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Aluminium toxicity is one of the major factors that limit plant growth and development in many acid soils. Root cells plasma membrane, particularly of the root apex,
seems to be a major target of Al toxicity. However, strong interaction of Al

3+

, the main

Al toxic form, with oxygen donor ligands (proteins, nucleic acids, polysaccharides) results in the inhibition of cell division, cell extension, and transport. Although the identification of Al tolerance genes is under way, the mechanism of their expression remains obscure.

Soil chemical factors that limit root growth
in acid soils, diminish crop production, include Al, Mn and various cations, and also deficiency or unavailability of Ca, Mg, P, Mo,
and Si. These effects are further complicated
by interactions of Al with other ions in different plant genotypes and under stress conditions (Foy, 1992).
Cytotoxicity of Al has been well documented
in plants (Delhaize & Ryan, 1995; Horst
,
1999; Kollmeier
, 2000; Marienfeld
,
2000). It is generally known that plants grown
et al.

et al.

et al.

in acid soils due to Al solubility at low pH have
reduced root systems and exhibit a variety of
nutrient-deficiency symptoms, with a consequent decrease in yield. In many countries
with naturally acid soils, which constitute
about 40% of world arable soil (LeNoble
1996), Al toxicity is a major agricultural problem, and is intensively studied in plant systems.
The effects of aluminium on plant growth,
crop yield, uptake and nutrients distribution
in vegetative and reproductive parts are still
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not fully understood. This review discusses recent information on aluminium toxicity with
an emphasis on plant response to Al stress.
CHEMICAL NATURE OF ALUMINIUM
AND ITS OCCURENCE IN PLANTS

Al is present in water, soil and air but most
of it is incorporated into aluminosilicate soil
minerals and only very small quantities (at
submicromolar levels) appear in soluble
forms capable of influencing biological systems (May & Nordstrom, 1991). Different
forms of aluminium occur in soil solution:
Al(OH)2+ and Al(OH)2+ at pH 45, Al3+ at pH
5.57, and Al(OH)4 at pH 78. Other complex ions AlO4Al12(OH)24(H2O)127+ (Al13)
and Al3+ are almost certainly toxic, but no
rhizotoxicity has been detected for AlSO4+
and Al(SO4)2 or Al-F (e.g. AlF2+ and AlF2+).
The status of Al(OH)2+ and Al(OH)2+ is uncertain although experimental results have appeared indicating Al-OH toxicity (Kinraide,
1997). The following Al species are toxic for
wheat roots in the following increasing order:
AlF2+ < AlF2+ < Al3+ < Al13. According to
Kochians (1995) opinion toxicity has been
convincingly demonstrated only for Al13 and
Al3+.
Intensification of the process of Al compounds solubilization is connected with the
degree of soil acidification caused by the
washing out of alkaline metals ions (Na+, K+,
Ca2+, Mg2+) from the soil and a decrease in
the pH of soil solutions.
Al ions translocate very slowly to the upper
parts of plants (Ma
, 1997a). Most plants
contain no more than 0.2 mg Al g1 dry mass.
However, some plants, known as Al accumulators, may contain over 10 times more Al without any injury. Tea plants are typical Al accumulators: the Al content in these plants can
reach as high as 30 mg g1 dry mass in old
leaves (Matsumoto
, 1976). Approximately 400 species of terrestrial plants, belonging to 45 families, have so far been identiet al.
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al.
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fied as hyperaccumulators of various toxic
metals (Baker
, 2000).
et al.

VISUAL AND CELLULAR SYMPTOMS
OF ALUMINIUM TOXICITY

Inhibition of root and shoot growth is a visible symptom of Al toxicity. The earliest symptoms concern roots. Shoots in contrast to the
situation observed for Mn toxicity are less affected (Chang
, 1999). Root stunting is a
consequence of Al-induced inhibition of root
elongation. Roots are usually stubby and brittle and root tips and lateral roots become
thick and may turn brown (Mossor-Pietraszewska
, 1997). Such roots are inefficient in absorbing both nutrients and water.
Young seedlings are more susceptible than
older plants. Al apparently does not interfere
with seed germination, but does impair the
growth of new roots and seedling establishment (Nosko
, 1988).
The common responses of shoots to Al include: cellular and ultrastructural changes in
leaves, increased rates of diffusion resistance,
reduction of stomatal aperture, decreased
photosynthetic activity leading to chlorosis
and necrosis of leaves, total decrease in leaf
number and size, and a decrease in shoot biomass (Thornton
, 1986).
Blancaflor
. (1998) have studied Al-induced effects on microtubules and actin
microfilaments in elongating cells of maize
root apices, and related the Al-induced growth
inhibition to stabilization of microtubules in
the central elongation zone. With respect to
growth determinants (auxin, gibberelic acid
and ethylene), Al apparently interacts directly
and/or indirectly with the factors that influence organization of the cytoskeleton, such as
., 1998),
cytosolic levels of Ca2+ (Jones
2+
., 1998),
Mg and calmodulin (Grabski
cell-surface electrical potential (Takabatake &
Shimmen, 1997), callose formation (Horst
., 1997), and lipid composition of the plasma
membrane (Zhang
., 1997).
et al.
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Recently, Yamamoto
. (2001) have
shown that peroxidation of lipids is a relatively early event following Al exposure and
appears to partly influence the Al-induced production of callose, but not the Al-induced inhibition of root elongation. By comparison, the
loss of plasma membrane integrity is a relatively late event and seems to be a consequence of the cracks in the root formed by the
inhibition of root elongation.
et

al

SIGNAL TRANSDUCTION PATHWAY

Stress recognition activates signal transduction pathways that transmit information
within individual cells and throughout the
plant. These pathways lead to the expression
of genes and resultant modification of molecular and cellular processes. In plants, there is
little research on Al signalling mediated by
second messengers.
Experimental data suggest the existence of a
cascade pathway under Al stress. An increase
in cytoplasmic Ca2+ level in wheat root apexes
may be related to the expression of Al toxicity
(Zhang & Rengel, 1999). Osawa & Matsumoto
(2001) suggested that protein phosphorylation is required for the signal transduction in
Al-activated malate efflux and that malate
could pass through organic anion-specific
channels. Because of its rapidness and specificity to Al, Al-induced malate efflux is a useful
system for studying how the Al signal is transmitted into the cell that expresses physiological responses underlying Al-toxicity or tolerance.
Protein phosphorylation plays an important
role in the regulation of various biological activities in plants and provides a signal transduction pathway for mediating extracellular
stimuli into cells. The mitogen-activated protein kinase (MAPK) cascade is one of the major pathways for transmitting signals such as
light, temperature stress, mechanical stress,
wounding, pathogen elicitors, drought, salt,
hormone signalling, nutrient deprivation and
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Al stress (Ligterink & Hirt, 2001; Osawa &
Matsumoto, 2001). Osawa & Matsumoto
(2001) demonstrated using various inhibitors
of protein phosphorylation/dephosphorylation that the inhibition of Al-responsive
malate efflux in wheat is associated with protein phosphorylation, possibly related to an
organic anion-specific channel or its upstream
signalling by a K-252a (a broad range inhibitor of protein kinases)-sensitive protein
kinase. Using in-gel kinase assay with myelin
basic protein (MBP) as an artificial substrate,
these authors observed activation of a 48-kDa
protein kinase in the root apex treated with
200 mM Al. The activity of this kinase was elevated from 0.5 to 5 min after the addition of
Al, and it diminished after 5 min. This suggested that transient activation of the 48-kDa
protein kinase might be involved in the early
physiological response to Al. The activity of
the 48-kDa kinase was approximately 10-fold
higher after the treatment with Al than without Al, and the Al-induced activation was lost
within 5 min. Al transiently activates this protein kinase quickly enough to precede the initiation of malate efflux. This protein kinase
phosphorylated MBP, indicating that this
kinase may be categorized in the MAP kinase
group.
In yeast, expression of a MAP kinase gene
complemented Al tolerance in an Al-sensitive
mutant, indicating that MAP kinase may be
associated with the expression of physiological responses involved in Al-resistance
(Schott & Gardner, 1997). Although it remains unknown whether the 48-kDa protein
kinase is directly involved in the pathway for
malate efflux, it appears that this 48-kDa MAP
kinase plays a significant role in the transduction of the Al signal and expression of
some physiological responses in the root apex
of Al-resistant wheat (Osawa & Matsumoto,
2001).
Molecular genetic approaches involving the
use of reporter gene expression have been explored and appear very promising for dissecting stress signal transduction pathways in
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plants. Knight & Knight (2001) discuss two aspects of abiotic stress signalling pathways networks, namely cross-talk and specificity.
Cross-talk is an instance of two signalling
pathways from different stressors that converge. Specificity of a signalling pathway enables distinction between two or more possible outcomes and thus links a particular stimulus exclusively to a particular end response
and not to any other. Both cross-talk and specificity can occur within a particular pathway.
Molecular and biochemical studies suggest
that abiotic stress signalling in plants involves
receptor-coupled phosphorelay, phosphoinositol-induced Ca2+ changes, mitogen-activated protein kinase cascades and transcriptional activation of stress-responsive genes
(Xiong & Zhu, 2001). In addition, protein
posttranslational modifications and adapter
or scaffold-mediated proteinprotein stress
interactions are also important in abiotic signal transduction.

2001

poorly understood and controversial. Some
evidence points to Al entrance to root
symplast in considerable quantities possibly
affecting growth of the membrane from the
cytosolic side (Lazof
, 1994). However,
Horst (1995) and Rengel (1996) focused their
attention on the apoplast. Recent findings on
the cell wall  plasma membrane  cytoskeleton continuum (Miller
, 1997) call for a
reassessment of this debate.
Since the cellular site of Al toxicity is still unresolved, symplastic
apoplastic targets
are being intensively discussed (Marienfeld
, 2000). The major portion of absorbed Al is
localised in apoplast ranging from 3090% of
the total tissue Al content (Rengel,1996). This
seems to grossly overestimate the symplastic
part of Al due to apoplastic contaminations or
insufficient desorption.
Although many research groups have suggested integration of Al with many cellular
sites: cell wall, plasma membrane, or DNA
(Rengel, 1996; Silva
, 2000; Taylor
,
2000) it seems that most of the Al accumulates in the cell wall. Rengel & Reid (1997) reported using giant cells of the alga
that 99.99% of the total cellular Al accumulates in the cell wall, and according to
Chang
(1999) this concerns mainly the
part of cell wall pectin which remains in the
protoplast even after enzymatic digestion of
the wall. These authors even hypothesize that
Al may bind to the pectin newly produced during Al treatment.
Quantitative information on the uptake and
cellular distribution of Al is required to understand the mechanisms of Al toxicity. At present, we do not know which molecular forms of
Al are capable of crossing membranes what
the rates of Al transport are. The mechanistic
basis of Al transport and the overall subcellular distribution remain speculative.
Induction of callose (b-1,3-glucan) formation
is a sensitive marker for genotypic Al toxicity
(Horst
, 1997). Callose is accumulated in
the cell wall around plasmodesmata in response to the damage caused by Al in the
et al.

et al.

versus

et

al.

et al.

UPTAKE AND DISTRIBUTION OF
ALUMINIUM

Al ions are taken up by plants mostly
through the root system, and only small
amounts penetrate the leaves. Most authors
now agree that generally the active metal uptake processes involve ion-specific carriers
with energy expenditure but a specific Al carrier has not yet been found.
Plasma membrane represents the primary
target of Al toxicity (Takabatake & Shimmen,
1997). The primary effects of Al on root membrane permeability may appear only after a
few minutes or even hours after exposure to
Al. It is likely that these effects are mediated
by Al ability to bind to the carboxyl and phosphate groups of the cell wall and membrane,
respectively (Gunsé
, 1997).
Although a primary response to Al has been
localized to root apex (Kochian, 1995; Taylor,
1995; Sivaguru
, 1999), the mechanism of
the Al-induced growth inhibition remains
et al.

et al.

et al.
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roots of various plants. Larsen
(1996) observed increasing callose deposition in
wild-type
seedling roots with increasing Al concentrations over the range of 0
to 100 mM AlCl3. Callose may cause the blockage of celltocell transport by blocking
plasmodesmata (Sivaguru
, 2000).
Ectomycorrhizal fungi may influence seedling absorption and tolerance to Al and heavy
metals in soils. The mechanism by which
ectomycorrhiza influences absorption of
metal ions may be associated either with fungal mantle protection of roots or the modification of rhizosphere by the fungal associate.
Both the cell walls and the cytoplasm of fungal
tissue are the main accumulation sites for
metal ions resulting in decreased metal transfer from the fungus to the root (Turnau,
1996).
et al.
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et al.

ALUMINIUM TOXICITY AND
TOLERANCE

The current state of knowledge concerning
Al toxicity and differential Al tolerance in
plants has been covered in several reviews
and new papers are constantly being published, indicating the importance of the problem (Roy
, 1988; Taylor, 1991; 1995;
Kochian, 1995; Cocker
, 1998; Matsumoto, 2000; Osawa & Matsumoto, 2001).
Al is reported to interfere with cell division
in root tips and lateral roots, increase cell wall
rigidity by crosslinking pectins, reduce DNA
replication by increasing the rigidity of the
double helix, fix P in less available forms in
soils and on plant root surfaces, decrease root
respiration, interfere with a number of enzymes, decrease deposition of cell wall polysaccharides, decrease production and transport of cytokinins, modify structure and function of plasma membranes, reduce water uptake, and interfere with the uptake, transport,
and metabolism of several essential nutrients.
In cowpea a toxicity treshold was observed at
et

al.

et al.
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0.1 mM Al and complete growth inhibition at >
40 mM (Taylor
, 1998).
Mechanisms of Al tolerance have been
broadly classified as those which prevent Al
uptake by roots and those which detoxify Al already accumulated in the cell (Rengel, 1996).
Plant species and genotypes within species
vary widely in the tolerance to mineral
stresses frequently combined with tolerance
to other stresses. For example, Al-tolerant
plants may be more drought tolerant and require lower inputs of lime and P fertilizer than
less tolerant genotypes (Little, 1988). The Al
tolerance of tribe
generally follows
the order: rye > triticale > wheat > barley
(Aniol & Gustafson, 1984). However, the
mechanisms responsible for the high Al tolerance in both rye and triticale are not understood (Ma
, 2000).
Although several mechanisms have been
proposed for Al tolerance (Delhaize & Ryan,
1995; Kochian, 1995; Ma
, 2000; Matsumoto, 2000; Osawa & Matsumoto, 2001), recently secretion of organic acids from roots
has repeatedly been shown to play an important role in the external and the internal Al
neutralization (Ma, 2000; Ma
, 1997b).
Some organic acids form a stable complex
with ionic Al, thereby preventing binding of Al
with intra- and intercellular compounds in
roots (Li
, 2000).
The major organic anion released in response to Al is malate in wheat (Ryan
,
1995), citrate in leguminous crops (Yang
, 2000), both citrate and malate in triticale
(Ma
, 2000), and oxalate in buckwheat
(Ma
, 1997a). Osawa & Matsumoto (2001)
found that root apex of Al-resistant wheat cv.
Atlas lost organic anions citrate and succinate
as well as malate immediately after exposure
to Al. A recent molecular approach established that citrate efflux is enhanced by overproduction of citrate in transgenic tobacco
and papaya plants (de la Fuente
, 1997).
However, in genetically Al-resistant plants, organic anion efflux is highly specific to Al.
Making a resistant plant which can release oret al.

Triticeae
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ganic anions only in the presence of Al would
be a preferable strategy in preventing excess
carbon loss (Osawa & Matsumoto, 2001).
Many pieces of evidence show that the increase of organic acid release is induced 012
h after exposure to Al. Based on previous studies on Al-induced release of organic acids, two
patterns can be classified. One is that there is
no discernible delay between the addition of
Al and the onset of release of organic acids.
For example, in an Al-tolerant genotype of
wheat, ET3, Al-stimulated secretion of malate
from both intact roots and excised root apexes
was observed within 20 min after exposure to
Al (Ryan
, 1995). Similarly, Osawa &
Matsumoto (2001) showed that malate efflux
started 5 min after the addition of Al in wheat.
In buckwheat, the secretion of oxalic acid occurred within 30 min after the exposure to Al
(Ma
, 1997a). The efflux rate in this pattern is the same at any time after the exposure
to Al. The other pattern is that there is a
marked lag phase between the addition of Al
and the onset of organic acid release. In
, secretion of citrate in response to
Al was increased after 4 h (Ma, 2000). In an
Al-resistant cultivar of maize, a considerable
lag phase before maximal citrate efflux is observed (Pellet
, 1995). Therefore, the
efflux rate of organic acids in this pattern varies with the time after exposure to Al, being
initially low and high at a later time. The secretion pattern observed in triticale (ST2) belongs to the latter pattern (Ma
, 2000).
Since there are marked differences in the lag
time required for the induction of efflux of organic anion between plant species, the regulatory mechanism of organic anion efflux in response to Al stress is still lacking.
A large number of processes could contribute to Al exclusion from the meristematic cell
region, including increased secretion of mucilage (Crawford & Wilkens, 1997), polypeptides (Basu
, 1999), inorganic phosphate
(Pellet
, 1996), and organic acids (Larsen
, 1998). The involvement of rhizosphere
alkalinization (Degenhardt
, 1998), efflux
et al.
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Cassia tora

et

al.

et al.

et al.

et al.

et al.

et al.

2001

of Al from the symplast (Ezaki
, 1999),
and decreased cell-surface negativity (Wagatsuma & Akiba, 1989) are also possible.
Different mechanisms seem to be involved in
the secretion patterns of organic acids (Delhaize & Ryan, 1995). Organic acids have been
suggested to be secreted through an anion
channel located on the plasma membrane
(Ryan
, 1995; Piñeros & Kochian, 2001);
the rapid secretion of organic acids upon Al
exposure suggests that gene induction is not
involved. However, gene induction may be involved in the cases of a lag phase in the excretion of organic acids. The R genes may be related to the biosynthesis of organic acids, to
the formation of anion channels on the
plasma membrane and/or tonoplast, or to the
transport of, e.g., citrate from mitochondria
(Ma
, 2000). According to Delhaize &
Ryan (1995) activation of the anion channel
by Al might be due either to: (i) a direct action
on the channel protein, causing a change in its
conformation and thus increasing its mean
opening time or conductance, (ii) interaction
with specific receptor of the membrane or (iii)
entrance to cytoplasm and altering channel
protein through a signal transduction pathway. Al-specific carrier protein has not been
found.
Organic acids extracted from roots have different ability to precipitate Al. Hue
(1986) give the following list of acids in the decreasing order of the ability to precipitate Al:
oxalic acid > citric acid > malic acid > succinic
acid.
Pi efflux from roots may be considered another potential Al-resistance mechanism in
plants the formation of AlPi complexes in
the rhisosphere (Taylor, 1991).
The mechanism responsible for decreased
cell division in root exposed to Al is not clear,
but a direct effect associated with Al binding
to DNA or other nuclear material cannot be
excluded (Matsumoto, 1991; Silva
,
2000).
Al-sensitive soybean seedlings exposed to
Al3+ solution of low concentration (1.45 mM)
et al.
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within 30 min accumulate in nuclei higher
amounts of Al than resistant genotypes (Silva
, 2000). This result is consistent with
other literature data concerning higher Al
concentrations.
Al stress results in a decrease in the total adenine nucleotide level and the adenylate pool
sizes. This may lead to a change of energy
state (Lorenc-Pluciñska & Ziegler, 1996).
Hamilton
(2001) described on induction
of vacuolar ATPase and mitochondrial ATP
synthase by Al in an Al-resistant cultivar of
wheat. These enzymes were reported to play a
role in Al resistance.
Proline is thought to play a cardinal role as
an osmoregulatory solute in plants subjected
to hyperosmotic stresses, primarily drought
and soil salinity. Indeed, the accumulation of
this imino acid may be part of a general adaptation to adverse environmental conditions,
having been documented in response to several stresses including exposure to Al
(Mossor-Pietraszewska, unpublished data).
Proline stabilizes cellular structures as well as
scavenges free radicals (Hare & Cress, 1997).
The possibility that Al is detoxified by formation of stable metalprotein complexes has
been raised. Many authors showed inducible
synthesis of a cytosolic Al binding protein
(Basu
, 1999; Snowden
, 1995;
Somers & Gustafson, 1995; Wu
, 2000).
Although productions of phytochelatins confers heavy metal tolerance in plants (Cobbet,
2000), however, phytochelatins do not contribute to Al tolerance, most likely because
they do not bind Al effectively (Larsen
,
1996). Al tends to bind to the phosphate or
carboxyl groups rather than to SH groups
characteristic for chelatins (Gunsé
,
1997). However, Snowden
(1995) and
Wu
(2000) suggested that plant metallothionein-like protein and phytochelatins may
play a role in Al tolerance. An Al-induced
polypeptide (TA1-18) was identified in wheat
that shows homology to a pathogenesis related (PR) protein (Cruz-Ortega & Ownby,
1993). Basu
(1999) observed differences
et al.
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between wheat cultivars in the amount of
polypeptide exuded in response to Al stress,
and showed enhanced accumulation of 12-,
23-, and 43.5-kDa polypeptides in the Al-resistant cv. Maringa. A greater association of Al
with high molecular mass fraction (including
the Al-induced polypeptides) from Al-resistant
cultivars suggested that these polypeptides
may have significant Al-binding capacity, and
co-segregate with Al resistance. Thus it is hypothesized that specific proteins as well as the
exudation of organic acids may be involved in
Al-stress defence mechanisms.
Among the various effects induced by Al in
biological systems, either
or
, is
the destruction of membrane polyunsaturated
fatty acids depending on oxygen free radicals
(AOS). Different types of environmental
stress commonly result in enhanced generation of AOS. Al stress and oxidative stress are
strongly linked in plants. Ezaki
(2000)
described the construction of transgenic
lines expressing nine Al-induced
genes: an
blue-copper-binding
protein gene (
), a tobacco glutathione
-transferase gene (
), a tobacco peroxidase gene (
), and a tobacco GDP-dissociation inhibitor gene (
) conferred a
degree of resistance to Al. Two of these genes,
and
, and a peroxidase gene from
(
) also conferred increased
resistance to oxidative stress. These authors
conclude that these Al-induced genes can protect against Al toxicity, and also provide genetic evidence for a link between Al stress and
oxidative stress in plants.
in vitro

in vivo

et al.

Arabidopsis

Arabidopsis
AtBCB

S

parB

NtPox

NtGDI1

AtBCB

Arabidopsis

parB

AtPox

CHANGES IN GENE EXPRESSION
DURING ALUMINIUM STRESS

et al.

et al.

Plants have both a constitutive (present in
most phenotypes) and an adaptive (present
only in tolerant phenotypes) mechanism for
coping with elevated metal concentrations,
both under genetic control.
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Over 20 genes induced by Al stress have
been isolated from a range of plant species, including wheat (Aniol, 1995; Delhaize
,
1999), rye (Gallego & Benito, 1997), rice
(Nguyen
, 2001), soybean (Bianchi-Hall,
, 1998), tobacco (Ezaki
, 1997), and
(Richards
, 1998). Most of
the Al-induced genes seem to be general stress
genes that are induced by a range of different
plant stresses. It has been proposed that there
are common mechanisms for gene induction
by Al and oxidative stress. By analogy with
other stress genes, these genes may play a
role in protecting cells against Al stress.
Genetic variation in the response to Al toxicity has been found not only among plant species but also among cultivars within species
(Aniol & Gustafson, 1984). In hexaploid
wheat, major genes influencing tolerance to
Al are located on the short arm of chromosome 5A and the long arms of chromosomes
2D and 4D (Aniol, 1995; Aniol & Gustafson,
1984). In rye these genes are located on chromosomes 3R, 4R, and the short arm of 6R
(Aniol & Gustafson, 1984). Gallego & Benito
(1997) found that Al tolerance is controlled by
at least two major dominant and independent
alleles in rye:
and
, located on chromosomes 4R and 6R. DNA markers linked to
Al tolerance loci were also selected in rye
(Gallego
, 1998). In triticale genes required for the complete expression of Al tolerance are located on the short arm of chromosome 3R (Ma
, 2000). These genes are
also necessary for the release of organic acids.
The use of restriction fragment length polymorphisms (RFLPs), random amplified polymorphic DNA (RAPD), simple sequence repeats (SSRs or microsatellites), amplified
fragment length polymorphisms (AFLPs),
and various other molecular systems has
made possible a tremendous advancement in
the production of high-density linkage maps
and in the power of utilizing linkage studies
for localizing genes in plants (Gallego
,
1998; Ma
, 2001; Nguyen
, 2001; Wu
, 2000). Developing maps based on molecet al.
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ular markers is one of the steps in the genomic studies of important plants. Several techniques have been used to create genetic and
physical maps in plants.
A molecular linkage map, together with 104
AFLP markers and 103 RFLP markers, was
constructed to map quantitative trait loci
(QTLs) and epistatic loci for Al tolerance
based on the segregation for relative root
length (RRL) in rice (Wu
, 2000).
The identification of DNA markers diagnostic of Al tolerance can accelerate the development of cultivars that can remain productive
even under Al stress, and may be the starting
point for identifying the specific genes responsible for differences in the response of plant
genotypes to toxic Al levels.
Efforts have been made to obtain Al-tolerant
plants using biotechnological techniques, e.g.
transgenic rice (Wu
, 2000), tobacco and
papaya (de la Fuente
,1997), and
(Ezaki
, 2000).
et al.

et al.

et al.
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INTERACTIONS OF ALUMINIUM WITH
OTHER IONS

The mutual interactions of metals are very
important for plant growth and development
and determine the availability of metal ions
under different soil conditions, such as pH or
redox potential. Al toxicity is a complex event
which may be manifested as a deficiency of P,
Ca, Mg or Fe (Foy, 1988). Solubility of Al can
be increased or decreased depending on the
presence of other elements in the soil-plant
system.
Calcium transport into root is more intensive at the root apex, which is also the primary
site of Al accumulation and toxicity (Taylor,
1988). The interactions between Al and Ca are
probably the most important factors affecting
Ca uptake and transport in plants grown in
acid soils (pH < 5.5). With increased Al levels
Ca concentration in shoots and roots in wheat
decreased dramatically (Jones
, 1998).
There is a wealth of information indicating
et al.
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that Ca and Mg accumulation in plants is depressed by Al much more significantly than
the uptake of other important mineral nutrients (Rengel & Robinson, 1989). Possibly, this
is due to the Al-induced alteration in the properties and architecture of the membrane lipid
bilayer. Thus, the Al inhibition of Ca2+ transport may be involved in the initial phase of Al
toxicity. Al either inhibits Ca2+ transport into
the symplasm of root cells, or displaces Ca2+
from the critical metabolic sites in the apoplasm. It is known that Al3+ can effectively inhibit Ca2+ transport into roots, algal cells,
protoplasts, and membrane vesicles (Huang
, 1996), e.g. by blocking Ca2+ and K+ channels.
In many plants Al tolerance appears to be
closely associated with phosphorus-use-efficiency. Al markedly increases the redox potential of root tissues, decreases the contents
of high energy bond P, and increases contents
of mineral P in the roots (laski
1996).
Al binding by organic acids prevents the formation of PAl complexes, which results in an
increased availability of P in the root cell.
Therefore, Al-tolerant plants have a lower demand for P.
The concentrations of soluble Al and Mn frequently reach phytotoxic levels in acid soils.
Taylor
(1998) have examined the effect
of combinations of Al and Mn on growth and
metal accumulation in cowpea. Low concentration of Al in solution (1 to 8 mM) had little
effect on Mn accumulation in roots and
shoots, while higher concentrations (up to
100 mM) decreased the accumulation of Mn in
shoots. Similarly, low concentration of Mn
(0.1 to 6 mM) had little effect on Al accumulation, while higher concentrations (up to
50 mM) increased the accumulation of Al in
both roots and shoots. The objective of this research was to investigate the combined effects
of Al and Mn, when both are supplied at low
concentrations under conditions of low ionic
strength as found in soil solution of acid soils.
In contrast with previous reports, evidence
for antagonistic, synergistic, and multiplicaet

al.

et al.,

et al.

681

tive effects of Al and Mn on growth, metal uptake, and expression of foliar symptoms was
obtained by Taylor
(1998) under physiologically and environmentally relevant conditions. Their data demonstrate that the effects
of toxic metals cannot be considered in isolation.
Symptoms of boron deficiency and Al toxicity are very similar and generally associated
with impaired membrane function and root
growth (Lukaszewski & Blevins, 1996). LeNoble
(1996) reported that supplement
of B protects against Al inhibition of root
growth. Protection was apparent at all levels
of organization examined: primary root and
lateral root lengths, primary root cell elongation, cell production rate, tissue organization
and cell structure, primary root morphology
and maturation. Protection against Al inhibition was also apparent for shoot growth.
Silicon can ameliorate Al toxicity in plants
under some conditions and in a variety of species. Explanations for the mechanism of Al detoxification by Si are controversial: a
Si-induced increase in pH of soil solution, reduced bioavailability of Al the formation
of aluminosilicate species in the external
growth media bathing the roots, or an internal
detoxification mechanisms (Cocker
, 1998).
et al.

et al.
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CONCLUDING REMARKS

Although aluminium has been shown to be a
genotoxic metal, the molecular mechanism of
Al toxicity to plants is not well understood. Al
is a complicated ion in terms of chemical form
and exerts a divergent biological function.
The destructive influence of Al has been
shown at different levels of plant organization.
Many questions concerning plant response
to Al can be posed but very few answers can be
given. Al entrance to the root apex, particularly to the distal part of the transition zone
still more precisely to cell symplasts is crucial
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and all factors environmental and cellular intervening with Al transport play an essential
role. However, the question arises to what extent the general mechanism of signal
transduction of stresses is involved and to

2001

what extent Al interferes with DNA metabolism.
The recent accumulating data on gene maps,
including molecular markers, in different
plants and gene homology should facilitate answers to the questions on Al toxicity and tolerance.
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