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ABSTRACT

Al3*, the predominant form of solubilized aluminum at pH values below 5.0, has been
shown to exert a profound inhibitory effect on root elongation. Al is known to accumulate
at the root apex. The plasma membrane represents the first potential target for Al toxicity,
due to its pronounced binding to phospholipids. Al appears to alter both the structure and
functions of the plasma membrane, and a great deal of research has been conducted
concerning the interactions between Al and the plasma membrane. In this review, recent
findings regarding the interactions between Al and the plasma membrane are described,
specifically findings involving Alinduced alterations in the structure and function of the
plasma membrane.

ACID SOIL

Approximately 70% of soil worldwide is considered to be “problem soil”. These problem
soils exhibit a variety of shortcomings or contaminants, including acids, alkali, heavy
metals, and high salt concentrations. Acid soils, however, are the most frequently-encountered
type of problem soil. Therefore, considerable efforts must be made in order to facilitate the
efficient production of food in acid soil. Poor crop growth in acid soils can be directly
correlated with the degree of Al saturation in the soil water.!

Al TOXICITY IN ACID SOILS

Under aqueous solutions, Al solubility is known to be highly dependent on pH. At low
pH values (pH < 5), the primary species in existence is (Al(HzO)6)3+. Either AI?*, or its
hydrated form (Al(H,O) 6)3+’ is believed to be the principal biologically reactive form.

Al, the most abundant metal within the earth’s crust, has been implicated as early as
1918 as a cause of root-growth reduction in barley and rye plants growing in acid soils.?
The root apex is the primary target of Al toxicity. Al exerts effects on a number of different
cellular functions, although the foremost effects of Al toxicity remain unclear.>¢ Affected
root tips tend to be stubby as the result of these inhibitory effects on cell elongation and
cell division.

ASSOCIATION OF Al WITH PM
The PM is the first potential target for Al, due to the high affinity with which Al binds

to phosphates. The PM can also function in the manner of a diffusion barrier, protecting
the interior of the cell. Therefore, its structure and functions are susceptible to alterations
inherent to interactions with metal ions, including Al In general, this can influence the
viscosity of the cell membrane, both in vitro and in vivo. 0.34-8 mM AB* has been shown
to effect in increase in the microviscosity of rabbit erythrocytes, and 0.01-10 uM A+
(pH.5.5) induced an increase in the microviscosity of the erythrocyte membrane, but
reduced the microviscosisty of the platelet membrane. The adsorption of Al to liposomes
has been evaluated via both equilibrium dialysis and electrophoresis. A* exhibits a
560-fold higher affinity for the phosphatidylcholine surface than that of Ca®*.” AI3* at
5 x 107 (M) activity is able to neutralize the surface charge of the PM, thereby inducing
a shift in surface potential, from -30 to +11 mV. The electron magnetic resonance spec-
troscopy revealed a dramatic reduction in the membrane fluidity of the microorganism.
The lipid phase transition of Thermoplasm acidophilum was observed using AlClS, at a
concentration as low as 10> M.8 However, the evidence for the binding of Al to the plant
membrane in vivo has yet to be thoroughly investigated. The microsomal fractions of
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barley roots to which AICl; was administered clearly evidenced the
binding of Al to phospholipids. By way of contrast, the quantity of
Ca?* associated with the membrane fraction was reduced in this
case, thereby indicating that the Ca?* on the membrane had been
replaced by AL? Not only phospholipids, but also the proteins in the
wheat (T7icum aestivum 1.) root PM can be the targets for Al binding, !

The binding of Al to the wheat microsomes and liposomes was
determined to proceed in a lipid-dependent manner, with the signal
transduction element PIP, exhibiting the highest degree of affinity
for Al, with an Al:lipid stoichiometry of 1:1. Al binding was reduced
only in the presence of high Ca?* (>1 mM) concentrations. Both
citrate and, to a lesser extent, malate, proved able to prevent the
binding of Al to lipids. This is consistent with the involvement of these
organic acids in the detoxification mechanisms inherent to plants.!!

LIPID COMPOSITION AND Al STRESS

The PM of the root tips of the Al-tolerant maize cultivar was
determined to harbor larger amounts of glucocerebrosides and free
sterols than did those of an Al-sensitive maize cultivar. The perme-
ability of nylon capsules coated with PM lipids from the root-tips of
the Al-tolerant maize cultivar was found to be lower than that of
capsules coated with PM lipids obtained from the Al-sensitive cultivar.
Using Naturstoffregenz A (2-aminoethyl diphenyl borate) fluorescent
microscopy, larger amounts of flavonoids were determined to have
been deposited in the root-tip portion of Al-tolerant signalgrass, as
compared what was seen in the other portions and species examined.!?
Artificially mixed lipids, which harbored more abundant glucocere-
brosides, free sterols, and catechin, exhibited a lower degree of
permeability in the Al medium. Therefore, a new feature of Al
exclusion, based on this special composition of the PM lipid layer,
was proposed.'? Similarly, changes in PM lipids were compared
between the Al-tolerant and Al-sensitive wheat genotypes. Zhang et
al'? have studied the effects of Al on the lipid composition of the
PM from the roots of an Al-resistant (PT741) and an Al-sensitive
(Katepwa) cultivar of Triticum aestivum L. Whereas three days of
exposure to 20 uM AICl; exerted no significant effects on total
phospholipids in either genotype, the most abundant phospholipid,
namely phosphatidylcholine, was shown to have increased by a
significant amount in the Al-resistant PT741, with corresponding
reductions in the levels of other phospholipids. By way of comparison,
no changes in the phophatidylcholine level were observed in the
Al-sensitive Katepwa. Al also reduced the levels of steryl lipids
(primarily free sterols) in PT741. No such changes were observed in
Katepwa. The ratio of steryl lipids to phospholipids decreased in
PT741, whereas no change in this ratio was observed in Katepwa. Al
ions bind principally to phospholipids within the membrane, which
indicates that the PM may function as a potent barrier to the entry
of Al into the cells. Thus, it is possible that a change in the lipid
composition of the PM might, conceivably, alter the resistance of the
cell, via the exclusion of Al. Delhaize et al'% cloned a wheat cDNA
(12PPS1) which codes for phosphatidylserine synthase (PSS). The
wheat 72PPS1 transcript was induced in response to Al stress, and
the overexpression of PSS activity resulted in an increase in Al
resistance in two yeast strains. However, the high levels of 72PS5S1
expression in Arabidopsis and tobacco have been shown to result in
the appearance of necrotic lesions on leaves, which may be a result
of excessive PS accumulation. Several reports have described Al-medi-
ated interference with membrane lipids, which appears to be induced
by the increased production of highly toxic oxygen free radicals.
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Cakmak and Horst!® determined that lipid peroxidation in the root
tips (<2 cm) of the soybean plant could be enhanced by prolonged
Al treatment. The Al-dependent increase in lipid peroxidation was
amplified by the addition of Fe?*.1® However, Al-associated lipid
peroxidation does not appear to constitute the principal cause of the
inhibition of root elongation.!”

CHANGES IN THE INTEGRITY OF THE PM INDUCED ALTERATIONS
IN THE FUNCTION OF THE PM

The effects of Al on the influx of the calcium, potassium, and
ammonium cations, and the nitrate and phosphate anions, were
measured in an Al-sensitive barley cultivar (Hordeum vulgare L.). Al
(100 wM) was determined to exert an inhibitory effect on the influx
of the Ca?* (69%), NH,* (40%) and K* (17%) cations. Al also
appeared to interfere with the binding of the cations within the cell
wall, by the same order of magnitude as their respective influxes,
whereas phosphate binding was shown to be profoundly enhanced.
A positive charge layer would retard cation movement and increase
the movement of anions to the PM, in proportion to the charge
carried by the ions.!8

Al (0.37mM) significantly enhanced the permeability of the
membrane of the Northern red oak (Quercus rubra) to urea and
monoethyl urea, and reduced the permeability of the membrane to
water. Al also resulted in a significant alteration in the amount of
activation energy required to transport water (+32%), urea (+9%),
and monoethyl urea (-7%) across the cell membranes. These changes
in membrane behavior may be attributable to an Al-mediated
reduction in membrane lipid fluidity and kink frequency, and an
Al-mediated augmentation of packing density and an increase in the
formation of straight lipid chains.!?

The resistance of photosynthesis and growth of the acid-resistant
green alga Dunaliella acidophila (optimal growth at pH 1.0) and the
salt-resistant Dunaliella parva (grown at pH 7.6) against A3+, La3*,
Cu?*, Cd*, Hg?* (applied as chlorides) and W** (applied as
Na,WO,), as well as the effects of these compounds on the zeta
potentials of the cells, were measured in glycerol media of comparable
ionic strength. Dunaliella cells with a positive zeta potential
(Dunaliella acidophila, pH 1-2) are extremely resistant to toxic di- and
trivalent cations, but are quite sensitive to toxic anions. However,
cells with a negative zeta potential (D. acidophila and D. parva, pH
7.0) are resistant to toxic anions, but are sensitive to toxic cations.
Di- and trivalent cations tend to augment positive zeta potentials,
but ameliorate negative zeta potentials. The results suggest that zeta
potential plays a pivotal role in cation and anion toxicity.?

FUNCTIONAL CHANGES INDUCED BY ALTERATIONS IN PM
POTENTIAL AND ZETA POTENTIAL UNDER Al STRESS

The most important functional change occurring in the PM is the
Al-mediated induction of membrane potential. Changes in membrane
potential appear to be correlated with changes in membrane surface
potential (zeta potential), and also appear to regulate ionic flux via a
membrane and signal transduction process, which is responsible for
the behavior of plants under Al toxicity conditions. Generally speaking,
the shifting of PM potential to Al-induced depolarization has been
previously observed, but contradictory findings have also been
reported. Only two studies have attempted a direct comparison
between Al-tolerant and Al-sensitive wheat genotypes. One such
study determined that Al hyperpolarized membrane potentials in
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both genotypes,?! whereas the other study determined that Al elicited
a depolarization of the cells in the Al-tolerant, but not the Al-sensitive,
cultivars.??

MEMBRANE POTENTIAL AND ION FLUX

Recently, Wherret et al.?? reported on an interesting trial of the

hypothesis that Al-activated ion fluxes might induce changes in the
membrane potential (V ), and that these responses would differ
between wheat genotypes that differed with regard to Al tolerance.
This study employed two, nearly isogenic lines, an Al-tolerant variant (ET8)
and an Al-sensitive variant (ES8). Within minutes of the exposure of
the wheat roots to 50 uM AICL;, a significant degree of depolarization
was detected in the Al-treated ET'8 variant, but not in the Al-sensitive
ES8 variant. They also conducted an investigation into the ion flux
that may be responsible for these changes in V_, via the measurements
of real-time fluxes in the concentrations of ClI;, H* and K* ions at
the root apices of wheat seedlings, using noninvasive microelectrode
ion flux estimation (MIFE) methods. The addition of 50 uM AICl,
to the bathing solution elicited an increase in K* efflux and H*
influx in the ETS8 line, but not in the ES8 line. The differences
between the lines persisted for 24 hours, and were observed only in
the elongating zone, and not within the meristematic zone. After
24 hours, the Al induced an increase in the Cl influx in the ET8
line, but inhibited Cl" influx in the ES8 line, in a dose-dependent
manner. These results provide new temporal and special information
regarding Al-activated ion fluxes in intact wheat plants. The magnitude
of the electrical potential difference across a PM (V) is a function
of the diffusion potential and the effects on the PM exerted by energy-
dependent transport systems, including the H*-ATPase system. The
movement of ions across a membrane will affect the V|, unless this
movement is exquisitely balanced by the movement of other ions,
thereby perpetuating electroneutrality. Al can affect V  via direct
interaction with the membrane, the alteration of membrane zeta
potential by the blockage of Ca?* and K* channels, or via the
inhibition of H*-ATPase. Furthermore, the Al-dependent release of
malate anions tends to depolarize until the flow of charge can be
balanced by the migrations of other ions. Using this notion as an
experimental basis, Wherrett et al?® opted to measure the real time
flux in K*, H*, and CI- under Al stress conditions. No differences in
V,, between ET8 and ES8 were detected prior to the addition of Al,
that is, -112 + 2.7 mM at the elongation zone and -156.4 + 3.9 mV
at the mature cells (>10 mm further back). The addition of 50 uM
Al to the bathing solution elicited immediate changes in the flux of
both K* and H* within the elongation zone, but the two genotypes
responded differently (Fig. 1). In the ET8 line, Al caused a precipitous
increase in K* efflux, followed by a gradual return and final oscillatory
condition at approximate control levels (Fig. 1A). By way of contrast,
in the ES8 line, Al induced a rapid and sustained reduction in net
K* efflux within the elongation zone, and this became significantly
smaller than was measured in the ET8 line (Fig. 1A). This difference
between genotypes was not detected when the fluxes were measured
at the root meristems. Furthermore, Al induced a rapid and sustained
increase in H* influx in the elongation zone of the ET8 variant,
whereas in the ES8 variant, the influx of H* was reduced for at least
40 minutes before recovering to control levels (Fig. 1B). Net CI
fluxes were selectively small, but increases, although minimal, in CI
influx proved discernible after the addition of Al to both cultivars,
again within the elongation zone but not at the meristem (Fig. 1C).
After 24 hours of treatment, a reduction was noted in the influx of
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Figure 1. Transient responses of ion fluxes to Al, measured in the elongation
zone. (A) K* fluxes, (B) H* fluxes, (C) CI fluxes. Data show the responses
collected on ET8 plants (open symbols) and ES8 plants (closed symbols) after
the addition of 50 uM Al, as shown. Positive values are defined as influxes,
and negative values as effluxes. Error bars are s.e.m. (n = 6-8). (From ref. 23).

Cl" both within the elongation zone and at the meristem in the ES8
line, with the influx eventually achieving a negative value.
Conversely, Cl" influx increased in a dose-dependent manner in the
ET8 line. The magnitude and timing of the V_ changes and ion
fluxes are critical to our understanding of the sequence of events by
which Al influences membrane potential and ion fluxes, specifically
with regard to tolerance and toxicity responses. There is no evidence
to suggest the occurrence of a direct interaction between Al and K*
channels, but it can be simply proposed that the stimulation of K*
efflux is triggered by the membrane depolarization induced by the

Plant Signaling & Behavior 39



Aluminum Stress and Plasma Membrane

efflux of organic anions. The mechanism by which Al influences
channel activity does not appear to depend wholly upon direct binding
to channel proteins, but also may be the result of alterations in
membrane surface potential. Al exhibits a very high binding affinity
for the surfaces of the PM.?4?5 This should, then, have a significant
impact on those channels whose activity is modified by surface ions
or voltage sensitivity, via the regulation of voltage-dependent channels.
Al has also been shown to induce significant changes in net H* fluxes.
The ET8 line evidenced a rapid increase in H*-flux, whereas a
decrease in H* flux was observed in the ES8 variant. The enhanced
Cl influx in the ET8 line can account for the stimulation in H*
uptake observed in ET8, as Cl" uptake requires a symport with H*.2

ZETA POTENTIAL AND Al STRESS

A great deal of attention has been focused on changes in cell
membrane surface potential (zeta potential) induced by Al, largely in
an effort to elucidate the mechanisms underlying both Al toxicity
and Al tolerance. As the zeta potential of the cell membrane is
known to regulate the accessibility of Al ions to cells, resulting in
functional changes of the membrane, such as ion flux, via H*-
ATPase and channel activities. Certain PM properties, including
surface negativity, have been demonstrated to be altered by Al, and
may prove important as barriers to the passive movement of the Al
ion into root cells.?”?8 Only a very small amount of information is
currently available concerning the relationship between H*-ATPase
and zeta potential.? Since an earlier study by Vose and Randall*®
contended that negative surface-charge densities may play pivotal
roles in the mechanisms underlying Al tolerance, intensive research
in this area has been initiated, starting with investigations in to the
cell surface electrical properties of the PM, especially as related to H*
flux under Al stress conditions. A few correlations have been drawn
between surface potential and Al tolerance in plants including
wheat,?”-31:32 maize, and barley.> However, no study has yet been
conducted that integrated both the electrical properties of the PM
and alterations in H*-ATPase along various zones of the root apex
under Al stress conditions.

CHANGES IN ZETA POTENTIAL AND PM H-ATPASE ACTIVITY

Ahn et al.343 recently conducted intensive research regarding
changes in zeta potential under Al stress conditions, using squash
(Cucuribita pepo L. cv. Tetsukabuto) and two nearly-isogenic wheat
lines, differing only in regard to Al tolerance (Al-tolerant ET8 and
Al-sensitive ES8). The H*-ATPase activity of the purified PM of
squash was reduced substantially (by 20 and 55%) when the roots
were exposed for 3 and 6 hours, respectively, to Al. This phenomenon
is believed to be associated with transmembrane potential.>” The in
vitro effects of Al on H*-ATPase were also assessed. The PM from
the control roots was treated with 0, 1, 2, 5, 10, 50 and 100 uM Al
in vitro for 10 minutes, and then centrifuged in order to remove any
unbound Al. The inhibition of H*-ATPase activity occurred in a
dose-dependent manner, and were significant even at 1 uM. 50%
inhibition was induced by 10 uM Al. These findings indicated that
the H* flux in the elongation zone of squash is influenced by Al
stress. A decrease in PM surface potential (depolarization) was
correlated with the decline of H*-ATPase under low tempera-
ture?®39 and salt stress?” conditions.

Ahn et al.3* demonstrated the inherent relationship between
H*-ATPase activity and the surface potential of the PM, in specific
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Figure 2. Effects of Al (50 uM) treatment duration in vivo (0, 3 and é h) on
the H*-ATPase activity (A) and zeta potential (B) of PM vesicles isolated from
specific 5 mm root segment fractions of squash. The plants were grown in
Hoagland solution (1/5) adjusted to pH 4.5 for 5 days after germination.
Al treatments were conducted in identical solutions, without P, and the plants
were cultured in -P solution for at least 12 h prior to freatments. The 5 mm
DFTT segments were constructed of approximately 600 individual plants
and the isolated PM vesicles were pooled to increase the precision of the
measurements. Values are expressed as means + SE of three replicates, and
are representative of two independent experiments. (From ref. 34).

5 mm segments of squash root. The segmental differences were
analyzed with regard to both zeta potential and H*-ATPase activity,
as influenced in vivo by Al. As the 2-4 mm region of the root was
known to be the most sensitive target site for 50 uM Al, 0-5 mm
individual root segments were employed in this trial. The results of
segmental analysis showed that the zeta potential was more negative
(-22.6 mV) in the 0-5 mm segments than in the other control root
segments. A significant increase (from -22.6 to -15 mV) in zeta
potential was observed only in the PM vesicles from the 0-5 mm
segments after 3 and 6 hours of Al treatment, as compared to the
other segments (Fig. 2). In accordance with zeta potential, the
H*-ATPase activity of the PM vesicles prepared from the 0-5 mm
roots was approximately 30% higher than in the other segments
(5-10, 10-15 and 15-20 mm) in the control root, thereby suggesting
the developmental control of H*-ATPase activity along the root
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Figure 3. Visualization of Alinduced alterations of PM properties and Al
binding capacity of PM vesicles isolated from squash root apex (0-5 mm)
using the Morin assay. (A) Calibration (standard) showing a range of Al
concentration and the Alinduced fluorescence of control PM vesicles (top
panel); after 50 uM Al treatment in vivo (middle panel); further addition of
50 uM in vitro (10 min) to the same PM vesicles (bottom panel). (B)
Quantitative evaluation of the Morin fluorescence based on pixel intensity
corresponding to the images presented in (A). Results of standard (fop) and
after in vivo and in vitro treatments (bottom). (From ref. 34).

apex. Intriguingly, the H*-ATPase activity of the PM vesicles isolated
from the 0—5 mm root segments treated with Al in vivo were shown
to decrease by 64 and 67% after 3 and 6 hours of treatment. These
results indicate that the root apex (0—5 mm) is more profoundly
sensitive to Al in terms of zeta potential and H*-ATPase activity, due
to the higher accumulation of Al therein. The mechanism underlying
the inhibition of H*-efflux through the PM as the result of H*-
pumping appears to involve the depolarization of surface potential
under Al stress conditions. In other words, these observations
indicate that more negativity in the resting potential, combined with
a higher depolarization of the surface potential, may be associated
with sensitivity to Al toxicity. Furthermore, the amount of Al bound
to the PM vesicles in vitro was determined after 3 to 6 hours of
Al treatment in vivo. The surface potential of the control (0 h Al
treatment) PM vesicles was depolarized dramatically after 10 minutes
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of treatment with 50 uM Al. The binding of Al to the control root
(0 h) PM in vitro was noticeably higher, but decreased appreciably
with vesicles prepared from roots treated with 50 uM Al in vivo
(Fig. 3). At the same time, the further depolarization of PM from
roots treated with Al in vivo was apparently reduced. These findings
would appear to indicate that the Al bound to PM in vivo could not
be removed after the preparation of the vesicles and this tight binding
of Al in vivo may have induced an irreversible alteration of the
properties of the PM, most notable among which would be the
attenuation of Al binding capacity in vitro and an increase in native
zeta potential (Fig. 3).

The polyclonal anti-maize PM ATPase antibody was employed to
detect H*-ATPase at different root regions in the squash samples
treated with Al as well as in the untreated samples.>4 The polyclonal
antibody decorated the PM of the whole cells along the root apex of
the control. However, the apical zone cells (0-5 mm) apparently
exhibited a higher degree of fluorescence as compared to the basal
zone cells. The fluorescent intensity of the epidermal cells in the
2-3 mm region decreased after 3 hours of Al treatment, as did that
of the cortical cells. However, no obvious differences were detectable
in the 7-8 mm mature root zone. By way of contrast, after 6 hours
of Al treatment, the apex exhibited a remarkable degree of alteration
in fluorescence, as almost no fluorescence could be observed on the
PM of the epidermal and cortical cells.3* In accordance with the
measured decline in H*-ATPase activity, was also noted a steady
decline in H*-ATPase fluorescence in the 2-3 mm region after Al
treatment, as compared to all other regions. This may be attributable
to an Al-induced reduction in the H*-ATPase protein per unit area
of the PM, 0 or alterations with regard to the stoichiometric config-
uration of the autoinhibitory domain within the C-terminal region
of H*-ATPase,*! occurring concomitantly with the inhibition of
enzyme activity via direct interaction with Al, thereby limiting the
cross-reactivity of the antibody with H*-ATPase. Al-induced PM
surface potential and H*-ATPase activity in two near-isogenic wheat
(Triticum aestivum L.) lines, differing only in terms of Al tolerance,
at a single dominant locus (designated A/#I) were utilized. The Al-
tolerant (ET8) and Al-sensitive (ES8) wheat lines which are more
than 99% identical in terms of genetic background were used.
Therefore, it is thought that any differences observed between them
are almost certainly associated with the mechanism of Al tolerance
due to malate efflux, rather than due to some nonspecific genotypic
difference. Recently, the important gene ALMT1 was discovered,
and determined to encode for the malate transporter located in the
PM of the root tip cells of ET8.4243 Transgenic barley plants to
which ALMT1 had been introduced exuded malate under Al stress
conditions, and exhibited Al tolerance.44 We attempted to determine
the manner in which the PM surface potential is related to the
observed differences in the Al tolerance characteristics of the ET8
and ES8 lines.3> Al treatment was found to elicit a significant
depolarization of the zeta potential of PM vesicles isolated from the
root tips of ES8 (from -18.5 to -14.3 mV), but hyperpolarized it in
the ET8 variant (from -15.1 to -17.9 mV). In the region distal to the
root tip, Al was shown to influence the zeta potential of PM only to
a slight degree in both wheat lines.3> The treatment of plants for
4 hours with 2.6 uM Al resulted in an increase in H*-ATPase activity
in the PM vesicles isolated from the root tips of the ET8 variant
(from 26 to 33 umol Pi mg protein’l), but reduced it in the ES8 line
(from 37 to 27 wmol Pi mg protein™).3> Furthermore, 4 hours of
treatment with 2.6 uM Al decreased the H* transport by 20% in the
vesicles of the ES8 root tips, and increased it by 85% in vesicles from
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Figure 4. Effects of various in vitro Al concentrations, O, 2.5, 5 and 10 uM
(A), and 20 and 50 uM (B) on the zeta potential of PM vesicles isolated from
the root tip (apical 10 mm) of ET8 and ES8 grown without Al for 5 days.
Five ug of the PM protein (pH 7.4) was treated with Al for 10 min in vitro,
and the zeta potential was measured immediately afterwards. The elec-
trophoresis medium was free of Al. The experiment was conducted three
times independently, giving similar results. Values are means + SE (n = 3).
Asterisks show statistically different means (*p < 0.05; Student's tHest). (From
ref. 35).

the ET8 root tips, as compared to the untreated control samples.>>
The mechanism inherent to Al tolerance in wheat is believed to
depend on the chelation of toxic APP* with the exuded malate, thereby
rendering Al less toxic. The deleterious effects of Al on zeta potential
and H*-AT7Pase activity were considerably more profound in the ES8
line than in the ET8 line. The Al-tolerant ET8 excretes 10 times
more malate than does the Al-sensitive ES8.> The question then
arises as to whether or not the tolerance of the ET8 line to Al
toxicity is induced by (1) decreased Al accumulation as a conse-
quence of malate secretions or (2) via some direct response of the
plasma membrane to toxic Al, triggering the observed changes in
zeta potential and H*-ATPase activity. Thus, it must be clarified as
to whether the effects of Al on surface potential and PM H*-ATPase
activity are affected by excreted malate. Experiments were, therefore,
conducted under conditions in which malate exudation was avoided
or circumvented. The in vitro effects of Al on the zeta potential and
H*-ATPase activity of the PM vesicles isolated from ET8 and ES8
were evaluated, in an attempt to ascertain whether or not surface
potential and H*-ATPase activity were dependent on inherent
differences in the nature of the PMs of ET8 and ES8.3> The PM
vesicles were exposed to various Al concentrations (0, 2.5, 5, 10, 20
and 50 uM) for 10 min in vitro. In the controls (0 Al), the zeta
potential of the PM vesicles was more negative in the ES8 line than
in the ET8 line (Fig. 4). The change in the zeta potential in response
to treatment with 10 uM Al was significantly smaller in the ET8 line
than in the ES8 line. However, the zeta potential was markedly
depolarized by treatment with 20 uM Al in both the ES8 (from
-18.5 t0 -3.0 mV) and ET8 (from -15.5 to -5.0 mV) variants (Fig. 4).
The zeta potential was also more negative in the ES8 variant than in
the ET8 line at Al concentrations of less than 5 uM, but was less
negative at Al concentrations higher than 10 uM. In vitro Al treatment
(5 to 10 uM) resulted in a reduction of relative H*-ATPase activity
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Figure 5. Effects of various Al concentrations (0, 2.5, 5 and 10 uM) in vitro
on the relative H*-ATPase activity in PM vesicles isolated from the roots of
ET8 (A) and ES8 (B). Seedlings were grown in Alfree 0.2 mM CaCl, solu-
tion, adjusted to a pH of 4.5 for 5 days affer germination. The PM vesicles
were isolated from the root tips (0-10 mm) and the region distal to the tip
(10-20 mm). Five ug of the PM protein (pH 7.4) was then treated with various
concentrations of Al for 10 min in vitro, and cenfrifuged for 1 hour at
100,000 g in order to minimize the carryover of Al from the treatment solution.
This experiment was conducted three times, and values from representative
experiments are expressed as means + SE (n = 3). Asterisks indicate statis-
tically different means (*p < 0.05, Student's ttest). (From ref. 35).

in the PM vesicles isolated from the root tips of the ES8 samples,
whereas this activity remained generally unchanged in the ET8
samples (Fig. 5).3° The relative activity of H*-ATPase within the PM
vesicles isolated from the region distal to the tip was not influenced
by Al treatment in either the ET8 or ES8 lines. PM H*-ATPase
appears to play a crucial role in plant survival under a variety of
environmental stress conditions. The observed shift of zeta potential
of PM to depolarization can be correlated with the decline in
H*-ATPase activity observed in PM isolated from squash roots
grown under Al toxicity conditions (Fig. 2)3 and in tomato roots
grown under salt stress conditions.”? Gimmler et al?® emphasized the
importance of the zeta potential in conjunction with metal toxicity
in acid-resistant and salt-resistant green algae. From the results
observed consequent to Al exposure, the root cell membranes of the
ES8 line appear to attract a higher quantity of toxic Al than do the
root cell membranes of the ET8 line, due to the greater negative zeta
potential of the native PM of the ES8 line, as compared to the ET8
line. In the presence of Al, the rate of depolarization of PM zeta
potential in the ES8 line was always higher than in the ET8 at Al
concentrations in excess of 10 uM, which inhibits root elongation in
ES8 but not in ET8. Therefore the efflux of H* through PM
H*-ATPase might be reduced by the positive surface change of PM
in ES8. Furthermore, a lesser quantity of toxic Al was bound to the
PM and a large amount of malate anion was exuded in the ET8 line,
thereby resulting in a shift of the zeta potential toward the more
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Figure 6. A schematic diagram illustrating a possible mechanism linking the
Alinduced exudation of malate and changes in the properties of PM in
Altolerant (ET8) and Al-sensitive (ES8) wheat lines. Exudation of malate via
malate-permeable channels is accompanied by the hyperpolarization of
zeta potential and the enhancement of H*-ATPase activity in Alfolerant
plants. In contrast, in Al-sensitive plants, more negative zeta potential than
in Altolerant plants attracts more Al3*, causing the depolarization of zeta
potential and the decrease in the pumping out of H* through the PM. The
activation of a malate-permeable channel and the H*-ATPase are indicated
by arrows of increased thickness in the Al-tolerant plants.

negative than ES8. This results in the persistence of higher H*-
ATPase activity in the ET8 line than in the ES8 line. In the proposed
model, the root-cell PM in the Al-sensitive ES8 is depolarized more
profoundly than that of ET8, due to more pronounced Al binding
and a reduced rate of malate exudation, as well as the fact that
H*-ATPase activity is inhibited to a greater extent than in the Al-tol-
erant ET8, which continues to exude malate, thus maintaining a
hyperpolarized plasma membrane (Fig. 6). It appears to be true that
the primary mechanism of Al tolerance in ET8 involves the much
more robust exudation of malate than is observed with ES8.
However, the results of the aforementioned studies revealed that
ET8 and ES8 have slightly different PM properties even in the absence
of Al ,i.e., ES8 has a more negative inherent membrane surface poten-
tial. This indicates that the A/#I locus, which was identified as differing
between the two lines, is potentially pleiotropic. ET8 and ES8
obviously differ with regard to more than just Al-induced malate
efflux, thus bringing into question the notion that the A/I locus
controls only the expression of the PM malate channel. Wherret et al.4>
recently suggested that the AK#/ locus may control more than just
the PM malate channel in wheat. They also reported that the differ-
ential density and regulation of SV channels (ubiquitous slow
vacuolar channel) may contribute to the different Ca?* responses seen
in the ET8 and ES8 cultivars, and may also play a role in Al-tolerance.
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SIGNAL TRANSDUCTION AFFECTED BY Al

For Al, the signal transduction pathway is almost completely
undefined, although components of such a pathway have been
indicated by some reports. For example, in wheat, Al inhibits a key
signal transduction enzyme, designated PLC.?8 This suggests that Al
may interfere with the phosphoinositide signaling pathway.!! AICI,
and Al-citrate have been shown to inhibit the PLC of the microsomal
membrane, a process which appears to occur in a dose-dependent
manner. [, was observed at Al concentrations of 15-20uM. Exposure
to Al exerted no detectable effects on 1P, nor did it affect a range of
enzymes isolated from wheat roots, which suggests that Al exposure
may specifically target PLC. However, PIP, is also known to function
as a structural anchor for many cytoskeletal components within
animal cells. In Dictyostellium, actin polymerization has been exper-
imentally stimulated by IP3.46 Thus Al may exert both direct (via the
blockage of IP;-mediated Ca?* transients) and indirect (via alterations
in the cycling of phosphoinositide lipid anchors) effects on
cytoskeletal dynamics.!!

In wheat, Al also has been shown to transiently induce a protein
kinase within 30 seconds of exposure.4” This kinase plays an impor-
tant role in the secretion of malate by Al. Shen et al.*® reported on
the effects of ABA on the efflux of citrate from soybean roots.
Al-triggered citrate efflux was found to be sensitive to anion channel
inhibitors, including anthracene-9-carboxylic acid(A9C), phenylgly-
oxal (PG), and niflumic acid (NIF). Pretreatment or treatment with
K-252a induced a severe inhibition of Al-induced citrate efflux. Al
treatment also affected an increase in endogenous ABA levels in
soybean roots, in a dose- and time-dependent manner, whereas
K-252a exerted no detectable inhibitory effects on the Al-induced
increase in ABA levels. Shen et al.%8 reported that ABA is probably
involved in early response, after which a K-252a-sensitive protein
kinase plays a key regulatory role in the activity of an anion channel
within the PM, through which citrate is released from the apical cells
of soybean roots. Furthermore, Shen et al.#” conducted an investiga-
tion into the regulatory role of PM H*-ATPase on the Al-induced
secretion of citrates from soybean roots. Vanadate and fuscicoccin,
an inhibitor and activator of PM H*-ATPase, respectively, exerted
inhibitory and stimulatory effects on Al-induced citrate secretion.
Higher PM H*-ATPase activity was shown to coincide with higher
levels of citrate secretion. It was determined that the Al-induced
increase in H*-ATPase activity is caused by transcriptional and
translatory regulation. Also, PM H*-ATPase activity and expression
were determined to be more pronounced in Al-resistant cultivars
than in Al-sensitive cultivars. Al activated the threonin-oriented
phosphorylation of PM H*-ATPase, in a dose- and time-dependent
manner. The upregulation of PM H*-ATPase activity was associated
with the secretion of citrate from the roots of the soybean plant.

The effects of Al ions on Ca signaling were assessed in tobacco
expressing a Ca?*-monitoring luminescent protein, acquorin, as well
as in a newly isolated putative plant Ca?* channel protein from
Arabidopsis thaliana, AtTPC1 (two-pore channel 1). The TPCI
channels were demonstrated to be the only Al-sensitive channel, and
were also shown to be responsive to reactive oxygen species and
cryptogen, a fungal elicitor protein. Thus, TPC1 channels have been
suggested to be involved in Ca signaling, resulting in the development
of plant defense mechanisms. The use of Al as a specific inhibitor of
TPCl-type plant Ca channels has also been proposed. In a study
employing transgenic aequorin-expressing BY-2 tobacco cells, Lin et
al.> presented evidence supporting the involvement of an Al-sensitive
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signaling pathway requiring TPCl-type channel-dependent Ca?*
influx in the response of plants to salicylic acid, a key plant defense-
inducing agent. However, the evidence did not support the involvement
of this mechanism in the response of plants to an elicitor prepared
from the cell wall of the rice blast disease fungus, Magnaporthe grisea.
The involvement of Al-sensitive Ca?* channels was also evaluated in
cold shock response. The data obtained in this trial suggested that
the elicitor used had induced Ca?* influx via an Al-insensitive path,
whereas salicylic acid and cold-shock stimulate the influx of Ca®* via
an Al-sensitive pathway.

In order to accurately delineate the signal transduction pathway,
it was first necessary to characterize the events occurring within the
first minute of Al treatment. Sivaguru et al®! determined that Al
depolymerized the microtubles and depolarized the membranes in
Arabidopsis, via the activity of calcium channel blockers. They
proposed a hypothesis suggesting that Ca?* influx might involve
glutamate receptors, which in animals are ligand-gated cation channels,
and are also known to be present in the genome of Arabidopsis. They
demonstrated that glutamate depolymerizes the microtubules, and
depolarizes the PM. These responses, as well as the inhibition of root
elongation, occur within the first few minutes of Al treatment, but
are evoked more rapidly by glutamate than by Al. Microtubule
depolymerization and membrane depolarization, whether induced
by glutamate or by Al, can be blocked by a specific antagonist of
ionotropic glutamate receptors, 2-amino-5-phosphonopentanoate,
whereas an Al-gated anion channel antagonist blocks the two
responses to Al, but not to glutamate. They speculated that Al
induces the secretion of glutamate, where it binds to its receptor and
triggers the influx of Ca, an influx which results in the observed
depolymerization of microtubules and the depolarization of
membranes. Consequently, they proposed a probable new glutamate
receptor function in plants, as a PM- calcium channel that is mediated
by Al. However, regrettably, they neglected to check the possibility
that Al binds to glutamate, possibly rendering Al less toxic. The
cytoplasmic kinase activity of the PM-associated receptor kinase
makes WAKs rather promising candidates for effectors of the Al
signal transduction pathway via the utilization of the cell wall-PM-
cytoskeleton continuum.>? The Al-induced organ-specific expression
of the WAKT (cell wall-associated receptor kinase 1) gene was therefore
investigated, as was the cell type-specific localization of WAK
proteins in Arabidopsis. Gene expression in the root fractions evidenced
a typical “on” and “off” pattern, thereby suggesting that WAKT is a
further representative of the Al-induced early genes. WAK proteins
are localized preferentially to the peripheries of cortical cells, within
the elongation zone of the root apex. A lag time was noted to exist
between Al-induced WAK transcription and translation. WAKs have
been suggested to accumulate at the PM domains, which suffer from
mechanical stress and lack a dense array of supporting cortical
microtubules. Furthermore, WAKI-overexpressing transgenic plants
exhibited an enhanced tolerance for Al with regard to Arabidopsis
root growth.>3

MICROTUBULES AND Al STRESS

Some reports have shown that Al depolymerizes microtubules,
the result of an increase in cytosolic free Ca?* induced by the depo-
larization of PM.>*>> Sivaguru et al.”> indicated that log-phase
tobacco cells evidenced no detectable changes in PM potential during
the first 30 minutes of Al treatment, but did sustain massive
depolarization beginning after 60 minutes of Al treatment. The
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Al-treated cells manifested a moderate increase in intracellular Ca?*
levels and in the generation of callose, one of the most frequently
used Al toxicity markers, after 1 hour. This is consistent with the
established time course of PM depolarization. Al toxicity-induced
callose generation appears to be dependent on both the depolarization
of the PM and on an increase in intracellular Ca?* levels. Similarly,
some studies have shown an increases in the activity of cytoplasmic
Ca?* at the early stages of Al toxicity in the roots of wheat,’® and rye.>’

CONCLUSION

AP* solubilized in acidic soil is extremely toxic in terms of root
elongation, and is believed to be the primary factor inhibiting plant
growth. Therefore, intensive research has been conducted in order to
ascertain the mechanisms inherent to Al toxicity and tolerance, on
scales from the global to the molecular. Al exhibits a high degree of
affinity with phospholipids in the PM, thereby effecting alterations
in the structure and functions of the PM. Al exhibits a 560-fold
higher affinity for the phosphatidylcholine surface than does Ca*.
Many of the biological activities of PM are altered via the binding of
Al, induced primarily via changes in the electrical potential and zeta
potential of the PM. The primary Al-induced effects on the PM
include the flux of various ions and the signal transduction pathway.
Although a great deal of knowledge regarding the effects of Al on the
PM has been collected over the past decade, more research will be
required regarding the role of the PM in Al-induced stress, in order
to advance our understanding of Al stress with regard to the functions
of the PM. Future research topics could include:

(1) The identification of specific phospholipids molecule(s) that
associate with Al

(2) Understanding of the effects of Al on PM function, combined
with the Al-induced alterations of other ions, particularly Ca®*.

(3) An understanding of the Al-receptor molecules on the PM
will be important to our understanding of the process of Al signal
transduction in detail.
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