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Abstract

Trivalent cations such as those of Al, La, and Gd are phytotoxic. Our previous works showed that addition of LaCl; or GdCl; to
tobacco cells triggers the generation of superoxide (O3"). Here, we show that AICI; at normal physiological pH (5.8) induces much
greater production of Oy (detected with a specific chemiluminescence probe), indicating that these trivalent cations similarly induce
the oxidative bursts. It was shown that NADPH oxidase is involved in the generation of Oy and the yield of Oy was dose-de-
pendent (ca. 6mM Al, optimal). Following the acute spike of Oy, a gradual increase in cytosolic-free Ca®* concentration ([Ca**].)
was detected with the luminescence of recombinant aequorin over-expressed in the cytosol. Interestingly, a Oy scavenger and a Ca*"
chelator significantly lowered the level of [Ca®']. increase, indicating that the Al-induced O; stimulates the influx of Ca®*. Com-
pared to the induction of Oy generation, the [Ca®*]. elevation was shown to be maximal (340 nM) at relatively lower Al concen-
trations (ca. 1.25mM). Thus, the Al concentration optimal for Oy is too much (inhibitory) for [Ca’"].. In addition, high
concentrations of Al were shown to be inhibitory to the H,O,-induced Ca’* influx. This explains the ineffectiveness of high Al
concentration in the oxidative burst-mediated induction of [Ca’*]. increase. It is likely that Al-induced [Ca’*]. elevation is mani-
fested from the finely geared balance between the O; -mediated driving force and the channel inhibition-mediated brake. Fur-
thermore, it is note-worthy that Al (<10mM) showed no inhibitory effect on the hypo-osmolarity-induced Ca** influx, implying
that Al may be a selective inhibitor of redox-responsive Ca’>* channels. Possible target channels of Al actions are discussed.
© 2003 Elsevier Inc. All rights reserved.
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Al ions are very toxic to plants, and number of
studies documented the toxic impact of Al ions on roots
[1-4], hypocotyls [5], and germinating pollens [6,7]. It
has been proposed that early effects of Al toxicity at the
root apex, such as those on cell division, cell extension

* Abbreviations: ABA, abscisic acid; [Ca®*], cytosolic-free Ca**
concentration; CLA, cypridina luciferin analog; DPI, diphenyleneiod-
onium chloride; EGTA, 0,0'-bis(2-aminoethyl)ethyleneglycol-N,N,
N',N'-tetraacetic acid; HO", hydroxyl radicals; MS, Murashige-Skoog
(culture medium); O,~, superoxide anion; SOD, CuZn-superoxide
dismutase; Tiron, 4,4-dehydroxy-1,3-benzene disulfonic acid disodium
salt; rlu, relative luminescence units; ROS, reactive oxygen species.
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or nutrient transport, involve the direct intervention of
Al on cell function [8].

In this study, we examine the impact of Al ions in
tobacco (Nicotiana tabacum) BY-2 cells, since tobacco
cell suspension culture has been frequently employed as
a model system for the study of Al phytotoxicity [9-11].

Ions of lanthanides are also rhizotoxic and behave
similarly to Al ions in binding to the negatively charged
surface of plasma membrane in plant roots [12]. Re-
cently, we have demonstrated that treatments of tobacco
cell suspension culture with various salts of lanthanides
(La and Gd), alkali earth metals (Mg and Ca) or alkali
metals (Li, Na, and K) result in an immediate burst in
production of reactive oxygen species (ROS), especially
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superoxide anion (Oj ), via activation of NADPH
oxidase [13-15]. Among the cations tested, La** and
Gd*" induced the greatest responses in Oy~ production,
while Ca>" and Mg>" showed moderate effects, and K+
and Na™ induced much lower responses, indicating that
there is a tight relationship between the valence of ca-
tions and the level of Oy production. In addition, ac-
tivities of lanthanide trivalent cations on O3~ production
were maximal at sub-mM to mM cations, while di- and
monovalent ions require sub-M and M cations for
maximal responses, respectively. Therefore, among the
elements belonging to 1A, 2A, and 3B groups, cations
with higher valency are extremely active in induction
of Oy production at minimal concentrations [13].
However, cations of other transition metals showed no
detectable activity in induction of NADPH oxidase-de-
pendent generation of O3 in tobacco cells [16], although
many of transition metal ions other than lanthanide
ions, such as Cu* and Fe?* are known to be strong pro-
oxidants catalyzing the Fenton-type reactions yielding
hydroxyl radicals (HO-), the most reactive ROS [17],
thus inducing severe damages to plants [18]. It is likely
that those metal cations behave differently in induction
of ROS production. By analogy to lanthanide actions, it
is tempting to test whether another rhizotoxic trivalent
cation, AP’*, has any impact on Oj; production in
plants. Since AI** can be commonly found in plant-
surrounding environments, especially in acidic soils, its
phyto-toxic mechanism must be clarified. Here, we re-
port the effect of AICl; on the production of O3 in to-
bacco cell suspension culture. In addition, impact of
AICl; treatment on the cytosolic-free calcium concen-
tration ([Ca?*].) in tobacco cells was also examined.

Experimental procedures

Cell culture. Tobacco (Nicotiana tabacum L. cv. Bright Yellow-2)
suspension-cultured cells (cell line, BY-2) expressing apoaequporin
exclusively in the cytosol [19] were propagated as previously described
[20]. Briefly, the culture was maintained in Murashige-Skoog (MS)
liquid medium (pH 5.8) containing 0.2 pg/ml of 2,4-dichlorophenoxy-
acetic acid at 28 °C with shaking on a gyratory shaker in darkness and
subcultured once a week with a 4% (v/v) inoculum. The cells were
harvested 3 days after subculturing, washed with, and resuspended in
fresh MS medium supplemented with 20 mM K-phosphate buffer (pH
5.8) containing 10pM CLA, and used for experiments after 2h of
resting incubation in dark. AICl; or LaCl; was first dissolved in water
and diluted with the same volume of 2x MS medium supplemented
with 40mM K-phosphate buffer (pH 5.8). To compare the effect of
metal salts at the physiologically normal pH, the tobacco cells were
suspended in the MS medium supplemented with K-phosphate buffer
(pH 5.8) and incubated for at least half an hour prior to. addition of
metal salts. Then, the cell suspension (0.2 ml) was added with solutions
(0.2ml) of AICI; or LaCl;.

Chemicals. A Cypridina luciferin analog (CLA) (2-methyl-6-phenyl-
3,7-dihydroimidazol[1,2-a]pyrazin-3-one) and Tiron (4,5-dehydroxy-
1,3-benzene disulfonic acid, disodium salt) were purchased from Tokyo
Kasei Kogyo (Tokyo, Japan). A membrane-impermeable calcium
chelator, 0,0'-bis(2-aminoethyl)ethyleneglycol-N,N,N',N'-tetraacetic

acid (EGTA) was purchased from Wako Pure Chemical Industries
(Osaka, Japan). Cu,Zn-superoxide dismutase (SOD) and all other re-
agents were from Sigma (St. Louis, MO). Chemically synthesized
coelenterazine was a gift from Prof. M. Isobe (Nagoya University).

Detection of ROS by chemiluminescence. Generation of Oy in cell
suspension culture was monitored by chemiluminescence of CLA with
a CHEM-GLOW Photometer (American Instrument, Maryland,
USA) equipped with a pen recorder and expressed as relative lumi-
nescence units (rlu) as previously described [21]. CLA-chemilumines-
cence specifically indicates the generation of O3~ (and O} with a lesser
extent) but not that of O;, H,O,, or HO" [22].

Monitoring of [Ca** ].. The changes in [Ca**]. were monitored by
the Ca’>"-dependent emission of blue light from the Ca’>*-sensitive lu-
minescent protein, aequorin as described previously [21]. The active
form of aequorin was reconstituted by addition of 1 M coelenterazine
to the suspension culture of apoaequorin-expressing tobacco cells, 8 h
prior to the measurements of [Ca’*].. The aequorin-luminescence was
measured using the same equipment described for the measurement of
CLA-chemiluminescence and expressed as “rlu.” After each measure-
ment, all remaining aequorin was discharged with 1 M CaCl, and 10%
ethanol, and the resultant luminescence was measured to estimate the
amount of remaining aequorin.

[Ca®*]. was calculated using the equation: pCa = 0.332558
(—logk) + 5.5593, where k is a rate constant equal to luminescence
counts per second divided by total counts. The equation was proposed
for plant use by Knight et al. [23] and applied to the tobacco BY-2 cells
by Takahashi et al. [19].

Results and discussion

Induction of O5 generation in tobacco cell suspension by
Al treatment

To study the effect of Al on production of Oy, in-
creases in the chemiluminescence of CLA specifically
reflecting the generation of O; were measured after
tobacco cell suspension culture was treated with AICl;.
Addition of AICI; dissolved in K-phosphate-buffered
MS culture medium (0.2ml, pH 5.8) to tobacco cell
suspension culture (0.2ml) resulted in transient pro-
duction of Oy that reaches to the maximal level im-
mediately after Al treatment (Fig. 1A). The Al-induced
generation of Oy was shown to occur in a dose-de-
pendent manner and the optimal AICl; concentration
was 6.25mM (Fig. 1B). AICIl; concentrations higher
than at 6.25 mM were less effective. Effects of La and Gd
on generation of O3 were also examined for comparison
using the same batch of cell culture. The La- and Gd-
induced production of O3 was maximal at 1.25mM,
apparently lower than the optimal concentration of
AICl;. Interestingly, the maximal production of Oy in-
duced by 6.25mM AICIl; (optimal concentration) was
ca. 60% greater than that induced by LaCl; (1.25mM).

Effects of ROS scavengers and an inhibitor of NADPH
oxidase

As it has been suggested that NADPH oxidase is
involved in the Oy production activated by divalent and
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Fig. 1. Induction of O3 generation in tobacco cell suspension culture
by AICl;. (A) Typical traces of metal cation-induced increase in CLA-
chemiluminescence reflecting the production of O3 in tobacco cells.
(B) Effect of increasing concentration of AICl; and LaCl; on induction
of Oy generation. (C) Inhibition of AlCl;-induced O3 generation by
ROS scavengers and an inhibitor of NADPH oxidase. Tobacco cells
were pre-incubated with control media, 100 uM diphenyleneiodonium
chloride (DPI), 330 U/ml SOD, or 5SmM Tiron for 5min before ad-
dition of 6.25mM AICI;. rlu stands for relative luminescence units.

trivalent cations [13], it is tempting to speculate that
NADPH oxidase is also activated by Al ions. To clarify
the nature of Oy -generating system activated by Al, the
cell suspension culture was treated with an NADPH
oxidase inhibitor, diphenyleneiodonium chloride (DPI,
100 uM), or two O3 scavengers, SOD (330 U/em?) and
Tiron (5 mM), 5min prior to addition of 6.25 uM AICl;
(Fig. 1C). The Al-induced O3 production was effectively
inhibited by SOD, Tiron, and DPI, confirming that the
observed chemiluminescence surely reflects the genera-
tion of Oy (see the effects of Tiron and SOD) and that
the Oy -generating mechanism involves NADPH oxi-
dase (see the effect of DPI), similarly to O3 production
induced by other trivalent cations such as La** and
Gd3** [13]. Since SOD is a macro-molecule that does not
readily penetrate across the plasma membrane, the ob-
served effect of exogenously applied SOD strongly sug-
gests that Oy is released in the extracellular space.
Similar phenomenon has been reported for human
neutrophil NADPH oxidase in which binding of diva-
lent cations such as Ca>" or Mg”* results in spontaneous

activation of the O; -releasing activity of the membrane
bound enzyme [24,25]. In addition, it is also similar to
plants that cations with higher valence are reportedly
more active in enhancement of O3 -producing activity of
NADPH oxidase from human neutrophils [24]. Taken
together, it is likely that the cation-activated O; -gen-
erating systems are widely conserved in both mammals
and plants. Thus, the impact of Al ions on the
Oy -generating activity in neutrophils must be examined.

Induction of a transient increase in [Ca’* ],

In addition to the Al-induced oxidative burst, we
examined the Al impact on the [Ca®*]. level. Treatment
of tobacco cells with sub-mM and mM levels of AlICl;
resulted in an increase in [Ca>"]. (Fig. 2). Following the
spike of O3 generation, a gradual increase in [Ca’>'].)
was observed. While the Oy generation is an immediate
event starting in a sub-second time scale and ceasing
within initial 20s, the changes in [Ca®*]. are relatively
slower events attaining the peak level spending ca. 1 min
after the Al-impact.
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Fig. 2. AlCl;-induced increase in [Ca?*]. in tobacco cells. (A) Slower
induction of the [Ca**]. increase following a rapid and transient O3
generation. Typical data obtained after addition of 0.6 mM AICI; are
shown. (B) Effect of Al concentration on the induction of [Ca?*], in-
crease. (C) Inhibition of AICl;-induced [Ca®*], increase by 5SmM Tiron
and 10mM EGTA, added 5Smin prior to addition of 1.25mM AICI;.
rlu stands for the relative luminescence units.
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The dose of Al required for [Ca’*]. elevation was
shown to be optimal at ca. 1.25mM and the dose of Al
higher than the optimal dose was shown to be less ef-
fective in induction of [Ca®*]. elevation (Fig. 2B). Based
on the equation proposed by Knight et al. [23], the
maximal [Ca®*]. manifested in the presence of 1.25mM
AICl; was estimated to be 340nM. Compared to the
induction of Oy generation, the [Ca’*"]. elevation re-
quired relatively lower concentrations of AICl; for
maximal [Ca?*]. increase.

Evidence in support of O;-dependent Ca®* influx

The Al-treatment showed differential dose profiles for
05 production and [Ca*']. elevation. Thus, it is
tempting to examine if those two different events are
regulated by different mechanisms or not. Addition of a
strong O scavenger, Tiron (5mM), prior to Al addi-
tion resulted in significant inhibition of the Al-induced
[Ca®*]. elevation. The Al-induced [Ca®*]. increase was
also inhibited in the presence of a Ca?* chelator, EGTA
(10 mM), indicating that the source of Ca>* required for
Al-induced [Ca®"]. elevation is the extracellular free
calcium. Taken together, the data are indicative of the
model that Oy triggers the influx of Ca’".

We have previously reported similar models for sali-
cylic acid [17,21] and aromatic monoamines [26,27], in
which the generation of ROS (O; and H,0, for both
stimuli, HO* for only aromatic amines) is rapidly in-
duced and in turn, influx of Ca?* is stimulated. Here, the
working hypothesis assuming that Ca’" influx and Oy
generation occur independently was finally rejected.
Then, we had to seek for the alternative mechanism in
explanation of differential dose requirements for the Al-
dependent O3 generation and [Ca®"]. increment.

Lowered Ca’** influx potency in the presence of Al

By analogy to the Ca®* channel blocking actions of
lanthanide ions, effect of Al on the influx of Ca?t was
examined (Fig. 3).

Addition of H,0, (as a typical oxidative stress) in-
duces a rapid and transient increase in [Ca®*]. in to-
bacco BY-2 cells, as previously reported [28]. We found
that Al-treatment effectively inhibits the H,O,-induced
increase in [Ca’*]. in a dose-dependent manner
(Fig. 3A). The [Ca®**], elevation induced by 2mM H,0,
was inhibited by 50% and 100%, in the presence of 0.3
and 10mM AICI;, respectively. This explains the inef-
fectiveness of high Al concentrations for induction of
[Ca?*]. increase. It is likely that Al-induced [Ca®*]. el-
evation is manifested from the finely geared balance
between the O; -mediated channel stimulation as the
driving force and the channel inhibition-mediated
lowering of Ca’" influx potency as the brake.

120 ; A
100

2 mM H;0,

0 03 1 3 10 30 100
Al concentration (mM)

B Hypo-osmotic shock
120 (A osmolarity: ca. 100 mmol kg™')

Aequorin luminescence (% of control)

0 03 1 3 10 30 100
Al concentration (mM)

Fig. 3. Al-dependent inhibition of Ca?* influx induced by H,O, and
hypo-osmotic shock in tobacco cells. (A) Effect of Al concentration on
the H,0s-induced Ca?* influx. Relative peak height in aequorin lu-
minescence induced by 2mM H, 0, in the absence of Al was expressed
as 100%. (B) Effect of Al concentration on the hypo-osmotic shock-
induced Ca" influx. Relative peak height in aequorin luminescence
induced by addition of water to the culture media (ca. —100 mmol/kg)
in the absence of Al was expressed as 100%.

Effect of Al on the Ca’" influx induced by hypo-
osmotic shock was also examined (Fig. 3B). It is
noteworthy that Al (<10mM) showed no inhibitory
effect on the hypo-osmolarity (addition of equal volume
of water to the cell suspension)-dependent Ca>* influx.
Hypo-osmotic shock is known to induce an immediate
increase in [Ca’']. by stimulating the influx of Ca*
through plasma membrane-localized Ca’" channel(s)
[19,29]. The present results imply that Al may be a
selective inhibitor of ROS-responsive Ca?* channels.

Recently, Furuichi et al. [30] have cloned the plant’s
first gene encoding a voltage-gated channel with high
affinity for Ca?" permeation, from Arabidopsis. The
channel possesses extremely high homology with a re-
cently cloned two pore channel (TPC1) from rats, thus
designated as AtTPC1. Here, we hypothesize that the
AtTPC1 homologs or equivalents in tobacco may be the
possible targets of Al-stimulation via O3 generation. In
addition, we showed here that Al is inhibitory to the
ROS-responsive Ca>* influx, thus AtTPC1 equivalents
in tobacco cells may be a target of Al-inhibition too.

Role of ROS in Al toxicity

ROS, including O3, H,0O,, and HO:, are known to be
highly reactive causing oxidative damages to proteins,
membrane lipids, and other cellular components [31].
Under both abiotic and biotic stresses, members of ROS
including Oy exacerbate damage and signal the activa-
tion of defense responses [32]. According to Ezaki et al.
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[33], plants respond to sub-lethal Al stress by expressing
the series of genes that contribute to development of plant
tolerance to excessive environmental Al ions. Biological
roles of those Al-inducible genes obtained from Arabid-
opsis, tobacco, wheat, and Saccharomyces cerevisiae, in
tolerance development against Al stress and oxidative
stress have been tested by over-expressing them in Ara-
bidopsis plants. It was shown that Al-inducible genes,
including an Arabidopsis blue-copper-binding protein
gene (AtBCB), a tobacco glutathione S-transferase gene
(parB), a tobacco peroxidase gene (NtPox), and a tobacco
GDP-dissociation inhibitor gene (NtGDI1), confer a
degree of resistance to both Al and oxidative stresses.
Therefore, these genes introduced into the transgenic
Arabidopsis plants are serving to protect against Al tox-
icity and oxidative stress. The above study indicates that
Al toxicity is mediated via oxidative stress by production
of ROS. As proposed in the present study, elevation of
[Ca®*]. is one of the notable impacts of Al-induced ROS.

[Ca?* ] distortion and Al toxicity

Physiological roles for the [Ca’]. increase in Al
toxicity is not well documented at present. It is generally
believed that disturbance of [Ca*"]. homeostasis is one
of the primary triggers of Al toxicity [34-36]. Recent
studies conducted by Rengel and his colleagues [37,38]
have provided fluorescence probe-based evidence
showing a correlation between the Al-induced increase
in [Ca?*], and inhibition of root growth.

Controversially, it has been reported that Al-treat-
ment inhibits the Ca?* absorption by root apices of
Al-sensitive, but not of Al-resistant wheat seedlings
[39-41]. On the other hand, the [Ca®*]. elevation in-
duced by Al is observable in the root hairs of Al-
sensitive but not of Al-resistant Arabidopsis mutants,
and no tight correlation between [Ca’*], level and root
hair growth inhibition was shown [42]. It is thus still
controversial if Al disruption of Ca’* transport in the
root may play an important role in the mechanisms of
Al toxicity in Al-sensitive plants, and that different Al
tolerances may be associated with the ability of Ca-
transport systems in cells of the root apex to resist
disruption by potentially toxic level of Al in the soil.

Proposed mechanism

It has been implicated that Al stress is mediated with
oxidative events, since toxic level of Al induces the oxi-
dative stress-related gene expression in Arabidopsis thali-
ana [43]. In addition, those genes induced by Al-treatment
were also shown to be induced by ozone, further con-
firming that Alsignaling is mediated with oxidative events.
Furthermore, Al-dependent oxidative damages to tobacco
membranes were shown to occur in the presence of Fe ions
[44]. The reported knowledge and the present results

consistently support the view that Al stimulates the pro-
duction of ROS (most likely, O3) and the presence of
transition metals such as Fe leads to generation of HO
that finally damages the cellular components.

Model mechanisms of Al toxicity involving oxidative
burst and Ca?* signaling distortion are summarized in
Fig. 4. First, Al stimulates the NADPH oxidase and
induces the generation of O that triggers the influx of
Ca?*. The resultant ROS and [Ca’*], elevation may lead
to development of phytotoxicity (Fig. 4A).
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Fig. 4. Model mechanisms of Al toxicity involving oxidative burst and
Ca’" signaling distortion. (A) Al-induced O triggers the influx of
Ca’*, and both oxidative stress and [Ca?*]. elevation may result in
phytotoxic phenomena. (B) Differential effects of known Ca?* channel
blockers and Al Ions of La and Gd inhibit the Ca* influx induced by
both hypo-osmotic shock and oxidative stress. In contrast, Al action is
only against the oxidative stress-mediated mechanism. There may be at
least two types of Ca®* channels that differed in sensitivity to metal
cations. (C) A model explaining the ineffectiveness of high concen-
tration of Al in induction of Ca?* influx. At low Al concentrations, the
Ca?" influx potency is high but the driving force is not sufficient. At
high Al concentrations, there is much Ca?* influx-inducing force but
the Ca?* channel’s potency is low. Therefore, [Ca’*]. elevation could
be manifested only when the opposing effects compromise.
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Jones et al. [43] proposed a view, based on the ob-
servation that Al treatment results in elevation of
[Ca*]. in root hairs of Arabidopsis, that the phytotoxic
action of Al in root hairs is not brought about through
blockage of Ca®* permeable channels required for Ca>*
influx into the cytoplasm. However, effects of Al on
[Ca?*]. homeostasis are not that simple. We showed the
differential effects of Al and known channel blockers
with no selectivity [45] on the Ca?* influx. While the ions
of La and Gd effectively inhibit the Ca?* influx induced
by both hypo-osmotic shock [19] and oxidative stress
[21,28], the Al action is only against the ROS-mediated
mechanism. Probably, two types of Ca®* channels that
differed in sensitivity to Al may be present in tobacco
cells (Fig. 4B). Finally, we could propose a view clearly
explaining the ineffectiveness of high concentration of Al
in induction of Ca* influx. Al plays dual roles acting for
and against Ca”" influx at the same time, by releasing
O3 and by inhibiting the Ca’" channel(s), respectively.
At low Al concentrations, the ROS-responsive Ca’*
influx potency is high but the driving force (due to ROS)
is not sufficient. At high Al concentrations, the Ca**
influx-driving force is great but the Ca®* channel’s po-
tency is low. Therefore, [Ca’*"]. elevation could be
manifested only in the range of Al concentration in
which the opposing effects compromise well (Fig. 4C).

Perspectives—similarity to abscisic acid signaling mech-
anism

Our present study may give a clue to the action of
trivalent ions in plant cells. Our next concerns are im-
pacts of trivalent ion-induced O3 generation on gene
expression that is regulated by salt-stress, draught stress,
and ABA, since similarity between the stress hormone
ABA and trivalent metal cations in induction of plant
responses has been reported [46].

Trivalent ions have been shown to act as effectors of
gene expression in plants [46,47] and animals [48]. It has
been reported that trivalent lanthanides such as La’*
and Tb** stimulated the expression of ABA-responsive
genes mimicking the action of ABA in rice [46,47],
although mechanism of action has not been clarified.

Recently, some lines of studies have shown a rela-
tionship between the signal transduction pathways for
ABA and the production of ROS [49]. Several studies
revealed that ABA action on stomatal closure is medi-
ated with the NADPH oxidase-catalyzed generation of
ROS and elevation of cytosolic-free [Ca®*]. [50,51]. In
the proposed mechanisms, ABA elicits the production of
H,0, and, in turn, the resultant H,O, stimulates the
opening of Ca®* channels, resulting in a rapid increase in
[Ca®*).. Actually, this is almost identical to the mecha-
nism of Al action uncovered here.

In addition to Ca?* disturbance, Al induces a dis-
tortion in K* homeostasis. Al enhances the efflux of K*

out of the vacuole membrane vesicles from barley roots
[52], and it inhibits the uptake of K* by wheat root
hairs, by blocking the inward-rectifying K-channels on
plasma membrane [53]. Effect of Al on K™ homeostasis
is also very similar to ABA action.

Earlier works of Kasai et al. [54] were also indicative
of Al-ABA similar, pointing out the similarity effects of
Al and ABA on increments in ATP-dependent and PPi-
dependent H*-pumping activities in tonoplast-based
vesicles. They further proposed that ABA may be in-
volved in the action of Al. However, this sounds unlikely
that secondary induction of ABA mediates the rapid
response to Al, such as immediate burst in ROS pro-
duction. The above works and proposal should be re-
examined.

Acknowledgments

The authors acknowledge Prof. A.J. Trewavas for permitting the
use of aequorin-expressing plant materials. The authors also thank
Prof. M. Isobe for chemically synthesized coelenterazine. T. Kawano
was supported by a fellowship from the Région Lorraine (France). The
works related to Ca>* monitoring were supported in part by Grant-in-
Aid for Scientific Research on Priority Areas (No. 13039008 and
15028209), from the Ministry of Education, Culture, Sports, Science
and Technology, Japan.

References

[1] J.F. Ma, Role of organic acids in detoxification of aluminum in
higher plants, Plant Cell Physiol. 41 (2000) 383-390.

[2] C. Sanzonowicz, T.J. Smyth, D.W. Israel, Calcium alleviation of
hydrogen and aluminum inhibition of soybean root extension
from limed soil into acid subsurface solutions, J. Plant Nutr. 21
(1998) 785-804.

[3] K. M. Lukaszewski, D.G. Blevins, Root growth inhibition in
boron-deficient or aluminum-stressed squash may be a result of
impaired ascorbate metabolism, Plant Physiol. 112 (1996) 1135-
1140.

[4] H. Le Van, S. Kuraishi, N. Sakurai, Aluminum-induced rapid
root inhibition and changes in cell-wall components of squash
seedlings, Plant Physiol. 106 (1994) 971-976.

[5] J.F. Ma, R. Yamamoto, D.J. Nevin, H. Matsumoto, P.H. Brown,
Al binding in the epidermis cell wall inhibits cell elongation of
okra hypocotyl, Plant Cell Physiol. 40 (1999) 549-556.

[6] G.M. Li, S.F. Qing, Q.Y. Zheng, L.Z. Hua, S.Z. Fu, Y.S. Da,
Does aluminum inhibit pollen germination via extracellular
calmodulin, Plant Cell Physiol. 41 (2000) 372-376.

[7]1 S. Konishi, S. Miyamoto, Alleviation of aluminum stress and
stimulation of tea pollen tube growth by fluorine, Plant Cell
Physiol. 24 (1983) 857-862.

[8] D.B. Lazof, J.G. Goldsmith, T.W. Rufty, R.W. Linton, Rapid
uptake of aluminum into cells of intact soybean root tips. A
microanalytical study using secondary ion mass spectrometry,
Plant Physiol. 106 (1994) 1107-1114.

[9] K. Ono, Y. Yamamoto, A. Hachiya, H. Matsumoto, Synergistic
inhibition of growth by aluminium and iron of tobacco (Nicotiana
tabacum L.) cells in suspension culture, Plant Cell Physiol. 36
(1995) 115-125.

[10] Y. Yamamoto, S. Rikiishi, Y.C. Chang, K. Ono, M. Kasai, H.
Matsumoto, Quantitative estimation of aluminium toxicity in



T. Kawano et al. | Biochemical and Biophysical Research Communications 308 (2003) 3542 41

cultured tobacco cells: correlation between aluminium uptake and
growth inhibition, Plant Cell Physiol. 35 (1994) 575-583.

[11] Y. Yamamoto, A. Hachiya, H. Hamada, H. Matsumoto,
Phenylpropanoids as a protectant of aluminum toxicity in
cultured tobacco cells, Plant Cell Physiol. 39 (1998) 950-957.

[12] U. Yermiyahu, G. Rytwo, D.K. Brauer, T.B. Kinraide, Binding
and electrostatic attraction of lanthanum (La**) and aluminum
(AI**) to wheat root plasma membranes, J. Membr. Biol. 159
(1997) 239-252.

[13] T. Kawano, N. Kawano, S. Muto, F. Lapeyrie, Cation-induced
superoxide generation in tobacco cell suspension culture is depen-
dent on ion valence, Plant Cell Environ. 24 (2001) 1235-1241.

[14] T. Kawano, N. Kawano, S. Muto, F. Lapeyrie, Retardation and
inhibition of the cation-induced superoxide generation in BY-2
tobacco cell suspension culture by Zn?>* and Mn?*, Physiol. Plant
114 (2002) 395-404.

[15] T. Kawano, Combining plant responses to toxic metals and
environmental salt stress—an unified theory, Eur. Assoc. Chem.
Environ. Newslett. 3 (2002) 7.

[16] N. Kawano, T. Kawano, F. Lapeyrie, Environmental metal cation
stress and oxidative burst in plants—a review, in: E. Lichtfouse,
S. Dudd, D. Robert (Eds.), Environmental Chemistry, Springer-
Verlag, Berlin, 2003, in press.

[17] T. Kawano, S. Muto, Mechanism of peroxidase actions for
salicylic acid-induced generation of active oxygen species and an
increase in cytosolic calcium in tobacco cell suspension culture,
J. Exp. Bot. 51 (2000) 685-693.

[18] A. Savoure, D. Thorin, M. Davey, X.-J. Hua, S. Mauro, M. Van
Montagu, D. Inze, N. Verbruggen, NaCl and CuSO, treatments
trigger distinct oxidative defense mechanisms in Nicotiana
plumbaginifolia L., Plant Cell Environ. 22 (1999) 387-396.

[19] K. Takahashi, M. Isobe, M.R. Knight, A.J. Trewavas, S. Muto,
Hypoosmotic shock induces increase in cytosolic Ca>* in tobacco
suspension-culture cells, Plant Physiol. 113 (1997) 587-594.

[20] Y. Kamada, S. Muto, Protein kinase inhibit stimulation of
inositol phospholipid turnover and induction of phenylalanine
ammonia-lyase in fungal elicitor-treated tobacco suspension
culture cells, Plant Cell Physiol. 35 (1994) 405-409.

[21] T. Kawano, N. Sahashi, K. Takahashi, N. Uozumi, S. Muto,
Salicylic acid induces extracellular superoxide generation followed
by an increase in cytosolic calcium ion in tobacco suspension
culture: the earliest events in salicylic acid signal transduction,
Plant Cell Physiol. 39 (1998) 721-730.

[22] M. Nakano, K. Sugioka, Y. Ushijima, T. Goto, Chemilumines-

cence probe with Cypridina luciferin analog, 2-methyl-6-phenyl-

3,7-dihydroimidazo[1,2-a]pyrazin-3-one, for estimating the ability

of human granulocytes to generate O, Anal. Biochem. 159 (1986)

363-369.

H. Knight, A.J. Trewavas, M.R. Knight, Cold calcium signaling

in Arabidopsis involves two cellular pools and a change in calcium

signature after acclimation, Plant Cell 8 (1996) 489-503.

[24] H. Suzuki, M.J. Pabst, R.B. Johnston Jr., Enhancement by Ca’*
or Mg’ of catalytic activity of the superoxide-producing
NADPH oxidase in membrane fractions in human neutrophils
and monocytes, J. Biol. Chem. 260 (1985) 3635-3639.

[25] A.R. Cross, R. Erichson, B.A. Eliss, J.T. Curnutte, Spontaneous
activation of NADPH oxidase in a cell-free system: unexpected
multiple effects of magnesium ion concentrations, Biochem. J. 338
(1999) 229-233.

[26] T. Kawano, R. Pinontoan, N. Uozumi, C. Miyake, K. Asada,
P.E. Kolattukudy, S. Muto, Aromatic monoamine-induced im-
mediate oxidative burst leading to an increase in cytosolic Ca**
concentration in tobacco suspension culture, Plant Cell Physiol.
41 (2000) 1251-1258.

[27] T. Kawano, R. Pinontoan, N. Uozumi, Y. Morimitsu, C. Miyake,
K. Asada, S. Muto, Phenylethylamine-induced influx Phenyleth-
ylamine-induced generation of reactive oxygen species and ascor-

[23

bate free radicals in tobacco suspension culture: mechanism for
oxidative burst mediating, Plant Cell Physiol. 41 (2000) 1259-
1266.

[28] K. Takahashi, M. Isobe, S. Muto, Mastoparan induces an
increase in cytosolic calcium ion concentration and subsequent
activation of protein kinases in tobacco suspension culture cells,
Biochim. Biophys. Acta 1401 (1998) 339-346.

[29] K. Takahashi, M. Isobe, S. Muto, An increase in cytosolic calcium
ion concentration precedes hypoosmotic shock-induced activation
of protein kinases in tobacco suspension culture cells, FEBS Lett.
401 (1997) 202-206.

[30] T. Furuichi, K.W. Cunningham, S. Muto, A putative two pore
channel AtTPC1 mediates Ca>* flux in Arabidopsis leaf cells, Plant
Cell Physiol. 42 (2001) 900-905.

[31] B. Halliwell, J.M.C. Gutteridge, Role of free radicals and catalytic
metal ions in human disease: an over view, Methods Enzymol. 186
(1990) 1-85.

[32] J. Dat, S. Vandenabeele, E. Vranova, M. Van Montagu, D. Inze,
F. Van Breusegem, Dual action of the active oxygen species during
plant stress responses, Cell. Mol. Life Sci. 57 (2000) 779-795.

[33] B. Ezaki, R.C. Gardner, Y. Ezaki, H. Matsumoto, Expression of
aluminum-induced genes in transgenic arabidopsis plants can
ameliorate aluminum stress and/or oxidative stress,, Plant Physiol.
122 (2000) 657—665.

[34] R.J. Bennet, C.M. Breen, The aluminium signal: new dimensions
to mechanism of aluminium tolerance, Plant Soil 149 (1991) 87—
94.

[35] Z. Rengel, Disturbance of cell syndrome Ca>* homeostasis as a
primary trigger of Al toxicity, Plant Cell Environ. 15 (1992) 931-
938.

[36] Z. Rengel, Role of calcium in aluminium toxicity, New Phytol.
121 (1992) 499-513.

[37] Q. Ma, Z. Rengel, J. Kuo, Aluminium toxicity in rye (Secale
cereale): root growth and dynamics of cytoplasmic Ca’>" in intact
root tips, Annal. Botan. (London) 89 (2002) 241-244.

[38] W.H. Zhang, Z. Rengel, Aluminium induces an increase in
cytoplasmic calcium in intact wheat root apical cells, Austral. J.
Plant Physiol. 26 (1999) 401-409.

[39] J.W. Huang, D.L. Grunes, L.V. Kochian, Aluminum effects on
the kinetics of calcium uptake into cells of the wheat root apex.
Quantification of calcium fluxes using a calcium-sensitive vibrat-
ing microelectrode, Planta 188 (1992) 414-421.

[40] J.W. Huang, D.L. Grunes, L.V. Kochian, Aluminum effects on
calcium (Ca) translocation in aluminum-tolerant and aluminum-
sensitive wheat (Triticum aestivum L.) cultivars. Differential
responses of the root apex versus mature root regions, Plant
Physiol. 102 (1993) 85-93.

[41] J.W. Huang, J.E. Shaff, D.L. Grunes, L.V. Kochian, Aluminum
effects on calcium fluxes at the root apex of aluminum-sensitive
wheat cultivars, Plant Physiol. 98 (1992) 230-237.

[42] K.D. Richards, E.J. Schott, Y.K. Sharma, K.R. Davis, R.C.
Gardner, Aluminum induces oxidative stress genes in Arabidopsis
thaliana, Plant Physiol. 116 (1998) 409-418.

[43] D.L. Jones, S. Gilroy, P.B. Larsen, S.H. Howell, L.V. Kochian,
Effect of aluminum on cytoplasmic Ca?* homeostasis in root hairs
of Arabidopsis thaliana (L.), Planta 206 (1998) 378-387.

[44] Y. Yamamoto, A. Hachiya, H. Matsumoto, Oxidative damage to
membranes by a combination of aluminum and iron in suspen-
sion-cultured tobacco cells, Plant Cell Physiol. 38 (1997) 1333-
1339.

[45] B.D. Lewis, E.P. Spalding, Nonselective block by La** of
Arabidopsis ion channels involved in signal transduction,
J. Membr. Biol. 162 (1998) 81-90.

[46] C.D. Rock, R.S. Quatrano, Lanthanide ions are agonists of
transient gene expression in rice protoplasts and act synergy with
ABA to increase Em gene expression, Plant Cell Rep. 15 (1996)
371-376.



42 T. Kawano et al. | Biochemical and Biophysical Research Communications 308 (2003) 3542

[47] D. Hagenbeek, R.S. Quatrano, C.D. Rock, Trivalent ions activate
abscisic acid-inducible promoters through an A4BII-dependent
pathway in rice protoplasts, Plant Physiol. 123 (2000) 1556—
1560.

[48] P.J. Hughes, S.R. Pennington, Aluminum stimulated c-fos gene
expression in Swiss 3T3 fibroblasts, Biochem. Soc. Trans. 21
(1993) 368S.

[49] M. Jiang, J. Zhang, Involvement of plasma seedlings-membrane
NADPH oxidase in abscisic acid- and water stress-induced antiox-
idant defense in leaves of maize, Planta 215 (2002) 1022-1030.

[50] Z.M. Pei, Y. Murata, G. Benning, S. Thomine, B. Klusener, G.J.
Allen, E. Grill, J.I. Schroeder, Calcium channels activated by
hydrogen peroxidase mediate abscisic acid signalling in guard
cells, Nature 406 (2000) 731-734.

[511 Y. Murata, Z.M. Pei, I.C. Mori, J. Schroeder, Abscisic acid
activation of plasma membrane Ca®" channels in guard cells

[52]

(53]

[54]

requires cytosolic NAD(P)H and is differentially disrupted
upstream and downstream of reactive oxygen species production
in abil-1 and abi2-1 protein phosphatase 2C mutants, Plant
Cell 13 (2001) 2513-2523.

M. Kasai, M. Sasaki, Y. Yamamoto, H. Matsumoto, Aluminium
stress increases K efflux and activities of ATP- and PP-dependent
H pumps of tonoplast-enriched membrane vesicles from barley
roots, Plant Cell Physiol. 33 (1992) 1035-1039.

W. Gassmann, J.I. Schroeder, Inward-rectifying K channels in
root hairs of wheat. A mechanism for aluminum-sensitive low-
affinity K uptake and membrane potential control, Plant Physiol.
105 (1994) 1399-1408.

M. Kasai, M. Sasaki, S. Takamaru, Y. Yamamoto, H. Matsum-
oto, Possible involvement of abscisic acid in increases in activities
of two vacuolar H-pumps in barley roots under aluminum stress,
Plant Cell Physiol. 34 (1993) 1335-1338.



	Aluminum-induced distortion in calcium signaling involving oxidative bursts and channel regulation in tobacco BY-2 cells
	Experimental procedures
	Results and discussion
	Induction of O2&z_rad;- generation in tobacco cell suspension by Al treatment
	Effects of ROS scavengers and an inhibitor of NADPH oxidase
	Induction of a transient increase in [Ca2+]c
	Evidence in support of O2&z_rad;--dependent Ca2+ influx
	Lowered Ca2+ influx potency in the presence of Al
	Role of ROS in Al toxicity
	[Ca2+]c distortion and Al toxicity
	Proposed mechanism
	Perspectives-similarity to abscisic acid signaling mechanism

	Acknowledgements
	References


