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Al toxicity in cultured tobacco cells (Nicotiana tabacum L. cv
Samsun; nonchlorophyllic cell line SL) has been investigated in
nutrient medium. In this system, Al and Fe(ll) (ferrous ion) in the
medium synergistically result in the accumulation of both Al and Fe,
the peroxidation of lipids, and eventually death in cells at the
logarithmic phase of growth (+P cells). A lipophilic antioxidant,
N,N'-diphenyl-p-phenylenediamine, protected +P cells from the
peroxidation of lipids and from cell death, suggesting that a rela-
tionship exists between the two. Compared with +P cells, cells that
had been starved of Pi (—P cells) were more tolerant to Al, accu-
mulated 30 to 40% less Al and 70 to 90% less Fe, and did not show
any evidence of the peroxidation of lipids during Al treatment.
These results suggest that —P cells exhibit Al tolerance because
their plasma membranes are protected from the peroxidation of
lipids caused by the combination of Al and Fe(ll). It seems likely that
the exclusion of Fe from —P cells might suppress directly Fe-
mediated peroxidation of lipids. Furthermore, since —P cells accu-
mulated B-carotene, it is proposed that this carotenoid pigment
might function as a radical-trapping antioxidant in the plasma mem-
brane of cells starved of Pi.

Al is a major component of soils, and free Al ions solu-
bilized at pH values of 5.0 and below are a major growth-
limiting factor. Al inhibits root growth within 1 to 2 h of the
start of exposure, and also interferes with the uptake of
several elements and water from root apices. Although
many different mechanisms of Al toxicity have been hy-
pothesized, they have not yet been fully characterized (for
reviews, see Foy, 1974; Foy et al., 1978; Haug, 1984; Taylor,
1988; Rengel, 1992; Kochian, 1995).

The primary site of Al accumulation and toxicity in the
plant is reported to be the root meristem, which consists of
actively dividing cells (Rincén and Gonzales, 1992; Ryan et
al., 1993). At the cellular level, Al is mainly localized in the
cell wall, although some is found in the nucleus. Although
the ultimate target that mediates Al toxicity has not yet
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been identified, an increase in the rigidity of the actin
network (Grabski and Schindler, 1995) and the inhibition of
phospholipase C (Jones and Kochian, 1995) have been pro-
posed as possible intracellular Al target sites that may be
involved in root growth (for reviews, see Rengel, 1992;
Delhaize and Ryan, 1995; Kochian, 1995).

We have previously investigated the responses of to-
bacco (Nicotiana tabacum L.) suspension culture cells
(Yamamoto et al., 1994; Ono et al., 1995) to Al. The sensi-
tivity of tobacco cells to Al changes depending on the
phase of growth. Cells at the logarithmic phase are sensi-
tive to Al, whereas cells at the stationary phase are resistant
to it. Logarithmic-phase cells start to accumulate Al after
about 10 h of exposure, and there is a good correlation
between the extent of growth inhibition by Al and the
amount of Al accumulated in the cells. However, since the
stationary-phase cells do not take up Al, it appears that
accumulation of Al, such as that which occurs in actively
growing cells (Yamamoto et al., 1994), is a prerequisite for
Al toxicity. Although we have not determined the cellular
sites to which Al binds, the localization of Al in tobacco
cells has been estimated by staining with hematoxylin,
which indicated the presence of Al over the entire cell
surface and in the nucleus. Because Al that has accumu-
lated in cells is not released by chelators (EDTA and ci-
trate), but is instead retained in cells after digestion of the
cell walls by protoplasting enzymes, it seems likely that Al
is either absorbed by the cell or is tightly bound to the
plasma membrane or some minor part of the cell wall that
remains after digestion (Yamamoto et al., 1994).

It has been reported that the peroxidation of lipids is
caused by Al in the presence of Fe(Il). In liposomes pre-
pared with phospholipids from bovine brain, Gutteridge et
al. (1985) observed that Al did not stimulate the peroxida-
tion of lipids, but greatly accelerated the peroxidation in-
duced by Fe(II) at low pH. Therefore, they suggested that
Al ions cause an alteration in membrane structure that
facilitates lipid peroxidation.

Abbreviations: DPPD, N,N’diphenyl-p-phenylenediamine;
FDA, fluorescein diacetate; ferrozine, 3-(2-pyridy1)-5,6~diphenyl-
1,2,4-triazine-P,P’-disulfonic acid; Fe(Il), ferrous ion; Fe(Il), ferric
ion; MDA, malondialdehyde; MS, Murashige and Skoog; PCV,
pyrocatechol violet; TBA, thiobarbituric acid.
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In root tips of soybean (Glycine max), it has been reported
that peroxidation of lipids is induced after treatment with
Al at concentrations that inhibit root elongation substan-
tially (Cakmak and Horst, 1991: Horst et al., 1992). Soybean
seedlings were treated with Al in nutrient solution, which
enhanced the peroxidation of lipids caused by Fe(Il). How-
ever, it has not been determined whether the Al-induced
lipid peroxidation is a cause or an effect of cell death.

In cultured tobacco cells treated with Al in nutrient
medium, we found that Al and Fe(Il) act synergistically to
reduce the viability of cells. Furthermore, cells treated with
both Al and Fe(II) exhibit several responses indicative of
the perturbation of the plasma membrane: a loss of potas-
sium, a loss of plasmolyzing ability, a decrease in the extent
of staining with FDA, and an increase in the extent of lipid
peroxidation. Cells treated with either Al or Fe(II) alone do
not exhibit any of these responses. On the basis of these
results, we suggest that the peroxidation of lipids caused
by Al in the presence of Fe alters the permeability of the
plasma membrane and leads to cell death (Ono et al., 1995).

In this report we will show that the peroxidation of lipid
induced by Al and Fe(II) is a cause of cell death in cultured
tobacco cells, and that tobacco cells become tolerant to Al if
they are deprived of Pi. The possible mechanism of Al
tolerance exhibited by Pi-starved cells may involve a sys-
tem that protects the plasma membrane from oxidative
stress caused by the combination of Al and Fe.

MATERIALS AND METHODS
Strain, Media, and Culture Conditions

The nonchlorophyllic tobacco cell line SL (Nicotiana taba-
cum L. cv Samsun) (Nakamura et al., 1988; Nagai et al,,
1989) was generously provided by Dr. C. Nakamura of
Kobe University, Japan. Cells were grown in a modified
version of MS medium (pH 5.8) that contained MS salts
(macronutrients, 18.8 mm KNO,, 20.6 mMm NH/NO,, 1.25
mm KH,PO,, 3.0 mm CaCl,, 1.5 mm MgSO,; and micronu-
trients, 100 um FeSO, with 100 um Na,-EDTA, 5 um KI, 100
uM H;BO;, 92 uM MnSOy,, 30 uMm ZnSO,, 1 uM Na,MoO,,
0.1 uMm CuSOy, 0.1 um CoCl,), B5 vitamins (550 uM inositol,
30 umM thiamin-HCl, 5 uM pyridoxine-HCl, 6 um nicotinic
acid), Suc (3%), and 2,4-D (1.5 uM) on a rotary shaker
operated at 100 rpm at 25°C in the darkness, as described
previously (Yamamoto et al., 1994). Cells were serially
subcultured at 7-d intervals at a dilution of 1:15 (7-d sub-
culture). During the subculture, cells exhibited a logarith-
mic phase of growth from d 2 to 5 and reached the station-
ary phase on d 7. For Pi starvation, cells at the logarithmic
phase on d 4 of the 7-d subculture were washed twice with
Pi-free, modified MS medium (pH 5.8), resuspended in the
same medium at a cell density of approximately 200 mg
fresh weight/10 mL, and cultured for various numbers of
days. Because both Pi and EDTA reduce the toxicity of Al
(Yamamoto et al., 1995), Pi-EDTA-FeSO,-free modified MS
medium (medium A, pH 5.0) was used for washing cells
before and after Al treatment, and Pi-EDTA-free modified
MS medium (medium B, pH 4.0) was used for the Al
treatment. For the preparation of medium B, a freshly
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prepared, filter-sterilized, 10 mm solution of FeSO, was
added to medium A to give a final concentration of 100 um
FeSO, just before use.

Fe(Il), one of the components of medium B present at 100
puM FeSO,, acts synergistically with Al to cause the peroxi-
dation of lipids and the loss of cell viability (Ono et al,,
1995). Fe(Ill) (100 pm Fe[II]-EDTA) also stimulates the
toxic effects of Al (Y. Yamamoto, A. Hachiya, and H. Mat-
sumoto, unpublished data). However, Fe(Ill) needs a che-
lator such as EDTA to dissolve in water, and since EDTA
also chelates Al, treatment with Al and Fe(III)-EDTA is not
advisable. Therefore, we used Fe(ll) instead of Fe(Ill) to
investigate the interactive effect of Fe on Al cytotoxicity.

Quantitation of Monomeric Al in Solution

The amount of Al in the monomeric form in medium B
was measured by the colorimetric method using PCV, as
described by Menzies et al. (1992), with modifications to
allow the reaction with Al (up to 200 um) to occur in a
linear range. A standard solution of Al (1000 parts per
million, Ishizu Seiyaku, Osaka, Japan) was diluted in either
medium B or 1.0 mm HCI (as a standard) to a final concen-
tration of 0 to 200 pum. Then, 0.5 mL of each sample was
added to 0.1 mL of the Fe interference reagent. After reac-
tion for 1 min, 0.2 mL of the PCV reagent and 4 mL of 0.25
M imidazole buffer (pH 5.6) were added. After 20 min, the
Agyg was determined.

Treatment with Al

Cells were treated with Al and viability was determined
as described previously (Yamamoto et al., 1994). For Al
treatment, a solution of 10 mm AlCl; was prepared just
before use and sterilized by passage through a 0.2-um
filter. Cells were washed three times with medium A and
then treated with various concentrations of AlCl, in me-
dium B at a cell density of 100 mg fresh weight/10 mL for
various times on a rotary shaker operated at 100 rpm at
25°C. After the treatment, cells (from 10-mL aliquots of the
culture, corresponding to 100 mg fresh weight at the start
of the treatment) were harvested and washed twice with
medium A. The cells were analyzed to determine viability,
the amount of Al and Fe, or the ability to reduce Fe(III) to
Fe(Il), as described below. For the determination of viabil-
ity, cells from 10-mL aliquots of the treatment cultures
were cultivated in 30 mL of modified MS medium (pH 5.8)
for 7 to 9 d (posttreatment culture). After the posttreatment
culture, the cells were harvested by vacuum filtration on
filter paper and their fresh weight was determined. Viabil-
ity of Al-treated cells was estimated from their growth
relative to that of untreated control cells as follows: viabil-
ity = (B/A) X 100 (A, fresh weight of untreated control
cells; B, fresh weight of Al-treated cells). In another exper-
iment, cells were treated with Al in the presence of DPPD,
a lipophilic antioxidant, which was dissolved in DMSO and
added to medium B at a concentration of 20 uMm at the start
of the treatment. The concentration of DMSO in the me-
dium was 0.1% or less, which apparently had no effect on
cell growth or on sensitivity to Al (data not shown).
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Quantitation of Al, Fe, and Pi in Cells

Ten-milliliter aliquots of the cultures treated with or
without Al were centrifuged at 500¢ for 5 min. The super-
natant was collected for the direct determination of the
amount of Al, and the pelleted cells were washed twice
with medium A and then digested in the acid mixture
described previously (Yamamoto et al.,, 1994). Concentra-
tions of Al and Fe in the supernatant and the digested
sample were determined by a simultaneous multi-element
atomic absorption spectrophotometer with a graphite fur-
nace atomizer (model Z-9000, Hitachi, Tokyo, Japan). For
the quantitation of Al or Fe that had accumulated in cells
during Al treatment, the amounts just before treatment
were subtracted from the amounts in the cells after Al
treatment. The level of P in 100 mg fresh weight of cells was
determined as described elsewhere (Fiske and Subbarow,
1925) after digestion in the acid mixture described previ-
ously (Yamamoto et al., 1994).

Quantitation of Organic Acids in the Medium

The levels of malic and citric acid in the medium were
determined by enzymic methods described previously
(Dagley, 1974; Gutmann and Wahlefeld, 1974; Delhaize et
al., 1993) but with minor modifications. The medium was
evaporated at 50°C under a vacuum and the residue was
resuspended in one-tenth volume of distilled water.

Assessment of Lipid Peroxidation

The peroxidation of lipids in cells was assessed by the
TBA test, in which MDA is quantitated as an end product,
as described previously (Ono et al., 1995). Cells from 10-mL
aliquots of a culture that had been treated with or without
Al, as described above, were washed twice with medium A
without Suc and then suspended in 0.1% TCA (final con-
centration; final volume, 1 mL) and disrupted with a son-
icator. Then, 0.5 mL of the sonicate was added to 3 mL of
1% HyPO, and 1 mL of a 0.6% aqueous solution of TBA.
The mixture was heated for 45 min, and then 4 mL of
n-butanol was added with vigorous mixing. The A, of the
MDA-TBA complex in the butanol phase was determined.
The value for nonspecific Az, was subtracted and the
amount of MDA was calculated.

To determine if lipid peroxidation was a cause or an
effect of cell death, we added DPPD, an effective inhibitor
of the peroxidation of membrane lipids (Chen et al., 1990),
to a cell suspension during treatment with Al, and exam-
ined the effect on cell viability.

Reduction of Fe(lll) to Fe(ll) by Cells

The reducing capacity of cells was determined as de-
scribed by Horst et al. (1992) with a minor modification.
Cells (200 mg fresh weight) were suspended in 10 mL of
medium A that contained 100 uM FeCl;-EDTA and 300 um
ferrozine. After aeration for 1 h, the formation of the Fe(II)-
ferrozine complex was monitored at 562 nm (molar extinc-
tion coefficient = 27,900).

Analysis of Carotenoids

The carotenoids in cells were examined as described
previously (Masamoto et al., 1993). The pigments were
extracted from cells (500 mg fresh weight) twice with 90%
acetone (5 mL) under dim light at room temperature. The
pooled extracts were centrifuged for 3 min at 4000g and the
resulting supernatant was filtered. The extracted pigments
were separated by reverse-phase HPLC. The samples were
loaded on a C,g column (LiChrosphere 100RP-18, 250 X 4
mm, Cica-MERK, Kanto Chemical Co., Tokyo, Japan) and
the column eluted at a flow rate of 1.0 mL/min at 25°C. The
mobile phase was 100% methanol for the first 5 min, and
was then changed at a constant rate to 99.5% ethanol
during the next 5 min. Finally, the column was eluted with
99.5% ethanol for 10 min. The eluate was monitored at 450
nm. Each peak after HPLC was identified by both its re-
tention time and its absorption spectrum, and compounds
were quantified by reference to authentic pigments and
from comparisons with published values, as described pre-
viously (Masamoto et al., 1993). For the unidentified caro-
tenoids eluted before and after B-carotene (see Fig. 6B,
peaks 5 and 7), the calibration coefficients of violaxanthin
and B-carotene, respectively, were used tentatively because
of the similarity of their absorption spectra. The flavonoid
content of cells was measured after extraction of the sam-
ples by a previously reported method (Yoshitama et al.,
1992).

RESULTS
Estimation of the Viability of Al-Treated Tobacco Cells

The colorimetric determination with PCV indicated that
more than 90% of the Al added to medium B (up to 200 um)
was present in monomeric form (Table I). During the Al
treatment in medium B, the number of the cells in both
control and Al-treated cultures did not change significantly
(Yamamoto et al., 1994). After the Al treatment, when the
cells were resuspended in nutrient solution and cultured,
the growth of the treated cells was significantly retarded,
depending on the Al concentration used for the treatment
(Fig. 1) (Yamamoto et al., 1994). Loss of viability of Al-
treated cells occurred before the posttreatment culture.

Table 1. Aluminum present in monomeric form in medium B (pH 4.0)

Solutions of Al at various concentrations (up to 200 um) were
prepared in either medium B (pH 4.0) or 1.0 mm HCl (as a standard).
The levels of soluble forms of Al in these solutions were then com-
pared by the PCV colorimetric method; A;, of the complex formed
between PCV and Al was determined as described in “Materials and
Methods.” Data show the means = st of results from three indepen-
dent experiments.

Concentration of Al Monomeric Al

Added in Medium in Medium
M UM
50 49.0 = 0.10
100 98.3 = 0.01
150 138.9 £ 2.20
200 182.5 = 1.00
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Figure 1. Growth of +P cells and —P cells after treatment with Al.
+P cells and —P cells (6-d starvation) were treated without AICl; in
medium B (pH 4.0) as a control treatment or with AICI; (120 uMm) in
medium B (pH 4.0) for 18 h at a cell density of 100 mg fresh
weight/10 mL as described in “Materials and Methods.” After the Al
treatment, the cells (from 10-mL aliquots) were washed and then
cultured in 30 mL of growth medium without Al for up to 13 d. At the
indicated times during the posttreatment culture, fresh weights of
cells in 5-mL aliquots were determined. All of the data show the
means * st of results from four samples from two independent
experiments. @ (solid line), control +P cells; @ (broken line), Al-
treated +P cells; A (solid line), control —P cells; A (broken line),
Al-treated —P cells.

This was confirmed by observing the reduction in vital
staining with FDA and in the plasmolysis of Al-treated
cells in 1 M mannitol (Ono et al.,, 1995). Cell mortality is
often measured by a staining procedure using e.g. Evans
blue (Levine et al., 1994); however, this procedure was not
appropriate for a quantitative estimation of viability of the
tobacco cell line used in this report, since even living cells
were stained rather quickly and substantially (data not
shown).

The Peroxidation of Lipids by Al and Fe(ll) Is a Cause of
Cell Death

Since the lipophilic antioxidant DPPD was very effective
in preventing both the peroxidation of lipids and cell death
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(Table II), we concluded that the peroxidation of lipids is a
cause of cell death.

Tolerance to Al Exhibited by —P Cells

During culture in the Pi-starved medium, the growth
rate of the cells was repressed gradually (Fig. 2A) and the
content of Pi in the cells decreased in parallel (Fig. 2B).

After the control treatment, the ~P cells grew at the same
rate as the +P cells in growth medium. However, the
increase in the fresh weight of the —P cells was delayed by
about 1 d compared with that of the +P cells, indicating
that —P cells started to grow normally once sufficient Pi
was supplied. After treatment with Al, the —P cells grew at
a higher rate than the Al-treated +P cells. Viability esti-
mated after posttreatment culture for 9 d was 69% for the
—P cells and 3% for the +P cells (Fig. 1).

The viability of cells after treatment with Al (100 um
AICl; for 18 h) increased almost linearly with increases in
the duration of the Pi starvation, reaching a maximum
value of 76% on d 4 (Fig. 2C). The Pi content of the —P cells
that had been starved for 4 d was 56% of that of the +P
cells (Fig. 2B). These results indicate that +P cells acquired
maximum tolerance to Al when they had lost nearly half of
the total cell content of Pi.

Figure 3 shows the viability of +P cells and —P cells (6-d
starvation) after exposure to various concentrations of Al
for 18 h. At 150 um AICL;, +P cells almost completely lost
their viability, whereas 43% of the —P cells remained via-
ble. These results indicate that ~P cells were more tolerant
to Al than +P cells.

Decrease in the Accumulation of Both Al and
Fe in —P Cells

+P cells accumulated 961 nmol Al/100 mg fresh weight,
which corresponds to almost all of the Al added to the
medium. Compared with the +P cells, all of the —P cells,
which had been starved of Pi for 2 to 10 d, accumulated
only 55 to 74% of the Al accumulated in the +P cells
(Fig. 2D).

The endogenous levels of Fe did not change significantly
during the starvation of Pi (data not shown). Figure 2D
shows the amount of Fe accumulated during the treatment
with Al +P cells accumulated 152 nmol Fe/100 mg fresh
weight, whereas the —P cells accumulated only 10 to 30%
of that amount. The amount of Fe accumulated in the +P
and —P cells was inversely correlated with the degree of
tolerance to Al exhibited by the cells (Fig. 2, C and D).

Table 1I. Effects of DPPD on the peroxidation of lipids and the loss of viability caused by Al and Fe(ll) in tobacco cells

+P cells were treated with or without 200 um AICI5 in medium B (pH 4.0) in the presence or absence of 20 um DPPD at a cell density of 100
mg fresh wt/10 mL for 18 h. The cells (from 10-mL aliquots) were harvested for determinations of the peroxidation product (MDA) and of viability,
as described in “Materials and Methods.” Data show the means * st of results from three samples from three independent experiments.

-DPPD +DPPD
—Al +Al —Al +Al
Lipid peroxidation (nmol MDA 0.12 = 0.08 3.36 £ 1.13 0.09 = 0.06 0.03 = 0.03
100 mg™" fresh wt)
Viability (% of control) 100 3+x2 100 108 £ 3
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Figure 2. Changes in the amount of P and in the responses to Al (the sensitivity to Al, the accumulation of Al, and the accumulation of Fe) in
cells during Pi starvation. +P cells were cultured in Pi-free modified MS medium for up to 10 d. At the indicated times, the growth (fresh weight
of cells in 5 mL of culture) and the amount of P in the cells were monitored. The cells then were treated without (control) or with AICI; (100 um)
in medium B (pH 4.0) for 18 h at a cell density of 100 mg fresh weight/10 mL. The cells (from 10-mL aliquots) were harvested for determinations
of viability and the amounts of Al and Fe accumulated during the treatment with Al, as described in “Materials and Methods.” All data show the
means = st of the results from three independent experiments. A, Growth of cells in Pi-free medium; B, the amount of P in cells; C, Al sensitivity;

and D, the accumulation of Al and Fe in cells during Al treatment.

Time Courses of the Accumulation of Al and Fe and the
Loss of Cell Viability

We previously reported that there is a delay of about
10 h between the addition of Al to a suspension of cells
and the start of the uptake of Al (Yamamoto et al., 1994).
Figure 4 confirms this and indicates more clearly that
most of the Al added to a suspension of +P cells re-
mained in the medium for 8 h and then started to accu-
mulate in the cells. Fe ions added to a cell suspension
also remained in the medium before accumulating in the
cells (data not shown).

In +P cells, Al began to accumulate 10 h after the start of
exposure, reaching a maximum level of 804 nmol/cells in a
10-mL culture at 18 h; the level then decreased gradually
until 44 h. The amount of Fe in the +P cells began to
increase at 12 h, increasing gradually until it reached a
maximum value of 722 nmol/cells in 10 mL of culture at

44 h. Thus, the +P cells had accumulated most of the Fe
added to the medium during the 44-h exposure. The via-
bility of the +P cells did not change until 10 h, but then it
rapidly decreased at 12 h, reaching a minimum value of
24% at 18 h (Fig. 5C). When the +P cells were treated under
the same conditions but without Al, Fe did not accumulate
in the cells (Fig. 5A) and the viability of the cells was not
affected by 100 pum FeSO, alone (Ono et al., 1995).

Al and Fe began to accumulate in —P cells at almost
the same time as they did in +P cells, but increased more
slowly and less extensively. At 24 h of exposure, the
content of Al in the ~P cells reached a maximum value
of 399 nmol/cells in 10 mL of culture, 55% of that in the
+P cells. The content of Fe in the —P cells reached a
maximum value of 227 nmol/ cells in 10 mL of culture at
44 h (Fig. 5B). Thus, the accumulation of both Al and Fe
was repressed in the —P cells. The viability of the —P
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Figure 3. The viability of +P cells and —P cells after treatment with
Al. 4P cells and —P cells (6-d starvation) were treated with various
concentrations of AICI; in medium B (pH 4.0) for 18 h. After the 7-d
posttreatment culture, the viability of the cells was determined as
described in “Materials and Methods.” All data show the means = st
of results from four samples from two independent experiments. @,
+P cells; A, —P cells.

cells decreased at 18 h, and reached a minimum value of
69% at 24 h (Fig. 5C).

A rapid accumulation of Al in both +P and —P cells was
the first event observed approximately 10 h after the addi-
tion of Al to a cell suspension. It was followed by the
accumulation of Fe and a loss of cell viability that occurred
almost simultaneously. We found that the kinetic pattern of
loss of viability was negatively correlated with that of the

1500(1)
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Figure 4. The amount of Al in the treatment medium and in cells
during exposure of +P cells to Al. +P cells were treated with AICI;
(150 uMm) in medium B (pH 4.0) at a cell density of 100 mg fresh
weight/10 mL for 24 h. At the indicated times, 10-mL aliquots were
withdrawn and centrifuged. The amount of Al in the supernatant (O)
and in the cells (@) was determined as described in “Materials and
Methods.” All data show the means = sk of results from four samples
from two independent experiments.
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Figure 5. Time course of the responses to Al (the accumulation of Al,
the accumulation of Fe, and the loss of viability) of +P cells and —P
cells during treatment with Al. +P cells and —P cells (6-d starvation)
were treated without (control) or with AICl; (100 um) in medium B
(pH 4.0) at a cell density of 100 mg fresh weight/10 mL for 44 h. At
the indicated times, the cells (from 10-mL aliquots) were harvested
for determinations of the amounts of Al and Fe accumulated during
the treatment, as well as for viability, as described in “Materials and
Methods.” All data show the means = sk of results from three samples
from two independent experiments. A, The accumulation of Al (@)
and Fe (O) in +P cells during treatment with (solid line) or without
(broken line) Al; B, the same as A, but in —P cells; C, the viability of
+P cells (@) and —P cells (A) after the treatment with Al, or without
Al, which corresponds to 100% viability at each time, shown with
open symbols.
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accumulation of Al, but not with that of the accumulation
of Fe in either +P or —P cells. This suggests that the
amount of Al that accumulates in cells is the major deter-
minant of the extent of cell death, whereas the accumula-
tion of only a small amount of Fe is sufficient to cause cell
death. The exclusion of both Al and Fe, particularly Fe,
from —P cells might be responsible for the tolerance to Al
demonstrated in this study.

—P Cells do not Excrete Malic and Citric
Acids Significantly

The lower rate of Al accumulation in —P cells compared
with +P cells might have been caused by the enhancement of
organic acid (e.g. malic and citric acid) excretion, which could
act to prevent the accumulation of Al in —P cells. However,
both +P cells and ~P cells (6-d starvation) excreted only a
small amount of these organic acids at almost the same rates
during treatment with or without Al (Table III).

Lipid Peroxidation Products Are Not Detected in —~P
Cells after Al Treatment

TBA-reactive products (MDA) in the cells were quanti-
tated. The +P cells treated with Al generated 27-fold more
MDA than did the same cells treated without Al, whereas
the —P cells treated with Al did not generate MDA to any
significant extent (Table IV), an indication that the peroxi-
dation of lipids did not occur in —P cells during the treat-
ment with AL

—P Cells Retain Reducing Capacity for Conversion of
Fe(11l) to Fe(ll) during Al Treatment

Treatment with 120 um AICl; for 18 h decreased the
reducing capacity of the +P cells to 23% of that of the same
cells treated without Al, whereas the —P cells retained
100% of the reducing capacity exhibited by the same cells
treated without Al (Table IV). This was an indication that
the plasma membrane of —P cells was still functional,
whereas the membrane of +P cells was dysfunctional,
likely due to the extensive peroxidation of lipids during Al
treatment (as described above).

Table 111. Amounts of malic acid and citric acid released from +P
cells and — P cells during treatment with Al

+P cells and —P cells (6-d starvation) were treated with or without
120 pm AICl; in medium B (pH 4.0) at a cell density of 100 mg fresh
wt/10 mL for 18 h. Ten-milliliter aliquots were withdrawn and cen-
trifuged to obtain the supernatants. The amounts of malic acid and
citric acid in the supernatants were determined as described in
“Materials and Methods.” Data show the means * st of results from
four samples from two independent experiments.

Organic Acid

+P cells —P cells
Released
(nmol 100
mg=" fresh wt) —Al +Al —Al +Al
Malic acid 263 = 11 215 *= 24 205 7 213 £ 17
Citric acid 113 £ 6 144 £ 19 144 + 6 163 £ 6

Accumulation of Carotenoids during Pi Starvation

HPLC profiles of the carotenoid pigments extracted from
+P cells revealed the presence of neoxanthin (peak 1),
violaxanthin (peak 2), antheraxanthin (peak 3), zeaxanthin
(peak 4), and B-carotene (peak 6) (Fig. 6A). —P cells (6-d
starvation) exhibited increases in the amount of these com-
ponents, particularly neoxanthin and B-carotene (Fig. 6B).
Peaks 5 and 7, eluted before and after B-carotene, also
increased in area after Pi starvation. They were assumed to
represent p-carotene-epoxide and cis-B-carotene, respec-
tively, in view of their retention times and absorption
spectra (data not shown). Neither a-carotene nor lutein
was detected in +P or —P cells.

Table V shows the amount of each carotenoid (pmol/mg
fresh weight) in +P cells and in —P cells. The amount of
B-carotene in the —P cells was 13-fold higher than that in the
+P cells. Amounts of neoxanthin, violaxanthin, and the uni-
dentified components (peaks 5 and 7 in Fig. 6) were also
increased significantly by Pi starvation. Cells cultured with Pi
for 6 d reached late logarithmic phase to stationary phase at a
cell density of 983 = 40 mg fresh weight/5-mL culture
(mean * sE, n = 3). From the late logarithmic phase to the
stationary phase, the amounts of all of the carotenoid com-
ponents in the cells were significantly lower than those in the
+P cells. Compared with the +P cells, the amount of total
carotenoid was 3.4-fold higher in the —P cells, and only 0.6 as
much in the cells at stationary phase. These results indicate
that the increase in carotenoid components, in particular
B-carotene, in —P cells was caused specifically by the starva-
tion of Pi and not by general starvation of nutrients.

Flavonoids were not detected at significant levels in
either +P cells or in cells starved of Pi for up to 10 d (data
not shown).

DISCUSSION

The sensitivity of cultured tobacco cells to Al changes
depending on which solutions are used during Al treat-
ment (e.g. nutrient medium, CaCl, solution) (see below).
We studied Al toxicity in nutrient medium instead of CaCl,
solution because the physiological condition of cells cul-
tured in nutrient medium can change greatly in CaCl,
solution. Furthermore, it is to be expected that plants will
be exposed to Al in the presence of Fe and other mineral
nutrients in acid soils, so it is interesting to examine the
mechanism(s) of Al toxicity in nutrient medium.

Al and Fe(ll) Synergistically Cause Oxygen Stress in
Tobacco Cells in Nutrient Medium

In nutrient medium, Al or Fe(Il) alone is not toxic to
tobacco cells, but Al and Fe(II) synergistically cause a loss
of cell viability (Ono et al., 1995). The combination of these
two ions causes the accumulation of Al, the accumulation
of Fe, the peroxidation of lipids, a decrease in the amount
of potassium in cells, a decrease in the number of cells that
can be plasmolyzed in 1 M mannitol, and a decrease in the
number of cells that can be stained with FDA. These results
strongly suggest that Al causes dysfunction of the plasma
membrane in the presence of Fe(Il) and that cell death
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Table IV. Effects of Al on the peroxidation of lipids and on the capacity to reduce from Fe(lll) to Fe(ll) in +P cells and —P cells

+P cells and —P cells (6-d starvation) were treated with or without 120 um AICl; in medium B (pH 4.0) at a cell density of 100 mg fresh wt/10
mL for 18 h. They were then assessed for the peroxidation product (MDA) and the capacity to reduce Fe(lll} to Fe(ll), as described in “Materials
and Methods.” Data show the means * st of results from four samples from two independent experiments.

+P cells —P cells
—Al +Al —Al +Al
Lipid peroxidation (nmol MDA 0.10 = 0.05 2.67 * 0.81° 0.05 £ 0.03 0.05 £ 0.03
100 mg™" fresh wt)
Reducing capacity from Fe(lll) to 0.135 * 0.009 0.031 % 0.005° 0.134 £ 0.027 0.136 £ 0.015

Fe(ll) (wmol 200 mg™" fresh wt)

2 27-fold value of —Al. b 0.23-fold value of —Al.

occurs due to loss of membrane integrity (Ono et al., 1995).
The autoxidation of lipids mediated by free radicals is
usually (but not always) a deleterious process (for review,
see Niki, 1987). In the cytotoxicity caused by the combina-
tion of Al and Fe in cultured tobacco cells, lipid peroxida-
tion seems to be essential for cell death, because the anti-
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Figure 6. Profiles after HPLC of carotenoid pigments from +P cells
and —P cells. Carotenoid pigments were extracted from +P cells and
—P cells (6-d starvation) as described in “Materials and Methods”
and analyzed by reverse-phase HPLC (LiChrosphere 100RP-18,
250 X 4 mm) at a flow rate of 1.0 mL/min. The mobile phase was
100% methanol for 5 min, which was then changed to 99.5%
ethanol over the next 5 min, and then the column was eluted with
99.5% ethanol for 10 min. The contents of the numbered peaks in A,
+P cells, and B, —P cells, were deduced as follows: 1, neoxanthin;
2, violaxanthin; 3, antheraxanthin; 4, zeaxanthin; 5, unidentified
carotenoids; 6, B-carotene; 7, unidentified carotenoid.

oxidant DPPD, an effective inhibitor of peroxidation of
membrane lipids (Chen et al., 1990), also prevents the loss
of viability (Table II).

The accumulation of Al in cells seems to be a prerequisite
for cell death because it is strongly correlated with the
extent of cell death (Yamamoto et al.,, 1994). Furthermore,
the accumulation of Al is the first event observed after the
addition of Al to cell suspensions, followed by the almost
simultaneous accumulation of Fe and loss of viability
(Fig. 5). The peroxidation of lipids is observed concurrently
with the accumulation of Fe (Y. Yamamoto, A. Hachiya,
and H. Matsumoto, unpublished data).

Kinetic patterns indicate that the accumulation rate of Al
is much faster than that of Fe (Fig. 5), suggesting that the
binding sites or mechanisms of these ions might be differ-
ent. Cells that have lost viability continue to accumulate Fe
(Fig. 5). '

The accumulation of a large amount of Al is necessary for
cell death, whereas only a small amount of Fe is sufficient
(Fig. 5). Transition metals such as Fe(II), Fe(IIl), and copper
play an important role in forming the hydroxy! radical, the
alkoxy radical, and the lipid peroxyl radical at the initiation
and propagation steps of a free-radical chain reaction dur-
ing the oxidation of lipids (for review, see Niki, 1987).
Thus, one possible explanation for the cell death caused by
Al and Fe is that Al binds to the plasma membrane, altering
its structure and rendering it permeable to Fe(II) or Fe(III),
which enter the cell and catalyze the peroxidation of lipids,
eventually causing cell death.

Stass and Horst (1995) reported short-term responses to
Al in cultured soybean (G. max) cells treated with Al in a
solution containing Suc (2%) and CaCl, (500 um) (pH 4.3).
In this system, Al did not initiate or enhance Fe(II)-
promoted lipid peroxidation. This is in agreement with the
response to Al in tobacco cells treated with Al and Fe(II) in
a solution containing Suc (3%) and CaCl, (3 mM) (pH 5.0)
(Y. Yamamoto, unpublished data). Furthermore, in the
CaCl, solution, either Al alone or Fe(II) alone (at a concen-
tration up to 50 um) severely inhibits the growth of tobacco
cells, whereas the synergistic inhibition of the growth by Al
and Fe(l) is not observed (Y. Yamamoto, unpublished
data). Thus, it seems that the enhancement of both the
peroxidation of lipids and cell death by the combination of
Al and Fe(II) occurs in nutrient medium, but not in a CaCl,
solution. The mechanism of this difference is now under
investigation in our laboratory.
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Table V. Amounts of various carotenoids in + P cells and —P cells

+P cells were subcultured with or without Pi for 6 d. The cells subcultured with Pi for 6 d reached late log to stationary phase. The pigments
were extracted from these cells and were analyzed by HPLC as shown in Figure 6. Data show the means * st of results from four independent

experiments.

Carotenoid Content

Pigment

+P cells _P cells +P cells
(log phase) (late log—stationary phase)
pmol mg™ ! fresh wt
Neoxanthin 0.32*0.18 1.31 £ 0.21 4.7 0.21 = 0.05 (0.7)°
Violaxanthin 0.96 = 0.33 2.80 = 0.53 (2.9)° 0.59 + 0.03 (0.6)°
Antheraxanthin 0.55 £ 0.14 0.85 = 0.11 (1.5 0.27 = 0.08 (0.5)°
Zeaxanthin 0.11 = 0.04 0.13 = 0.02 (1.2 0.04 + 0.03 (0.4)°
Unidentified carotenoids 0.18 £ 0.07 0.90 £ 0.18 (5.0)° 0.12 = 0.02 (0.7)®
B-Carotene 0.09 = 0.05 1.19 £ 0.58 (13.2)* 0.04 = 0.01 (0.4)°
Total carotenoid 2.20 £ 0.74 7.42 £1.58 (3.4)° 1.28 = 0.07 (0.6)°

@ Parentheses indicate value of —P/+P.

b parentheses indicate value of +P (stationary)/+P (log).

Pi-Deficient Cells Are Tolerant to Al

After exposure to Al, the viability of —P cells is higher
than that of +P cells (Figs. 1, 2, 3, and 5); —P cells starved
of Pi for 4 d or more acquire maximum tolerance to Al
Cells become resistant to Al toxicity if they can exclude
either Al or Fe or both during Al treatment; —P cells
accumulate 30 to 40% less Al than do +7P cells (Fig. 2D).

Organic acids such as malic acid or citric acid are sup-
posed to chelate Al, thereby excluding it from root apices
(Dethaize et al., 1993; for review, see Delhaize and Ryan,
1995). Furthermore, it has been reported that the exudation
of these organic acids is enhanced in response to Pi star-
vation in whole-plant systems (Lipton et al., 1987; Hoffland
et al., 1989). In carrot (Daucus carota L.) cell systems cul-
tured in a medium that contains Al-phosphate as the sole
source of Pi, cells excrete citric acid in response to Al-
induced P deficiency. Since citric acid chelates Al in Al-
phosphate, it was proposed that the solubilized Pi is uti-
lized for cell growth (Ojima and Ohira, 1983; Koyama et al.,
1990). However, in our system, the organic acids did not
contribute to the exclusion of Al in —P cells because both
+P cells and —P cells excreted the two organic acids at the
same low rates, even during exposure to Al (Table III).

The exclusion of Fe from —P cells during Al treatment
might be a more plausible cause of the cells’ tolerance to Al
than the exclusion of Al, since —P cells accumulate 70 to
90% less Fe than do +P cells and the amount of Fe accu-
mulated in —P cells is negatively correlated with the de-
gree of tolerance to Al (Fig. 2, C and D). Furthermore, in
contrast to +P cells, —P cells do not show any evidence of
the peroxidation of lipids and maintain a functional plasma
membrane during Al treatment (Table IV). Thus, the toler-
ance of —P cells to the cytotoxicity caused by Al and Fe
might be related to some unknown alterations in the struc-
ture and function of the plasma membrane that prevent the
entry of Fe and inhibit the initiation step in the autoxida-
tion of lipids. Conversely, antioxidants accumulated in —P
cells (see below) might suppress the peroxidation of lipids
that has been initiated by the combination of Al and small
amounts of Fe, protecting the plasma membrane from fur-
ther permeation of Fe into cells and, finally, from cell

death. In fact, DPPD prevents not only the peroxidation of
lipids, but also the accumulation of Fe in +P cells during Al
treatment (Y. Yamamoto, A. Hachiya, and H. Matsumoto,
unpublished data).

Protectants Against the Peroxidation of Lipids in —P Cells

Al tolerance and the prevention of lipid peroxidation are
observed in —P cells and in +P cells treated with Al in the
presence of DPPD, suggesting that —P cells might accumu-
late lipophilic antioxidants in the plasma membrane prior
to Al treatment.

B-carotene is a quencher of singlet oxygen and can react
directly with the peroxyl radicals involved in lipid peroxi-
dation (for reviews, see Burton and Ingold, 1984; Krinsky,
1989: Pallett and Young, 1993). Krinsky and Deneke (1982)
demonstrated that B-carotene is an effective inhibitor of
Fe(II)-initiated lipid peroxidation in liposomes made of egg
phosphatidylcholine. During Pi starvation of tobacco cells,
the amount of B-carotene that accumulates in the —P cells
(6-d starvation) is 13-fold higher than that in +P cells
(Table V). Levels of other carotenoid pigments (neoxanthin
and violaxanthin) also increase significantly during the
starvation of Pi. Thus, B-carotene may be the antioxidant
that protects cells from the lipid peroxidation caused by the
combination of Al and Fe.

Flavonoids are also known to act as antioxidants (Taka-
hama, 1985; Takahama, 1992); however, they are not de-
tected at significant levels in either +P or —P cells. Vitamin
E is a potent lipophilic antioxidant and its possible involve-
ment in the Al tolerance of —P cells is currently under
investigation. Glutathione-S-transferase is another candi-
date for the antioxidant enzyme that suppresses the per-
oxidation of lipids in —P cells. Glutathione-S-transferase
and gluthathione have been shown to protect cells from the
toxic products of oxidative stress (Mannervik et al., 1985)
and limit lipid peroxidation (Prohaska, 1980; Price et al.,
1990; Sharma and Davis, 1994). We previously isolated
several cDNAs from —P cells that had been treated with Al
in the presence of Fe(II) for 24 h (Ezaki et al., 1995). Among
them, one cDNA clone (pAL142) had a sequence homolo-
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gous to the parB gene of N. tabacum, the product of which
has glutathione-S-transferase activity. The expression of
pAL142 mRNA is enhanced by Pi starvation and by the
treatment with Alin +P cells.

We were interested in determining why —P cells and
stationary-phase cells, both growth-limiting cells, exhibit
tolerance to Al. In our system, it seems that the peroxi-
dation of lipids caused by both Al and Fe(II) is a cause of
cell death; therefore, Al-tolerant cells should have some
mechanism to protect them from either the direct inter-
action with Al and/or Fe or from the peroxidation of
lipids caused by both Al and Fe. In the case of —P cells,
it seems that the repression of Fe uptake and the accu-
mulation of antioxidant molecules (as described above)
might protect cells from the peroxidation of lipids
caused by Al and Fe. In contrast to —P cells, the complete
repression of Al uptake in stationary-phase cells during
treatment with Al in nutrient medium might be a major
cause of its tolerance to Al (Yamamoto et al., 1994). The
details of the mechanism responsible for the absence of
Al uptake have not yet been determined. The lower
amount of carotenoids in stationary-phase cells suggests
that carotenoids do not contribute to Al tolerance in
stationary-phase cells or that the carotenoids do not
contribute to Al tolerance in —P cells. That is, some other
factor, common to growth-limiting cells, may account for
Al tolerance in both cases.

In acid soils, there are two ways in which Al limits
plant growth. One of them is the direct deleterious action
of Alions on root cells, and the other is the fixation of Pi
in less readily available form in the soil, with resultant Pi
starvation of plants (for review, see Foy et al., 1978). Fe
is also a major component of soils, and the free Fe ions,
Fe(IlI) and Fe(Il), are solubilized in acid soils (for review,
see Foy, 1978). Therefore, it is likely that Al and Fe ions
attack root cells together in acid soils and cause the
peroxidation of lipids. Under such conditions, if this
lipid peroxidation could be prevented, as suggested in
our study of Pi-starved tobacco cells, Pi-starved plants
could avoid irreversible oxidative damage and grow
again once Pi is supplied.

In summary, loss of viability of tobacco cells treated with
Al in nutrient solution seems to be caused by oxidative
stress produced by both Al and Fe(II). The tolerance to Al
exhibited by —P cells seems to be based on the protection
of the plasma membrane from the peroxidation of lipids,
which might be achieved either by the exclusion of Al and
Fe from cells or by antioxidants such as B-carotene that
accumulate during the starvation of Pi.

ACKNOWLEDGMENTS

The authors are grateful to Dr. 1. Hasegawa (Nihon University,
Tokyo), for discussions related to Fe metabolism, and to Dr. K.
Yoshitama (Kumamoto University, Kumamoto), for the analysis of
flavonoids.

Received February 26, 1996; accepted June 9, 1996.
Copyright Clearance Center: 0032-0889/96/112/0217/11.

Plant Physiol. Vol. 112, 1996

LITERATURE CITED

Burton GW, Ingold KU (1984) B-Carotene: an unusual type of
lipid antioxidant. Science 224: 569-573

Cakmak I, Horst WJ (1991) Effect of aluminum on lipid peroxida-
tion, superoxide dismutase, catalase, and peroxidase activities in
root tips of soybean (Glycine max). Physiol Plant 83: 463-468

Chen Q, Jones TW, Brown PC, Stevens JL (1990) The mechanism
of cystein conjugate cytotoxicity in renal epithelial cells. Cova-
lent binding leads to thiol depletion and lipid peroxidation.
J Biol Chem 265: 21603-21611 ‘

Dagley S (1974) Citrate: UV spectrophotometric determination. In
HU Bergmeyer, ed, Methods of Enzymatic Analysis, Vol 3.
Academic Press, New York, pp 1562-1565

Delhaize E, Ryan PR (1995) Aluminum toxicity and tolerance in
plants. Plant Physiol 107: 315-321

Delhaize E, Ryan PR, Randall PJ (1993) Aluminum tolerance in
wheat (Triticum aestivum L.). Il. Aluminum-stimulated excretion
of malic acid from root apices. Plant Physiol 103: 695-702

Ezaki B, Yamamoto Y, Matsumoto H (1995) Cloning and sequenc-
ing of the ¢DNAs induced by aluminium treatment and Pi
starvation in cultured tobacco cells. Physiol Plant 93: 11-18

Fiske C, Subbarow Y (1925) The colorimetric determination of
phosphorus. J Biol Chem 66: 375400

Foy CD (1974) Effects of aluminum on plant growth. In EW
Carson, ed, The Plant Root and Its Environment. University of
Virginia Press, Charlottesville, pp 601-642

Foy CD, Chaney RL, White MC (1978) The physiology of metal
toxicity in plants. Annu Rev Plant Physiol 29: 511-566

Grabski S, Schindler M (1995) Aluminum induces rigor within
the actin network of soybean cells. Plant Physiol 108: 897-901

Gutmann I, Wahlefeld AW (1974) L-(—)-Malate: determination
with malate dehydrogenase and NAD. In HU Bergmeyer, ed,
Methods of Enzymatic Analysis, Vol 3. Academic Press, New
York, pp 1585-1589

Gutteridge JMC, Ouinlan J, Clark I, Halliwell B (1985) Alumi-
num salts accelerate peroxidation of membrane lipids stimu-
lated by iron salts. Biochim Biophys Acta 835: 441-447

Haug A (1984) Molecular aspects of aluminum toxicity. CRC Crit
Rev Plant Sci 1: 345-373

Hoffland E, Findenegg GR, Nelemands JA (1989) Solubilization
of rock phosphate by rape. II. Local root exudation of organic
acids as a response to P-starvation. Plant Soil 113: 161-165

Horst WJ, Asher CJ, Cakmak I, Szulkiewica P, Wissemeier AH
(1992) Short-term responses of soybean roots to aluminum.
] Plant Physiol 140: 174-178

Jones DL, Kochian LV (1995) Aluminum inhibition of the inositol
1,4,5-triphosphate signal transduction pathway in wheat roots: a
role in aluminum toxicity? Plant Cell 7: 1913-1922

Kochian L (1995) Cellular mechanisms of aluminum toxicity and
resistance in plants. Annu Rev Plant Physiol 46: 237-260

Koyama H, Ojima K, Yamaya T (1990) Utilization of anhydrous
aluminum phosphate as a sole source of phosphorous by a
selected carrot cell line. Plant Cell Physiol 31: 173-177

Krinsky NI (1989) Antioxidant functions of carotenoids. Free Rad-
ical Biol Med 7: 617-635

Krinsky NI, Deneke SM (1982) Interaction of oxygen and oxy-
radicals with carotenoids. J Natl Cancer Inst 69: 205-210

Levine A, Tenhaken R, Dixon R, Lamb C (1994) H,O, from the
oxidative burst orchestrates the plant hypersensitive disease
resistant response. Cell 79: 583-593

Lipton DS, Blanchar RW, Blevins DG (1987) Citrate, malate, and
succinate concentration in exudates from P-sufficient and P-
stressed Medicago sativa L. seedlings. Plant Physiol 85: 315-317

Mannervik B, Alin P, Guttenberg C, Jensson H, Warholm N
(1985) Glutathione transferase and the detoxification of products
of oxidative metabolism. In AR Boobis, ] Caldwell, F De Matties,
CR Elcombe, eds, Microsomes and Drug Oxidations. Taylor and
Francis, London, pp 221-228

Masamoto K, Kinoshita T, Shimazaki K (1993) Light-induced
de-epoxidation of violaxanthin in guard cell protoplasts of Vicia
faba. Plant Cell Physiol 34: 935-938



Aluminum Tolerance in Phosphate-Starved Tobacco Cells 227

Menzies NW, Kerven GL, Bell C, Edwards DG (1992) Determi-
nation of total soluble aluminum in soil solution using pyrocat-
echol violet, lanthanum and iron to discriminate against micro-
particulates and organic ligands. Commun Soil Sci Plant Anal
23: 2525-2545

Nagai T, Nakamura C, Nagayoshi T, Ono H (1989) 2,4-D-sustained
photomixotrophic growth of a chlorophylious cell suspension cul-
ture of Nicotiana tabacum. Plant Cell Physiol 30: 17-23

Nakamura C, Telgen HV, Mennes AM, Ono H, Libbenga KR
(1988) Correlation between auxin resistance and the lack of a
membrane-bound auxin binding protein and a root-specific per-
oxidase in Nicotiana tabacum. Plant Physiol 88: 845-849

Niki E (1987) Antioxidants in relation to lipid peroxidation. Chem
Phys Lipids 44: 227-253

Ojima K, Ohira K (1983) Characterization of aluminum and man-
ganese tolerant cell lines selected from carrot cell cultures. Plant
Cell Physiol 24: 789-797

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

Pallett KE, Young AJ (1993) Carotenoids. In RG Alscher, ] Hess, eds,
Antioxidants in Higher Plants. CRC Press, Boca Raton, FL, pp 59-89

Price A, Lucas PW, Lea PJ (1990) Age dependent damage and
glutathione metabolism in ozone fumigated barley: a leaf section
approach. ] Exp Bot 41: 1309-1317

Prohaska JR (1980) The glutathione peroxidase activity of
glutathione-S-transferase. Biochim Biophys Acta 611: 87-98

Rengel Z (1992) Role of calcium in aluminum toxicity. New Phytol
121: 499-513

Rincén M, Gonzales RA (1992) Aluminum partitioning in intact
roots of aluminum-tolerant and aluminum-sensitive wheat
(Triticum aestivum L.) cultivars. Plant Physiol 99: 1021-1028

Ryan PE, Ditomaso JM, Kochian LV (1993) Aluminum toxicity in
roots: an investigation of spatial sensitivity and the role of the
root cap. ] Exp Bot 44: 437446

Sharma YK, Davis KR (1994) Ozone-induced expression of stress-
related genes in Arabidopsis thaliana. Plant Physiol 105: 1089-
1096

Stass A, Horst WJ (1995) Effect of aluminium on membrane prop-
erties of soybean (Glycine max) cells in suspension culture. Plant
Soil 171: 113-118

Takahama U (1985) Inhibition of lipoxygenase-dependent lipid
peroxidation by quercetin: mechanism of antioxidative function.
Phytochemistry 24: 1443-1446

Takahama U (1992) Hydrogen peroxide scavenging systems in
vacuoles of mesophyll cells of Vicia faba. Phytochemistry 31:
1127-1133

Taylor GJ (1988) The physiology of aluminum phytotoxicity. In
AH Sigel, A Sigel, eds, Metal Ions in Biological Systems, Vol 24.
Marcel Dekker, New York, pp 123-163

Yamamoto Y, Ono K, Matsumoto H (1995) Determining factors for
aluminium toxicity in cultured tobacco cells: medium compo-
nents and cellular growth conditions. In RA Date, NJ Grundon,
GE Rayment, ME Probert, eds, Plant-Soil Interactions at Low
pH: Principles and Management. Kluwer Academic, Dordrecht,
The Netherlands, pp 359-361

Yamamoto Y, Rikiishi S, Chang Y-C, Ono K, Kasai M, Mat-
sumoto H (1994) Quantitative estimation of aluminum toxicity
in cultured tobacco cells: correlation between aluminum uptake
and growth inhibition. Plant Cell Physiol 35: 575-583

Yoshitama K, Ishikura N, Maso T, Oka S, Kai M, Uchino A (1992)
The flavonoid chemistry of the genus Trillium. 1. Flavonol gly-
cosides in the leaves of Trillium tschonoskii Maxim. and their
geographical variations. Bot Mag Tokyo 105: 555-563



