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Mechanism of acid soil tolerance in plants and Molecular approaches to overcome

Shiva Kumar K.! and Chitti Bharat Kumar?

Abstract: Acid soil is a worldwide problem to plant production. Acid toxicity is mainly caused by a lack of essential nutrients
in the soil and excessive toxic metals in the plant root zone. Of the toxic metals, aluminum (Al) is the most prevalent and most
toxic. Plant species have evolved to variable levels of tolerance to aluminum enabling breeding of high Al-tolerant cultivars.
Physiological and molecular approaches have revealed some mechanisms of Al toxicity in higher plants. Mechanisms of plant
tolerance to Al stress include: (1) exclusion of Al from the root tips, and (2) absorbance, but tolerance of Alin root cells. Organic
acid exudation to chelate Al is a feature shared by many higher plants. The future challenge for Al tolerance studies is the
identification of novel tolerance mechanisms and the combination of different mechanisms to achieve higher tolerance. Molecular
approaches have led to significant progress in explaining mechanisms and detection of genes responsible for Al tolerance.

Gene-specific molecular markers offer better options for marker-assisted selection in breeding programs than linked marker
strategies. This paper mainly focuses on recent progress in the use of molecular approaches in Al tolerance research.

INTRODUCTION

Acid soils are widespread and limit plant production
all over the world. They cover 30%-40% of arable land
and more than 70% of potential arable land [1].
Constraints to production in acid soils are caused by
a combination of lack of essential nutrients, reduced
water uptake and mineral toxicity. The initial visual
symptom on plant growth is reduced root length [2].
Although approaches such as adding lime,
magnesium or calcium to the soil can ameliorate
adverse effects on plant growth, they are both costly
and ecologically unsound. Breeding tolerant cultivars
is the most efficient way to cope with soil acidity.
Plants vary significantly in acid soil tolerance.
Variation in acid soil tolerance makes it possible to
breed tolerant cultivars.

The success of breeding programs relies on an
understanding of the physiology, genetics and gene
regulatory information of acid soil tolerance. Decades
of study have revealed that the tolerance is due to
both internal and external mechanisms. The external
mechanism, organic acid exudation, is common in
higher plants. Various genes and QTL in different
species are responsible for different tolerance
mechanisms. Molecular markers have been developed

to assist gene cloning and to provide useful resources
for marker-assisted selection for breeding tolerant
cultivars. This paper reviews recent progress in
molecular approaches to improve Al tolerance in
plants. zone covering North America, South Asia and
Russia; and the southern belt in humid high rainfall
tropical areas including South Africa, South America,
Australia and parts of New Zealand [1]. There are
3950 million ha of arable land affected by soil acidity.
It affects about 38% of farmland in Southeast Asia,
31% in Latin America, 20% in East Asia, 56 % in Sub-
Saharan Africa, and parts of North America [9,10]. In
the Americas, 1616 million ha is affected, mostly in
South America. In Australia and New Zealand, 239
million ha of agricultural land is acidic [11]. In China
and India, 212 million ha or 12% of agricultural land
is classified as acidic.

Acid soils not only cause plant production losses,
but also affect plant distribution. For example,
barley —the fourth most important cereal in the
world —with its diverse origin and high importance
inagriculture [12], is well known for its wide tolerance
to abiotic stress, such as drought, alkaline conditions,
cold and heat [13]. Due to its high stress tolerance,
barley is distributed all over the world. Its growing
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areas extend from subtropical to temperate zones
including North America, Europe, Northwestern
Africa, Eastern Asia, Oceania and the Andeans
countries of South America the intensive barley
production areas are mainly non-acid soil regions of
Europe, North America and Australia.

ACID SOIL AND ITS TOXIC EFFECTS

Soil pH has significant adverse effects on the
availability of plant nutrients [3], solubility of toxic
heavy metals [4], soil microorganism activity [5],
breakdown of root cells [6], and cation exchange
capacity in soils [7]. The toxic effects can be classified
as morphological and physiological. Both lead to poor
plant development and consequently yield
reduction][8].

Acid soil and its distributions

Acid soil is a worldwide problem mainly located in
two belts: viz., the northern belt in the cold humid
temperate

Causes of soil acidity

In addition to natural soil acidity, many agricultural
and industrial activities lead to increased soil acidity,
including acid rainfall [16], fertilizer use, especially
acid-forming nitrogen fertilizers [17], and organic
matter decay [18]. H+ ions in acid rain interact with
soil cations and displace them from original binding
sites; cation exchange capacity reduces and H+
concentrations in soil water increase, resulting in
leaching [19]. When crops are harvested and removed
from fields, some basic materials for balancing soil
acidity are also lost, thus leading to increased soil
acidity. Guo et al. [17] reported that intensive farming
and overuse of N fertilizer contribute to soil
acidification in China.

pH level and acid soil toxicity

Acid soil toxicity is caused by a combination of heavy
metal toxicity, lack of essential nutrients and acidity
per se [20]. Large amounts of H+ ions have adverse
effects on the availability of soil nutrients; availability
decreases with falls in soil pH [2,21]. Low pH also
increases the solubility of heavy metal elements, such
as iron (Fe), copper (Cu), manganese (Mn), zinc (Zn)
and aluminum (Al). Only small amounts of these
heavy metals are needed by plants and excessive
amounts of soluble ions make them toxic to plant
growth [22]. Aluminum, the third most common
element in the earth’s crust, is one of the most toxic
[23]. Above a soil pH of 6.0, aluminum forms non-

soluble chemical components, with only a small
proportion in soluble form in the rhizosphere . When
soil pH decreases, Al becomes soluble and causes
deleterious effects [24]. A high concentration of H+
ions in acid soil is also toxic to higher plants, a feature
that has been underestimated for several decades [26].
Acidity toxicity and Al toxicity cannot be separated
since Al is only soluble in acid solution. Excessive H+
ions compete with other mineral elements such as
phosphorus (P), magnesium (Mg), calcium (Ca), and
Fe for plant absorption and disrupt transportation and
uptake of other nutrients, resulting in reduced plant
growth [27]. Kinraide [26] reported that H+ toxicity
was dominant at low Al concentration.

After screening different collections of the grasses
Holcus lanatus L. and Betula pendula Roth under
different levels of pH and Al, Kidd and Proctor [2]
found that collections from acid organic soils were
H+ tolerant, whereas those from acidic mineral soils
were Al3+ tolerant but not necessarily H+ tolerant.
The authors emphasized that pH toxicity was an
important limiting factor in very acid soils.

Effects of aluminum toxicity on plant growth

Aluminum ions (Al3+) cause severe damage to plants.
The effects of Al toxicity can be classified as
morphological and physiological. Morphological
effects refer to symptoms on different plant parts,
whereas physiological effects refer to the strong
binding effect of soluble Al3+ in acid soils where it
can interact with multiple sites of the cell, including
the cell wall, cell membrane and cell cytosol with
consequent toxic effects [28]. The first and most
significant morphological symptom of Al toxicity is
inhibition and reduction of root growth. It can be
detected within several minutes after Al addition [29].
Aluminum limits the ability of roots to scavenge for
nutrients and restricts the depth of penetration,
resulting in a poorly developed root system, nutrient
deficiencies and eventually reduced grain yields [30].
Hecht-Buchholz and Foy [31] found typical symptoms
of Al toxicity on newly-emerging lateral roots of
barley. Root tips were stunted and inhibited in barley
varieties differing in tolerance, but the onset of
symptoms in the tolerant genotype was several days
later than in the sensitive genotype. Tamas et al. [32]
observed that Al treatment induced root growth
inhibition and loss of cell viability in barley root cells
during germination. In white clover, the number of
root hairs decreased when the root was treated with
Al solution. Anincreased Al3+ concentration caused
root hairs to disappear and stunted root growth [33].
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Compared with roots, symptoms of Al toxicity are
not so easily identifiable on leaves [20]. One of the
symptoms is nutrient deficiency, probably a result of
low nutrient transport from damaged roots [28].
Phosphorus deficiency is manifested by overall
stunting, small, dark green leaves, late maturity,
purpling of stems, leaves and leaf veins, and
yellowing and death of leaf tips [20]. Calcium
deficiency in the presence of Al can be observed as
curling or rolling of young leaves and collapse of
growing points or petioles [34]. Thus Al inhibition of
leaf development may be a response to Al-induced
stress in roots [35]. Thornton et al. [36] found that leaf
size and expansion rates of honey locust seedlings
were significantly lower than those in the controls.
The size and thickness of leaf blades also decreased,
as did the size of leaf cells in seedlings of red pepper
when exposed to Al stress [37]. Physiological
symptoms include severe inhibition of DNA synthesis
[38], blockage of cell division [3], disjunction of cell
walls, disruption of plasma membrane integrity,
inhibition of signal transduction pathways, and
changes in cytoskeleton structure [32]. Liu et al. [39]
reported that aluminum chloride induced mitotic
irregularities and extrusion of nuclear material into
the cytoplasm in root tip cells of garlic. Ikeda and
Tadano [40] observed alterations of root tip cells in
barley treated with Al. These alterations included
thickened cell walls, accumulation of small vesicles
around the Golgi apparatus and swollen endoplasmic
reticulum in cells of the peripheral cap. The activities
of different enzymes during seed imbibition and early
growth of barley seedlings were also affected by Al3+.
Antioxidative enzymes such as peroxidase,
superoxide and dismutase had elevated activities in
the presence of Al3+. Hydrolytic enzymes including
phosphatases, glucosidase and esterase were strongly
inhibited at high Al3+ solutions [41].

Zhang et al. [42] reported that Al treatment altered
lipid composition on cell membranes. In the tolerant
wheat cultivar PT741, phosphatidyl choline levels
increased dramatically and sterol lipids decreased,
but no such changes occurred in the sensitive cultivar
Katepwa.

Solutions to overcome acid soil toxicity: breeding
for tolerance to soil acidity

Toxicity of acid soils is mainly caused by low pH, thus
agronomic practices to overcome this problem are
primarily based on increasing soil pH. Application
of lime has been the most common practice for many
years. It was reported that the use of lime in Western

Australia increased by 57,143 tons per year from 2004
to 2010. The addition of lime increases root cell
growth, lowers absorption of Al and enhances the
protective ability of the cell [43,44]. However, this
practice has disadvantages [55, 56], including Zn and
Mn deficiency [45]. Magnesium has been reported to
be more efficient than lime in alleviating Al toxicity
since the addition of Mg can enhance the efflux of
organic acids [46]. However, when Mg is present in
excess, it becomes toxic [47]. Other substances, such
as boron (B) and silicon (Si), also help to alleviate Al
toxicity [48, 49]. These strategies were reported to be
dependent on species or even genotypes.
Nevertheless, of all practices, improving plant
tolerance to acid soil through breeding is still the best
solution to cope with Al toxicity. Traditional breeding
methods, such as backcrossing, intercrossing, single
seed descent and top crossing can be used in breeding
cereals for acid soil tolerance. With advances in
molecular techniques, such as marker-assisted
selection (MAS), breeding for acid soil tolerance
becomes more effective. However, the effectiveness
of using MAS relies on the closeness of markers linked
to the tolerance genes.

MECHANISMS OF ALLEVIATING AL TOXICITY
IN PLANTS

Plant species differ significantly in Al tolerance.
Various studies suggested that Al tolerance follows
the order of pea (Pisum sativum L.) < two-rowed barley
(Hordeum vulgare L.) < oat (Avena sativa L.) <rye (Secale
cereale L.) <rice (Oryza sativa L.) [50]; rye > oat > millet
(Pennisetum americanum L.) > bread wheat(Triticum
aestivum L.) > barley > durum wheat (Triticum
turgidum L.)[51,52]. Al tolerance also differs among
genotypes within species [53,54]. Different
mechanisms are employed by higher plants to adapt
to acidic environments, which can be classified as
external or internal depending on different means of
Al binding [29].

External mechanisms

External mechanisms refer to external structures of
the root, such as cell wall, cell membrane or chemical
exudates including organic acids [55], phenolic
compounds [56] and phosphates [57] that can prevent
Al from entering and accumulating in cells. Of various
chemicals secreted by cells, organic acids are the most
studied [58]. For example, in wheat, tolerance is
related to citrate [59] and malate exudation [60].
Citrate exudation is a major tolerance mechanism for
Cassia tora L. [61], snap bean (Phaseolus vulgaris L.)
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[62], barley [63], and soybean (Glycine max L.) [64].
Oxalate exudation was reported in buckwheat
(Fagopyrum esculentum M.) [65] and taro (Colocasia
esculenta [L.] Schott) [66]. These organic acids chelate
Al and form non-toxic Al organic acid complexes to
prevent Al from interacting with root apices [67]. The
effects of their amelioration on plant growth under
Al stress were demonstrated by exogenous addition
of organic acids [68]. Different organic acids have
different abilities to chelate Al: oxalic acid > citric acid
> malic acid > succinic acid, depending on the
carboxyl number. Exudation of organic acids can
occur immediately upon Al treatment of wheat [69]
and tobacco (Nicotiana tabacum) [70]. A delay between
Al treatment and organic acid extrusion was observed
in soybean [64] and triticale (Triticosecale Wittmack)
[71]. This process of Al-stimulated exudation of
organic acids is independent of organic acid and
protein synthesis, as well as cell metabolism. Other
external mechanisms such as cell wall composition
and cell membrane effect were also reported. Cell-
wall pectin content was much lower in Al-resistant
buckwheat cultivars than Al-sensitive cultivars. When
treated with Al, an Al-sensitive cultivar tended to
have more low-methyl-ester pectins and less high-
methyl-ester pectins [54]. Yang et al. [72] observed that
in most cell walls Al accumulated in the
hemicellulosel fraction and absorption decreased
when the hemicellulosel was removed in
Arabidopsis. The contents of cell wall
polysaccharides, which can bind more Alin cell walls,
were much higher in Al-tolerant cultivars than Al-
sensitive ones [73]. The activity of H+-ATPase on
plasma membranes was also reported to be correlated
with Al-induced root growth inhibition [74].

Internal mechanisms

Internal mechanisms refer to cell internal components
or structures that chelate Al to form non toxic
components. These include the chelating of Al in the
cytosol, compartmentalization in the vacuole, Al-
binding proteins and Al-tolerant iso enzymes [29].
Little is known about the internal mechanism that
alleviates Al toxicity since it is very complicated and
there are numerous chemicals and targets responding
to Al toxicity [75]. For example, Watanabe and Osaki
[76] reported that the melastoma could accumulate
high concentrations of Al in leaves. When Al was
translocated from roots to leaves, it formed different
chemicals including Al-citrate and Al-oxalate
complexes. Flavonoid-type phenolics can possibly
detoxify Al inside plant cells. Kidd et al. [77] found

that phenolics including catechol and quercetin were
released in maize treated with Al and Si, and the
release was dependent on Al concentration. However,
due to a lack of efficient methodologies, our
understanding of internal mechanisms of Al tolerance
in plants is still fragmentary.

MOLECULAR APPROACHES TO REVEAL
MECHANISMS OF AL TOLERANCE

Molecular marker development and their application
in studies of Al tolerance and marker-assisted
selection (MAS) Genetic markers are useful tools to
reveal Al tolerance mechanisms in higher plants
following their detection by inheritance studies and
identification of relevant genes or loci. During the last
two decades, molecular markers based on DNA
sequence variations were widely used to study Al
tolerance. By detecting molecular markers, the gene
or trait could be easily identified and traced [78].
Based on the techniques used, molecular markers
could be classified as PCR-based or hybridization-
based [79]. DATT (Diversity Arrays Technology) and
RFLP (restriction fragment length polymorphism) are
hybridization-based markers, whereas AFLP
(amplified fragment length polymorphism), RAPD
(randomly amplified of polymorphic DNA), SSR
(simple sequence repeat) and SNP (single nucleotide
polymorphism) are based on polymerase chain
reaction (PCR) techniques. PCR-based markers are
preferred and widely used as they are highly efficient,
use less DNA, are less labor intensive and amenable
to automation and avoidance of autoradiography [80].
The use of molecular markers in Al-tolerance studies
includes Al-tolerance gene/loci identification and
molecular mapping as well as MAS. One RFLP
marker bcd1230, co-segregating with a major gene for
Al tolerance, on wheat chromosome 4DL, explained
85% of the phenotypic variation in Al tolerance [81].
Using anF2 population derived from barley varieties
Dayton and Harlan, three RFLP markers, Xbcd1117,
Xwg464 and Xcdo1395, were closely linked to Alp on
chromosome 4H [82]. The authors pointed out that
Al tolerance in barley was controlled by a single gene
that could be an ortholog of AItBH on wheat
chromosome 4D. Five AFLP markers, AMALI,
AMAL2, AMAL3, AMAL4 and AMALDS5, were closely
linked to, and flanked AIt3 on the long arm of
chromosome 4R [83]. After screening 35 Al-tolerant
wheat landrace accessions using ten AFLP primer
combinations, Stodart et al. [84] found that these
accessions had diverse genetic background and were
therefore valuable germplasms for Al tolerance
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breeding. RAPD marker OPS14705 was linked to the
Alt3 locus in rye. A SCAR marker ScOPS14705
derived from a RAPD marker, was further shown to
be linked to Alt3 locus [85]. Ma et al. [86] reported
SSR markers Xwmc331 and Xgdm125 flanking the
ALMT locus and they indicated that these markers
could be used for MAS in breeding Al-tolerant wheat
cultivars. In barley, several SSR markers, Bmag353,
HVM68 and Bmac310, were closely linked with an
Al tolerance gene [87,88]. Wang et al. [89] identified a
candidate gene HYMATE (Multidrug and Toxin
Efflux) for Al tolerance by fine mapping and the gene
was closely linked with markers ABG715, Bmag353,
GBM1071, GWM165 and HvGABP. DArT is a
hybridization-based molecular marker system. It has
been used in barley [90], wheat [91], rye [92] and
triticale [93]. It is particularly noted for its high-
throughput, quickness, high reproducibility and low
cost [94]. Hundreds to thousands of polymorphisms
can be detected very quickly [95]. The use of DArT
markers to perform whole-genome mapping in some
Brazilian wheat cultivars validated the citrate efflux
mechanism for Al tolerance [59]. DArT markers
combined with SSR and STS markers also validated
the candidate Al tolerance gene HvMATE on
chromosome 4H in barley [89].

QTL mapping and inheritance of Al tolerance in
plants

Genetic mapping refers to the mapping of gene/loci
to specific chromosome locations using linked genetic
markers [96]. Some cereal crops, such as wheat [97],
barley, sorghum (Sorghum bicolor L.) and oat were
reported to have simple genetic mechanisms of Al
tolerance, whereas rice and maize (Zea mays L.) have
more complicated inheritance with numerous genes/
loci involved. Generally, a single dominant gene is
responsible for Al tolerance in wheat [98]; however,
there are exceptions in some cultivars [99]. Using
different populations, genes/loci for Al tolerance
were mapped on different wheat chromosomes.
Single loci for Al tolerance were identified on
chromosomes 4DL, 4D, 4BL or 3BL, which had
phenotypic contributions as high as 85% (locus on
4DL), 50% (4D), 50% (4BL) and 49% (3BL)
[59,81,86,100]. In addition, genes/loci on
chromosomes 6AL, 7AS, 2DL, 5AS, 3DL and 7D had
roles in Al tolerance in wheat [101,102]. Complex
inheritance of Al tolerance was found in wheat. Zhou
et al. [103] identified a secondary QTL for Al resistance
on chromosome 3BL in Atlas 66, which was effective
only when the epistatic gene on 4DL was absent. Cai

et al. [104] mapped three QTL responsible for Al
tolerance on wheat chromosomes 4DL, 3BL and 2A,
which collectively explained 80% of the phenotypic
variation. In sorghum, Al tolerance was simply
inherited [105]. Magalhaes et al. [106] reported a major
locus AItSB on chromosome 3 for Al tolerance using
comparative mapping. In rye, Al tolerance was
reported to be controlled by several loci; at least four
independentloci, Altl on 6RS [107], Alt2 on 3RS [101],
Alt3 on 4RL [83] and Alt4 on 7RS [108], were validated
by QTL analysis. The genes on 3R, 6RS and 4R were
validated using wheat addition and substitution lines
with rye chromosomes [101]. Gallego and Benito [109]
reported that Al tolerance in rye was controlled by
dominant loci Altl and Alt3; the latter on chromosome
4RL was validated using recombinant inbred lines
[83]. Alt4 on chromosome 7RS was identified in three
different F2 populations [108]. In Arabidopsis, Al
tolerance seems to be multi-genetically controlled.
Two major QTL accounting for approximately 40%
of the phenotypic variance in Al tolerance were
identified using recombinant inbred lines derived
from the sensitive ecotype Landsberg erecta and
tolerant ecotype Columbia [110]. Another two QTL
explaining 43% of phenotype variation were detected
on chromosomes 1 and 4 in a different cross [111].
The QTL on chromosome 1 was common to both
crosses. In rice and maize, Al tolerance seemed to be
quantitatively inherited and QTL analysis showed
that multiple loci/ genes may control the trait. Nguyen
et al. [112] detected 10 QTL for Al tolerance in rice
using a double haploid population. They also
identified three QTL using recombinant inbred lines
derived from a cross between one cultivar and one
wild species [113]. In maize, five QTL were identified
on chromosomes 2, 6 and 8, accounting for 60% of
the phenotype variation [114]. Two QTL responding
to Al tolerance in maize were mapped on the short
arms of chromosomes 6 and 10 in a different study
[115]. Considerable effort was made in searching for
genes involved in Al tolerance in barley; one gene
along with additional minor gene effects were
detected [52,116]. Major QTL, Alp [117], Pht [118], Alt
[119] and Alp3 [120] on chromosome 4H, were
reported, but it is unknown whether these QTL/ genes
are the same or allelic [52].Minor QTL for aluminum
tolerance were identified on 2H, 3Hand 4H in the
Oregon Wolfe Barley (OWB) mapping population
[100,121]. The reason that different QTL were detected
in the different populations may be the heterogeneity
between different parents [122]. More information is
required to validate all QTL for Al tolerance in cereals.
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Association mapping

Association mapping is based on associations
between molecular markers and traits that can be
attributed to the strength of linkage disequilibrium
in large populations without crossing [123]. It differs
from bi-parental QTL mapping that evaluates only
two alleles. Association mapping can evaluate
numerous alleles simultaneously and is useful for
studying the inheritance of complex traits controlled
by multiple QTL [124]. Using association mapping,
six genes indifferent metabolic pathways were
significantly associated with response to Al stress in
maize [125]. In triticale, several molecular markers
had strong associations with phenotypic data from232
advanced breeding lines and the marker wPt-35640n
chromosome 3R was validated by various approaches
[126].

Identification of functional genes for Al tolerance

Using multiple molecular approaches, several genes
responding to Al tolerance in plants were identified.
These genes mainly belong to the MATE (multidrug
and toxic compound extrusion) and ALMT
(aluminum-activated malate transporters) families.
MATE genes encode transporters excreting a broad
range of metabolites and xenobiotics in eukaryotes
and prokaryotes [127] and ALMT family members
encode vacuolar malate channels [128]. In wheat, Al
tolerance is mainly controlled by two genes.
TaALMT1 which encodes a malate transporter on
chromosome 4D is constitutively expressed on root
apices [129]. TaMATE1 reportedly responds to Al
stress based on citrate efflux [59]. Two genes were
reportedly responsible for organic acid extrusion in
barley; HYMATE encodes a citrate transporter
responsible for Al tolerance [130]; and HVALMT, on
chromosome 2H, is responsible for malate acid
extrusion. Although transgenic plants showed
increased Al tolerance, the gene was more likely
responsible for anion homeostasis in the cytosol and
osmotic adjustment in barley [131]. Al tolerance in
sorghum is controlled by SO(MATE which is the major
Al-tolerant locus AltSB on chromosome 3 [132]. Two
genes were reportedly responsible for Al tolerance in
Arabidopsis; AtALMT1 encodes a malate transporter
responsible for malate efflux on chromosome 1 [10]
and AtMATE encodes an Al-activated citrate
transporter [133]. These two genes function
independently and both are regulated by the C2H2-
type zinc finger transcription factor STOP1 [133]
whichis also reportedly related with low pH tolerance
[134]. Inrye, SCALMT1, which is mainly expressed in

the root apex and up-regulated by Al, co-segregates
with the Alt4 locus on chromosome 7RS [135].
Another candidate gene SCAACT1 on chromosome
7RS was mapped 25 cM from ScALMT1[136]. In
maize, ZmMATE1 and ZmMATE2 co-segregated
with two major Al-tolerant QTL [114]. ZmMATE1 was
induced by Al and related with Al tolerance, whereas
ZmMATE2 did not respond to Al [137]. Other reports
reveal further genes that do not relate to organic acid
extrusion and do not belong to the MATE or ALMT
families. For example, the cell-wall-associated
receptor kinase gene WAK1 was reportedly involved
in Al stress in Arabidopsis [138]. In rice, two genes,
STAR1 and STAR?2, encoding a bacterial-type ATP
binding cassette (ABC) transporter, are essential for
detoxifying Al [139]. Although some genes have been
identified in plants, knowledge of the functional
regulation of these genes is still fragmentary. Recent
studies showed that gene sequence variation led to
different gene expression. For example, allelic
variation within the wheat Al-tolerance gene
TaALMT1 was demonstrated. There were repeats in
the upstream region and the number of repeats was
positively correlated with gene expression and Al
tolerance [140]. In barley, a 1 kb insertion in the
upstream region of HvVAACT1 enhanced gene
expression and altered the location of expression to
root tips in some Asian barley cultivars [141]. In
maize, the copy number of ZmMATE1 was the basis
of the phenotypic variation in Al tolerance [142].

Heterologous expression studies

Heterologous expression is a particularly useful
approach for validation of gene function in Al-
tolerance studies. Different types of material such as
Escherichia coli, yeast, Xenopus oocytes, onion and
tobacco cells have been used for heterologous
expression study of Al tolerance. For example,
TaALMT1 in wheat [129], HvAACT1 [130] in barley,
ZmMATE1 and ZmMATE2 in maize [137] were
heterologously expressed in Xenopus oocytes to
validate transport activity in Al tolerance. Huang et
al. [139] found that rice genes STAR1 and STAR2
interacted with each other; these two genes were
heterologously expressed in onion epidermal cells,
rice protoplasts and yeast. The products of the two
genes formed a complex with efflux transport activity
specific for UDP-glucose, of which exogenous
addition protected root growth under Al stress.
Protein activity of Al-tolerance genes BnALMT1 and
BnALMT?2 in Brassica was tested in tobacco cells and
Xenopus oocytes and showed that they conferred
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malate efflux, and transgenic tobacco cells had
enhanced tolerance to Al toxicity [143].

Application of molecular markers and QTL
mapping in marker-assisted selection

The rapid development of molecular markers and
QTL mapping of Al tolerance permits MAS for Al
tolerance in breeding programs. Traditional breeding
has benefited from conventional selection based on
phenotyping; however, phenotypic selection is
reportedly difficult, inefficient and laborious due to
its dependence on specific environments [144]. MAS
is based on associations between molecular markers
and superior alleles of genetic traits of interest. After
QTL are validated, tightly-linked markers can be used
to detect, transfer and accumulate desirable genome
regions into superior genotypes, a process that is
much faster than phenotypic selection. The major
advantages of MAS compared to conventional
phenotypic selection are cost-effectiveness, simplicity
of selection, time-saving and screening precision [145].
Different types of markers have been developed to
trace interesting genes or loci. As discussed in a
previous section, molecular markers including RFLP,
AFLP, RAPD, SSR, DArT and SNP have been
developed and used in Al-tolerance studies. These
have proved efficient in MAS in breeding programs.
With increasing numbers of genes for Al tolerance
being identified and sequenced in plants, PCR-based
gene specific markers developed from gene
sequencing are preferred in MAS for their easy
identification, high polymorphism and good
reproducibility [146]. In wheat, Raman et al. [158]
developed SSR markers, ALMT1-SSR3a and ALMT1-
SSR3b and a CAPS marker from the repetitive InDels
and substitution region of the TaALMT1 gene. These
PCR-based markers co-segregating with the tolerance
locus should be efficient tools for MAS [147]. In barley,
one gene-specific marker, HYMATE-2lindel, was
developed from the tolerance gene HvMATE. The
marker increased the explained phenotypic variation
compared with the other SSR markers. It can also be
used for selecting the tolerance gene from multiple
tolerance sources [148]. With additional and different
types of molecular markers being developed for Al
tolerance, breeding programs could be accelerated by
using these markers in MAS [78].

Transgenic approaches

Transgenic methods are very efficient for validating
genefunction in Al-tolerance studies. The first report
on a transgenic approach to increasing Al tolerance

in plants was in 1997 when De La Fuente et al. [149]
reported that an overexpressed citrate synthase gene
enhanced citrate efflux and led to improved root Al
tolerance in transgenic tobacco. Nodule enhanced
malate dehydrogenase and phosphoenol pyruvate
carboxylase expression in alfalfa caused increased
organic acid exudation in transgenic alfalfa [150].
ALMTT1 is a single major gene for Al tolerance in
wheat. Delhaize et al. [151] reported that wheat malate
transporter gene ALMT1 significantly improved Al
tolerance in transgenic barley. Transgenic plants
showed robust root growth and unaffected root apices
under certain levels of Al stress. Similar results were
also reported by Pereira et al. [152] who transformed
TaALMT1 into wheat line ET8 using particle
bombardment. T-2 lines showed increased gene
expression, malate efflux andAl3+ resistance.
HvALMT, a barley malate transporter gene, on
chromosome 2H is mainly expressed in stomatal
guard cells and expanding root cells [153]. When this
gene was overexpressed in transgenic barley plants
there was enhanced exudation of organic compounds
and improved Al resistance. The efflux was validated
to be independent of Al3+ [131].

Transcriptional approaches

Transcriptional approaches, such as transcriptional
profiling, RT-PCR, RNAi, Northern blotting, and
RNA sequencing [154] facilitated the identification of
pathway-related genes and verification of gene
function in Al tolerance. Northern analysis of ALS3,
which was reported to encode an ABC transporter-
like protein related to Al tolerance in Arabidopsis,
revealed that gene expression occurred in all organs
and expression increased in roots treated with Al
[155]. Chandran et al. [156] reported over 3000 genes
by transcription profiling in an Al-sensitive Medicago
truncatula cultivar under Al treatment. These genes
were involved in cell wall modification, cell
metabolism, protein synthesis and processing, and
abiotic and biotic stress responses. RNA-induced
silencing also proved that two of these genes, pectin
acetylesterase and annexin, increased sensitivity to
Al Using a suppression subtractive hybridization
technique, Chen et al. [157] identified 229 functional
ESTs in the roots of Al-sensitive alfalfa cultivar YM1
after treatment with 5 imol L”1 Al stress. Of them,
137 were known Al-response genes, while the other
92 were novel genes potentially related to Al
tolerance. The author also noticed that some novel
genes related to metabolism and energy were up-
regulated and RT-PCR validated the same result.
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CONCLUSIONS

Al is one of the most abundant metals in the earth’s
crust and prevails in acid soils all over the world. Due
to the increasing world population, there is an urgent
need to ameliorate Al toxicity to increase plant
production on acid soils. Although several
approaches for adding exogenous chemicals have
proved effective, breeding for tolerance seems to be
the most promising. Over recent decades, molecular
approaches have contributed greatly in unraveling
genetic mechanisms. Although plants vary
significantly in Al tolerance, it seems that they share
common tolerance mechanisms. Many researchers
have shown that an external mechanism, especially
organic acid exudation, plays a major role in
detoxifying Al. These genes in wheat either belong to
the MATE family encoding a citrate transporter or to
the ALMT family which encodes a malate transporter
on membranes. Multiple types of markers including
SSR, RFLP and SNP were developed to trace the
interesting genes. These markers provide not only
efficient tools for genetic studies but also important
resources for molecular marker-assisted selection.
Marker-assisted selection has shifted from linked
markers to gene-specific molecular markers for direct
tracing of genes of interest. Gene-specific markers
developed from wheat Al tolerance gene TaALMT1
and barley Al tolerance gene HVAACT1 co-segregate
with the respective tolerance genes and thus should
be efficient in MAS [148,158]. Genetic behavior of the
tolerance of some plant species has been clarified with
some genes responding for Al tolerance being
identified. Due to recent advances in marker
development, a stronger impact of marker-assisted
selection in breeding is expected. Although MAS is
used successfully for Al tolerance, current markers
are still some distance from the Al-tolerance genes.
Closer markers or gene-specific markers will make
selection more efficient. Combinations of different
tolerance mechanisms may achieve better tolerance,
thus the discovery of new genes remains a priority
for improved Al tolerance in crop plants.
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