nuclear
fragmentation (black arrows) and DNA degradation (white arrows) shown by DAPI staining. I to N, TUNEL assay. Boxes marked K
and L are magnified in M and N using a Zeiss LSM image examiner. Positive TUNEL signals were detected mainly in Al-induced
aggregate cells. O and P, Analysis of DNA content by flow cytometry in PI-stained cells.
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of antiapoptotic members. Also, the three members all
enhanced the viability of Al-exposed cells (Fig. 3, B
and D), which indirectly supported the idea that Al
induces yeast cell death through the PCD pathway.

To further assess the function of antiapoptotic mem-
bers, sensitivity tests between H2O2, heat shock, and
Al were carried out (Fig. 6). First, at 30�C (normal
temperature) without Al or H2O2, all four strains
showed the same growth status after 3 d. Second, cells
expressing Ced-9 and PpBI-1 exhibited almost equiv-
alently increased tolerance to Al, heat shock, and H2O2
under all conditions tested. Interestingly, whether Al
or H2O2 was added or not, Bcl-2 had far stronger
growth ability at 37�C (a medium heat shock temper-
ature) than at 30�C or 25�C. Additionally, cells ex-
pressing Ced-9, Bcl-2, and PpBI-1 could all survive
better in 10 mM Al treatment than control cells after
10 d (data not shown). Together, our data show PCD-
involved Al toxicity can be alleviated by antiapoptotic
members (Ced-9, Bcl-2, and PpBI-1) in yeast, which
may provide a novel mechanism for Al tolerance
improvement.

Al-Elicited Elevation of Intracellular ROS

To determine whether Al toxicity elicited an intra-
cellular ROS burst in its damage to yeast cells, flow
cytometry was used to measure ROS-activated 2#,7#-
dichlorohydrofluorescein diacetate (DCFH-DA) fluo-
rescence. As shown in Figure 7, A and B, intracellular
increased ROS levels depend on Al concentrations in
yeast. Because high doses of Al with no DCFH-DA had
little background fluorescence (data not shown), it is
difficult to understand the continuously increased
ROS levels at 54 mM Al regardless of enhanced cell
viability (Fig. 3A). Although Al-stressed cells relative
to nonstressed controls had elevated ROS levels for all
cell types tested, Ced-9, Bcl-2, and PpBI-1 did not
appear to significantly inhibit Al-elicited ROS produc-
tion (Fig. 7, C–F), implying that these antiapoptotic
members might not directly regulate Al-elicited ROS
levels.

Al-Triggered Calcium Level Increase Blocked

by Antiapoptotic Members

The above data have shown that three antiapoptotic
members could significantly improve Al tolerance in
yeast cells, but by which mechanism they execute their
actions remains unclear. To further explore the func-
tions of antiapoptotic members in Al tolerance, intra-
cellular calcium-activated Fluo-3 fluorescence was
measured using flow cytometry to monitor the change
of intracellular Ca21 signals. Whether 10 mM CaCl2
was added or not, 6 mM Al treatment resulted in an
increased Ca21 level after 6 h (Fig. 8, A–D). Next, the
dynamics of Al-triggered Ca21 signals was monitored
over time by recording fluorescent intensity. It is shown
that Fluo-3-loaded cells exhibited transient magnifica-
tion of Ca21 signals when adding 6 mM Al to the

Figure 5. Sequence analysis of BI-1 isolated from P. praecox. A,
Multiple sequence alignment was generated by the AlignX program of
Vector NTI Suite 6.0. Amino acids identical and conservative among
these multiple sequences were shaded black and gray, respectively. B,
Bootstrap test of phylogeny using Maga 2.1. Branch lengths are drawn
to scale and numbers indicate frequencies of the same results presented
out of 100 attempts using the bootstrap option of Maga 2.1. Accession
numbers of plant BI-1s are as follows (in parentheses): At, Arabidopsis
(AY091134); Bn, Brassica napus (AF390555); Bo, Brassica oleracea
(AF453320); Hv, H. vulgare (AJ290421); Nt, Nicotiana tabacum
(AF390556); Os, O. sativa (AB025926); Pp, P. praecox (DQ277647).

Aluminum-Induced Programmed Cell Death in Yeast

Plant Physiol. Vol. 143, 2007 43



medium, and an exogenous Ca21 application before or
after Al treatment almost did not alter Ca21 levels (Fig.
8, E and F). Furthermore, the Ca21 signal levels
detected in cells expressing Ced-9, Bcl-2, and PpBI-1
were distinctly less than those in control cells (Fig. 8,
G–J), suggesting that antiapoptotic members act up-
stream of intracellular Ca21 flux in the pathway to Al-
induced PCD.

DISCUSSION

Al Promotes Cell Division in Yeast

In plant and animal cells, low concentrations of Al
were reported to enhance cell division and growth
(Morimura et al., 1978; Jones et al., 1986; Grauer and
Horst, 1990; Kinraide, 1993; Yao et al., 1994; Clune and
Coeland, 1999), but the mechanism of this effect is

Figure 6. Sensitivity tests of cells expressing Ced-9,
Bcl-2, and PpBI-1 challenged with Al, H2O2, and
temperatures. Log-phase cells were diluted at 10-fold
series with initial OD600 2.5, and then 6 mL of each
dilution were spotted on SD/Gal-Raf/His plates con-
taining Al or H2O2 at indicated temperatures. Photos
were taken after 3 or 7 d of incubation.

Figure 7. Al-elicited changes of intracellular ROS
levels in yeast. A, Flow cytometric measurement for
ROS changes of cells treated with various concen-
trations of Al for 6 h. B, Mean values of fluorescent
intensity corresponding to A. C to F, ROS levels in
yeast cells expressing Ced-9, Bcl-2, and PpBI-1, and
the control cells harboring the empty vector after
exposure to no Al (left shifted line) or 6 mM Al (right
shifted line) for 6 h.
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uncertain, probably due to Al-influenced bioavailabil-
ity of other metal ions stimulating cell growth. In this
study, we found that Al promoted cell division in a
dose- and cell density-dependent manner (Fig. 2). It is
likely that there exists a dynamic balance between Al-
promoted cell division and Al-caused cell death and
their overlapped effect ultimately decides cell fate—

growth or death. We suppose that Al at relatively low
levels more actively participates in various physiolog-
ical processes besides its toxicity to cells. Noticeably,
in our study, Al levels promoting cell division are
relatively high compared with those in the above-
mentioned reports, probably resulting from differ-
ent yeast media.

Figure 8. Al-triggered intracellular calcium elevation
in yeast. A to D, Flow cytometric analysis of Al-
challenged Ca21 levels in control cells incubated in
liquid medium for 6 h treated with 6 mM Al (1Al) or
no (2Al) together with 10 mM CaCl2 (1Ca) or no
(2Ca). Exogenous Ca did not affect endogenous Ca21

signals. A, Control without Al and exogenous Ca
treatments. B, Control without Al treatment but sup-
plemented with Ca. C, Al treatment unsupplemented
with exogenous Ca. D, Al treatment supplemented
with exogenous Ca. E and F, Dynamics of Al-
triggered Ca21 signals. Al and exogenous Ca con-
centrations are the same as in A to D. E, Exogenous
Ca application after Al treatments. F, Al treatments
after exogenous Ca application. G to J, Effects of the
empty vector (G), Ced-9 (H), Bcl-2 (I), and PpBI-1 (J)
on endogenous Ca21 signals upon Al stress. Ced-9,
Bcl-2, and PpBI-1 significantly blocked Al-elicited
Ca21 signals compared to the control.
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Antiapoptotic Members Attenuate Al-Induced PCD

and Enhance Al Tolerance

Apoptosis occurs as a major type of PCD respond-
ing to various kinds of intrinsic and extrinsic stimuli.
Upon Al stress, cell abnormal aggregation and DNA
fragmentation have been found in neurons (Suárez-
Fernández et al., 1999; Fu et al., 2003) and plant cells
(Pan et al., 2001; Zhu et al., 2003), and Al directly
binding to nuclear DNA probably occurs to change the
structure of chromatin (Matsumoto, 1988). It has been
indicated that Al causes irregular vacuolation in yeast
cells (Ezaki et al., 1998). Our detailed observations
show that cell shrinkage, vacuolation, chromatin mar-
ginalization, nuclear fragmentation and DNA degra-
dation, DNA strand breaks, as well as abnormal cell
aggregation occur during Al-induced cell death (Figs.
3 and 4), suggesting that Al induces PCD in yeast cells
with important hallmarks of apoptosis.

In an attempt to test our hypothesis regarding
whether blocking Al-induced PCD can alleviate Al tox-
icity and enhance tolerance in yeast cells, we assessed
the roles of antiapoptotic members on Al toxicity. Our
data show that antiapoptotic members are able to
tolerate low-level Al-caused growth inhibition (Figs.
1 and 6) and suppress Al-caused cell death (Fig. 3).
At high Al levels directly blocking cell growth, the
function of these members is evaluated by their ability
to delay Al-induced PCD. It was reported that Bcl-2
and Ced-9 could suppress H2O2-caused cell death in
yeast, but verapamil (a chemical not associated with
PCD) could not (Chen et al., 2003). Therefore, our
data imply that the negative regulation of PCD pro-
vides a novel potential mechanism of Al tolerance,
with important implications for genetic improvement
of crops.

Interestingly, the survival-enhancing ability together
with the growth-retarding effect of Bcl-2 in yeast lets us
consider its well-known dual function in animals
(Mazel et al., 1996; Bonnefoy-Berard et al., 2004). Sen-
sitivity of proliferating cells to stimuli usually relies on
the phase of the cell cycle and perhaps cells out of the
stationary phase are more vulnerable to stresses in the
environment. Actually, the importance of regulating
the cell cycle under Al stress has been highlighted
(Yamamoto et al., 1994; Schott and Gardner, 1997; Guo
and Liang, 2001). Taking account of our results, we
suppose the following. (1) When cells go on dividing at
low levels of Al, Bcl-2 differs from Ced-9 and PpBI-1 in
Al tolerance probably due to the dual function of Bcl-2;
and (2) the PCD-inhibitory function of Bcl-2 can be
clearly evaluated at high levels of Al because its dual
function may not work when cell cycles are blocked.

Antiapoptotic Members Modulate Ca Flux But Not ROS
Levels in Response to Al Stress

It is widely accepted that ROS are endogenous
regulating signals of apoptosis (Costa and Moradas-
Ferreira, 2001). Contradictorily, apoptosis can occur

without ROS mediation (Fleury et al., 2002a). Based on
the parallel results from the functional test of anti-
apoptotic members under Al and H2O2 stress, we
address whether Al directly induces ROS production.
One potential mechanism underlying Al-mediated
cellular toxicity is the prooxidant action both in plants
(Yamamoto et al., 2002; Boscolo et al., 2003) and an-
imals (Murakami and Yoshino, 2004; Gómez et al.,
2005). Although several reports in yeast implied a
possible connection between Al toxicity and oxidative
stress (Ezaki et al., 1998; Basu et al., 2004), there is no
convincing evidence for Al-elicited ROS. In this study,
intracellular ROS levels were directly measured using
a cell-permeant oxidant-sensitive fluorescent probe,
DCFH-DA. Our results showed a dose-dependent for-
mation of intracellular ROS in response to added Al
(Fig. 7, A and B). However, although ROS accumulated
to higher levels at the highest Al concentration (54 mM),
it is hard to explain why cell death did not increase in
this case (Fig. 3A). In addition, the antiapoptotic mem-
bers did not reduce ROS levels detectably despite pro-
tecting yeast cells from Al toxicity (Fig. 7, C–F). It is
therefore likely that antiapoptotic members func-
tion downstream of ROS production or through ROS-
independent pathways in response to Al stress.

The above results prompted us to explore Ca21 sig-
naling, which may sometimes occur following ROS
production (Brookes et al., 2004). Intracellular Ca21

takes dual responsibility not only for regulation of
cell survival, but also for promotion of cell death in
response to a variety of pathological conditions, which
may depend on its concentration (Hajnóczky et al.,
2003). In plants, Al toxicity was suggested to compro-
mise intracellular Ca21 homeostasis and block the
Ca21 influx channel on the plasma membrane (Huang
et al., 1996; Jones et al., 1998; Ma et al., 2002; Kawano
et al., 2004). In yeast, however, the relations between
Al toxicity and Ca21 signaling remain obscure. From
our data herein, Al can transiently elicit a striking in-
crease of intracellular free Ca21 signals with later ele-
vation at comparatively higher levels after long-time
treatment (Fig. 8, A–F). Data from Ca21-free and Ca21-
containing conditions imply that intracellular Ca21

redistribution instead of extracellular Ca21 influx
may be involved in Al toxicity. The antiapoptotic mem-
bers were shown to dramatically alter Al-elicited Ca21

signals (Fig. 8, G–J), which might be a potential way
by which they execute protective functions. Bcl-2 has
been proved to maintain intracellular calcium homeo-
stasis (Pinton et al., 2002; Chami et al., 2004), and some
evidence has been presented for the supposition that
BI-1 may serve as a pore or ion channel in the endo-
plasmic reticulum for calcium handling (Xu and Reed,
1998; Chae et al., 2004). It is worth mentioning that the
major Ca21 storage in yeast is the vacuole, distinguish-
ing it from that in mammals (Cunningham and Fink,
1994). Therefore, clarifying the regulation process in
Al-induced PCD in yeast will be able to give us new
insight into the mechanisms of Al toxicity and toler-
ance in plants.
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MATERIALS AND METHODS

Culture Medium, Yeast Growth, and Viability

Cells were grown in SD/Gal-Raf/His (inducible) or SD/Glu/His (unin-

ducible) medium (CLONTECH) with additional 1% agar, pH 4.0. AlCl3 stock

solutions with concentrations of 0.1 and 1 M were prepared after filter ster-

ilization and added to liquid medium at room temperature or to plates below

50�C. Cells were preincubated in appropriate medium two times each with

OD600 up to about 0.5. For growth assays, the initial OD600 was adjusted to 0.05

(otherwise specified), and shaken at 200 rpm, 30�C. OD600 was measured by

spectrophotometer and cell density was calculated using a standard hemo-

cytometer. For spot assays, the OD600 of each cell culture was adjusted to 2.5,

diluted at 10-fold series (1:1, 1:10, 1:100, 1:1,000, 1:10,000), and then aliquots

(6 mL) of each dilution were spotted onto a SD/Gal-Raf/His plate with or

without treatment before incubation at selected temperatures. Cell viability

was evaluated by the plate count method. The cultured cells were harvested

for certain intervals, diluted to the equal cell density with OD600 0.0005, and

then 30 mL of each cell sample were plated onto YPD (1% yeast extract, 2%

Difco peptone, 2% Glc) plates.

Isolation of the PpBI-1 Gene

Based on conserved regions of BI-1 among rice (Oryza sativa), barley

(Hordeum vulgare), tobacco (Nicotiana tabacum), oilseed rape (Brassica napus),

and Arabidopsis (Arabidopsis thaliana) using the OMIGA program, some

primers were designed (primer positions were indicated in the primer name

based on OsBI-1). Total RNA was isolated from the flowers of Phyllostachys

praecox and then transcribed to cDNA with BD PowerScript reverse transcrip-

tase (CLONTECH). 5#- and 3#-RACE-ready cDNA were synthesized, respec-

tively, according to the BD SMARTRACE cDNA amplification kit user manual

(BD Biosciences CLONTECH). Then 5#- and 3#-end fragments of PpBI-1 were

amplified, respectively: 3#-end fragment primers, BI-1(72–97)-P1 (5#-GAACT-

TCCGCCAGATCTCCCCCGCCG-3#), L (5#-CTAATACGACTCACTATAGG-

GCAAGCAGTGGTATCAACGCAGAGT-3#), and S (5#-CTAATACGACTCA-

CTATAGGGC-3#); and 5#-end fragment primers, BI-1(480–456)-P2 (5#-CAG-

GATCGAGAGGCCAGAAGAGAGC-3#), L, and S. Additionally, a nest primer

BI-1(365–342)-P2 (5#-GTCACGAGAATGCTTGGGTCAAAG-3#) was also used

to amplify the 5#-end fragment. To obtain the real entire coding region of

PpBI-1, primers PpBI-1-P1 (5#-CGAACTCGAGCCGATTCGATCCGGCTCAC-

GCGAG-3#) with XhoI and PpBI-1-P2 (5#-CAACACTAGTGCCGTAGCAG-

CAGTAGACCCGGCC-3#) with SpeI were designed based on obtained se-

quences of 3#-and 5#-end fragments. Finally, an 843-bp PCR fragment was

obtained with pfu polymerase and then cloned into the pBluescript SK1

vector. The open reading frame of PpBI-1 was confirmed by sequencing and

aligned with some reported BI-1s from other plant species.

Constructs and Transformation

Ced-9 (generously provided by R. Horvitz, Massachusetts Institute of

Technology), Bcl-2 (generously provided by S. Korsmeyer, Dana-Farber Can-

cer Institute), and PpBI-1 (in our lab) were digested with EcoRI and XhoI, and

then cloned into the yeast-inducible expression vector pGilda (generously

provided by P.H. Ho, the Burnham Institute), which harbors a CEN/ARS

replication origin, a GAL1 promoter, and a His selection marker (Kampranis

et al., 2000), resulting in pGilda-Ced-9, pGilda-Bcl-2, and pGilda-PpBI-1,

respectively. Sequencing further confirmed that the open reading frames of

target genes were in frame with the LexA fusion part of pGilda. The three

constructs (pGilda-Ced-9, pGild-Bcl-2, and pGilda-PpBI-1), together with the

empty vector (pGilda), were respectively transformed into the budding yeast

EGY48 (MATa, ura3, his3, trp1, 6LexA-operator-LEU2; generously provided

by H.P. Chen, Fudan University; Chen et al., 2003), using the lithium acetate

(LiAc) method. Positive transformants were identified by PCR and antiapo-

ptotic proteins were assayed using anti-LexA antibody (Invitrogen) by west-

ern blot (Moon et al., 2002).

Microscopic Observation

For scanning electron microscopy, yeast cells were fixed with 2.5% glutar-

aldehyde, washed three times with 0.1 M phosphate-buffered saline (PBS), and

spun down each time for 15 s and resuspended in 1% osmium tetroxide

(OsO4). Then the cells were dried in a critical point drier, gold sputter coated,

and observed under a scanning electron microscope (Sambridge S260). For

transmission electron microscopy, yeast cells were fixed with 2.5% glutaral-

dehyde, successively dehydrated with gradient ethanol series (50%, 70%,

90%) for 15 min, 100% ethanol for 20 min, 100% acetone two times for 20 min,

and then infiltrated with acetone and Epon in a 1:1 mixture for 2 h and with

100% Epon for 20 h. Cells were then transferred to fresh 100% Epon and

incubated at 56�C for 48 h. Ultrathin sections were stained with 4% uranium

acetate for 20 min and plumbic citrate for 5 min, and intracellular ultrastruc-

tures were visualized under a transmission electron microscopy (Philips Em

410).

To detect nuclear fragmentation, yeast cells were fixed in 70% ethanol for at

least 2 h and then washed with PBS, pH 7.4, and incubated with 1 mg/mL

DAPI in PBS for 10 min in the dark at room temperature. To examine cell

viability, cells were stained with both 5 mg/mL PI (0.5 mg/mL stock solution,

dissolved in 50 mM sodium citrate) and 10 mg/mL FDA (1 mg/mL stock

solution, dissolved in acetone) for 20 min in the dark at room temperature. To

visualize DNA strand breaks, cells were fixed in 4% formaldehyde in PBS, pH

7.4, then treated with lyticase (Sigma) and stained with fluorescein isothio-

cyanate-labeled TUNEL reagent (in situ cell death detection kit; Roche

Molecular Biochemicals; Madeo et al., 1999). DAPI fluorescence was excited

by UV radiation (U) and filtered at 420 nm, and FDA-PI fluorescence was

excited by visible radiation (V) and filtered at 515 nm, respectively. Photos

were taken under a fluorescence microscope (Olympus VANOX-AH-1).

TUNEL fluorescence was examined at a 488-nm excitation wavelength under

a confocal laser-scanning microscope (LSM 510; Zeiss).

Flow Cytometric Studies

Yeast cells were grown in SD/Gal-Raf/His medium with or without

treatment. After harvest, cells were resuspended in PBS, pH 7.4, and vortexed

briefly for further experiments. For PI permeability assays, cells were directly

stained with 5 mg/mL PI and incubated in the dark for 30 min at room

temperature. Intracellular ROS production was measured by staining with

DCFH-DA (Sigma) at a final concentration of 50 mM for 20 min (Chen et al.,

2003). To measure DNA content (Guo and Liang, 2001), cells were fixed by

70% ethanol, resuspended in 1 mL of DNA staining solution (200 mg PI plus

2 mg RNase A added in 10 mL of PBS), and then incubated for 30 min at

room temperature in the dark. For determination of intracellular Ca21 levels

(Scoltock et al., 2000), yeast cells were incubated in PBS, pH 7.4, at 37�C for

30 min with 5 mM Fluo-3-acetoxymethyl ester (Fluo-3/AM; Biotium) prepared

with a 1 mM stock solution in dimethyl sulfoxide. A noncytotoxic detergent,

pluronic F-127 (0.1%), was added to increase solubility of Fluo-3/AM. When

the time course of intracellular Ca21 kinetics was analyzed (Monteiro et al.,

1999), 6 mM AlCl3 and/or 10 mM CaCl2 were added to cell-resuspending

medium, pH 4.0, after loading with Fluo-3/AM. PI fluorescence was mea-

sured by FACSCalibur with 488-nm (blue) argon (Becton-Dickinson) in the

FL2 channel and dichlorofluorescein and Fluo-3 fluorescence in the FL1

channel. Data acquisition was performed using CellQuest (3.1f) software and

data analysis with ModFit LT (3.0) software (Variety Software House). Two

thousand to 10,000 cells were measured for each analysis.

Statistical Analysis

Data were calculated as the mean of results from at least three independent

experiments or one representative result of parallel experiments. The Origin

6.1 program was used for calculation. Error bars represent SD.
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