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� Abstract Acid soils significantly limit crop production worldwide because ap-
proximately 50% of the world’s potentially arable soils are acidic. Because acid soils are
such an important constraint to agriculture, understanding the mechanisms and genes
conferring tolerance to acid soil stress has been a focus of intense research interest over
the past decade. The primary limitations on acid soils are toxic levels of aluminum (Al)
and manganese (Mn), as well as suboptimal levels of phosphorous (P). This review
examines our current understanding of the physiological, genetic, and molecular basis
for crop Al tolerance, as well as reviews the emerging area of P efficiency, which
involves the genetically based ability of some crop genotypes to tolerate P deficiency
stress on acid soils. These are interesting times for this field because researchers are on
the verge of identifying some of the genes that confer Al tolerance in crop plants; these
discoveries will open up new avenues of molecular/physiological inquiry that should
greatly advance our understanding of these tolerance mechanisms. Additionally, these
breakthroughs will provide new molecular resources for improving crop Al tolerance
via both molecular-assisted breeding and biotechnology.
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INTRODUCTION

Acid soils, which are soils with a pH of 5.5 or lower, are one of the most impor-
tant limitations to agricultural production worldwide. Approximately 30% of the
world’s total land area consists of acid soils, and as much as 50% of the world’s
potentially arable lands are acidic (159). The production of staple food crops, and
in particular grain crops, is negatively impacted by acid soils. For example, 20%
of the maize and 13% of the rice production worldwide is on acid soils (159).
Furthermore, the tropics and subtropics account for 60% of the acid soils in the
world. Thus, acid soils limit crop yields in many developing countries where food
production is critical. In developed countries such as the United States, high-input
farming practices such as the extensive use of ammonia fertilizers are causing fur-
ther acidification of agricultural soils. Although liming of acid soils can ameliorate
soil acidity, this is neither an economic option for poor farmers nor an effective
strategy for alleviating subsoil acidity.

This paper updates our 1995 review on the same topic (67). The previous
review heavily emphasized mechanisms of aluminum (Al) toxicity, which signif-
icantly impacts plant growth on acid soils. Research on the mechanisms plants
employ to tolerate toxic levels of Al in acid soils was in its early stages in 1995.
However, over the past eight years, considerable research has focused on physi-
ological and biochemical mechanisms of Al tolerance, as well as the molecular
basis for tolerance. Additionally, there has been a growing awareness that there
are several factors in addition to Al toxicity that limit crop production on acid
soils. This acid soil “syndrome” includes toxic levels of Al, manganese (Mn),
and iron (Fe), as well as deficiencies of several essential mineral elements, with
phosphorus (P) being the major limiting nutrient on acid soils. Hence, in this
review we highlight the key points regarding advances in our understanding of
plant responses to acid soils over the past decade. A significant portion of this
review focuses on the physiology, biochemistry, and molecular biology of Al
tolerance mechanisms. We also address recent research into plant mechanisms
of tolerance to phosphorus deficiency stress, a trait that is commonly termed
phosphorous (P) efficiency, as well as some recent work on tolerance to Mn
toxicity.
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MECHANISMS OF ALUMINUM TOLERANCE

Overview of Aluminum Toxicity

Due to space constraints, we focus on mechanisms of Al tolerance and not Al
toxicity. The many complex mechanisms by which Al toxicity is manifested are
addressed in several reviews (7, 67, 68, 100, 102). However, to place the research
on Al tolerance mechanisms in its proper context, it is important to list some of
the key features regarding the mechanistic basis for Al toxicity. These include:

� When the soil pH drops below 5, Al3+ is solubilized into the soil solution and
this is the most important rhizotoxic Al species (63–65).

� The primary symptom of Al toxicity is a rapid (beginning within minutes)
inhibition of root growth, resulting in a reduced and damaged root system
and limited water and mineral nutrient uptake (see, for example, 7, 59).

� The rapidity of this response indicates that Al first inhibits root cell expansion
and elongation; however, over the longer term, cell division is also inhibited
(67, 100, 102).

� The site of Al toxicity is localized to the root apex; thus research on tolerance
mechanisms also should be focused on this region of the root (138, 148, 150).

� Because Al is so reactive, there are many potential sites including the cell
wall, the plasma membrane surface, the cytoskeleton, and the nucleus that
could be targets for injury.

� Although most of the root-associated Al is in the apoplast, a small fraction
of the Al rapidly enters the symplasm and interacts with symplastic targets
(75, 146, 155).

� Al disrupts cytoskeletal dynamics, interacts with both microtubules and actin
filaments, and could be an important component of Al-induced inhibition of
root elongation (14, 40, 151).

� Al interactions with signal transduction pathways, in particular Ca2+ home-
ostasis and signaling, could play a role in toxicity. Al exposure can alter cy-
tosolic Ca2+ levels (58, 60, 175), and can interact with and inhibit the enzyme
phospholipase C of the phosphoinositide pathway associated with calcium
(Ca) signaling (59). For a recent review on this topic, see Reference 129.

� Al exposure elicits the induction of reactive oxygen species (ROS) as well
as peroxidative damage to membranes. Although lipid peroxidation is likely
not a primary mechanism of toxicity (51, 171), Al-induced ROS generation
and associated mitochondrial dysfunction could be involved in Al inhibition
of root growth (170).

Physiological Mechanisms of Al Tolerance

Over the past decade, several laboratories around the world have focused their
efforts on identifying and characterizing the mechanisms employed by crop plants
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that enable them to tolerate toxic levels of Al in acid soils. From this research, it
is clear that there are two distinct classes of Al tolerance mechanisms: those that
operate to exclude Al from the root apex and those that allow the plant to tolerate
Al accumulation in the root and shoot symplasm. Because of the intense interest
in this topic, crop Al tolerance has been the subject of many reviews (7, 37, 67, 68,
84, 88, 100). There has been considerable speculation about a number of different
Al tolerance mechanisms and it likely that multiple Al tolerance mechanisms are
employed by different plant species. However, to date, most of the experimental
evidence has focused on root Al exclusion based on Al-activated organic acid (OA)
exudation from the root apex. Evidence is also accumulating for a second tolerance
mechanism based on internal detoxification of symplastic Al via complexation with
organic ligands, again primarily OAs.

Al-ACTIVATED EXUDATION OF ORGANIC ACIDS FROM THE ROOT The first indica-
tions in the literature for a root-localized Al exclusion mechanism came from
work primarily with wheat, in which it was shown that Al-tolerant genotypes ac-
cumulated from three- to eightfold less Al in the root apex (the critical site for Al
toxicity) than did Al-sensitive genotypes (see, for example, 18, 134, 157). Signifi-
cant Al exclusion did not occur in mature root tissues. It was apparent that Al was
excluded from both the root cell wall and root symplast, which is consistent with
the continuous release of an Al-binding ligand that complexes Al in the rhizosphere
and prevents its entry into the root.

The breakthrough was two-part: the demonstration first in snapbean (107) and
then in wheat (18, 23) that Al-tolerant genotypes exhibit a strong Al-activated
exudation of Al-chelating OAs (citrate in snapbean and malate in wheat) absent
in the Al-sensitive genotypes. Delhaize et al.’s work in wheat provides the most
detailed characterization of this system (18, 23, 136, 137). They showed that the
Al-activated malate release is localized very specifically to the first few millimeters
of the root apex. Also, the release is activated very rapidly by Al, within minutes,
indicating that all of the machinery for the malate release is in place in root cells
prior to Al exposure, and activation occurs at the protein, not gene, level. Presum-
ably, a continuous exudation of malate increases the malate concentration in the
unstirred layer at the surface of the root apex to levels high enough to chelate and
detoxify a significant fraction of the rhizosphere Al in contact with the root tip,
preventing Al entry into the root. The OA exudation continues as the root grows
through the soil, thus maintaining the Al-chelating barrier around the root apex as
it encounters new regions of acid soil.

Since these initial reports, high levels of Al-activated OAs have been corre-
lated with differential Al tolerance in a large number of both monocot and di-
cot plant species, as summarized in Table 1. When the extensive literature on
Al-activated organic release from roots of Al-tolerant genotypes is examined as
a whole, one can make a strong case that this process is a bona fide Al tol-
erance mechanism in plants. The supporting evidence can be summarized as
follows:
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TABLE 1 Plant species where Al-activated root organic acid exudation is correlated with Al
tolerance

Plant species Organic acid
(common name) Genotype released References

Triticum aestivum (wheat) Line ET3 Malate (18, 23, 135,
136)

Atlas 66 Malate (53, 122)
Chinese Spring and Malate (120)

derived ditelosomic
lines

Kitakami B (55)

Zea mays (maize) SA3 Citrate (121)
IAC-TAIUBA Citrate (61)
Cateto-Colombia Citrate (125)
ATP-Y Citrate (70)
Sikuani Citrate, oxalate (62)
DK789 Citrate (55)

Avena sativa (oat) Citrate, malate (177)

Secale cereale (rye) Citrate, malate (78)

Sorghum bicolor (sorghum) SC283 and Citrate (98)
derived NILs

Triticale ssp (triticale) Citrate, malate (90)

Colocasia esculenta (taro) Oxalate (94)

Nicotiana tabacum (tobacco) Citrate (20)

Cassia tora (sickle senna) Citrate (55, 91)

Glycine max (soybean) PI 41,6937 Citrate (147)
Suzunari Citrate (173)

Helianthus annuus (sunflower) Citrate, malate (140)

Fagopyrum esculentum Oxalate (92, 177, 178)
(buckwheat)

Raphanus sativus (radish) Citrate, malate (177)

Brassica napus (rape) Citrate, malate (177)

Arabidopsis thaliana Malate (50)

� There is a strong correlation between Al tolerance and Al-activated OA re-
lease in numerous plant species (Table 1).

� The addition of OAs (malate, citrate, or oxalate) to root bathing solutions ame-
liorates Al toxicity in Al-sensitive varieties (for example, see 23, 122, 178).

� Complexes of Al with di- and tricarboxylic OAs are not transported across
membranes or absorbed by roots (1; D. Jones & L. Kochian, unpublished
results).
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� Al-activated malate release cosegregates with Al tolerance and Al exclusion
from the wheat root apex in near-isogenic lines that differ at a single locus
for Al tolerance (18, 23).

� The Al-activated OS’s exudation is localized to the root apex, which is the
primary site for Al toxicity (138, 150).

� In general, the activation of this mechanism is triggered specifically by exoge-
nous Al3+ (136), although some lanthanide cations can act as Al3+ analogs
in triggering the exudation response.

� The loss of specific chromosome arms that result in a decrease in Al tolerance
in ditelosomic wheat lines correlates closely with decreased rates of root
apical malate release and decreased Al exclusion from the root apex (120).

� Overexpression of enzymes involved in OA metabolism (citrate synthase and
malate dehydrogenase) in transgenic tobacco, Arabidopsis, and alfalfa can,
in some cases, result in increased root OA content and exudation, as well as
enhanced Al tolerance (17, 71, 156).

� I) An Al-gated anion channel was identified in protoplasts isolated from the
root apex of Al-tolerant wheat and maize; it is a candidate for the transport sys-
tem facilitating Al-induced OA release in these species (124, 125, 139, 176).

Although Al-tolerant genotypes from many plant species share this general
tolerance mechanism, there are several interesting species-specific differences in
this Al-activated response. First, although Al-activated malate exudation has been
the most extensively characterized Al-exclusion mechanism (primarily due to the
many studies in wheat), a number of plant species including maize (61, 121),
sorghum (98), oat (177), radish (177), soybean (147, 173), and tobacco (20) employ
Al-activated citrate exudation, whereas buckwheat and taro depend on root oxalate
release (94, 178). Some species, such as rye, triticale, and oilseed rape, exhibit an
Al-activated exudation of both citrate and malate (78, 90, 177). The significance of
the large number of species exhibiting Al-activated citrate release is that citrate3−,
as the tricarboxylic acid anion, chelates Al3+ much more strongly than does the
dicarboxylic malate2− anion (formation constant for Al:citrate of 9.6 compared
to 5.7 for Al:malate). Hence, citrate is much more effective at detoxifying Al
than is malate, and there are distinct advantages to employing citrate exudation to
exclude Al, compared with malate. One question for future research is how different
plant species regulate the specificity of their OA exudation response. Are species-
dependent differences in the OA species based on differences in plasma membrane
transporter selectivity and permeability, OA metabolism and compartmentation,
or a combination of these factors?

In addition to the identity of the OA released by a specific crop species, there
also are differences in the spatial localization of this response in certain species.
In wheat, the Al-activated malate exudation is highly localized, occurring in the
terminal 0.2–0.3 mm of root. This should increase the efficiency of the response,
as exudation that is localized to the specific root zone requiring protection from Al
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should minimize the metabolic cost with regard to OA synthesis and loss. However,
in maize and sorghum, Al-activated citrate release occurs over much more of the
root. In maize, the Al-dependent citrate efflux occurred over the entire terminal
5 cm of root, and both stellar and cortical root cells mediated this response (125),
whereas in sorghum, both Al exclusion and the Al-activated citrate release occured
as far back as 3 cm from the root tip (98; J. Magalhaes, J. Shaff & L. Kochian,
unpublished results). The site of Al-induced injury in maize roots is localized to the
first 3 mm of the root (150), so it appears that in these species there is significant
citrate exudation from the mature root that may not be directly involved in Al
tolerance.

IS THIS TOLERANCE MECHANISM Al-INDUCIBLE? An important issue that won’t be
resolved until the genes conferring Al tolerance are isolated and characterized is
whether one or more Al-tolerance mechanisms are inducible at the gene expres-
sion level. The assumption that Al-tolerance genes and proteins are inducible by
Al exposure has been the driving force for many of the molecular studies detailed
below. Because this is a field in which our understanding of the physiological
mechanisms has preceded our knowledge of the molecular basis for Al tolerance,
it is worthwhile to examine the concept of Al tolerance induction from the phys-
iological point of view. As Ma and colleagues pointed out (84, 88), there are two
temporal patterns for Al-activated OA exudation. One pattern is represented by
plant species such as wheat, where root malate exudation is rapidly activated by
Al exposure and there isn’t any discernible increase in the rate of malate efflux
over time. Therefore, in species like wheat Al activates an already expressed OA
transporter, and gene activation does not play a role. However, in plant species
such as rye, triticale, and Cassia tora (sickle senna), there is a discernible lag in
Al-activated OA exudation, and the rate of exudation increases over the first 12–
24 h of Al exposure (78, 91). Including maize in this second “Al-inducible” group
is somewhat problematic. Our earlier work on Al-activated citrate release in the Al-
tolerant cultivar South American 3 shows that the rate of exudation in Al increased
significantly over time (121). A similar inducible pattern for root citrate exudation
also occurred in a study of a second Al-tolerant maize genotype (61). However, in
a more recent study with the very Al-tolerant Brazilian hybrid Cateto-Colombia,
there was no evidence for an increased rate of citrate exudation over a four-day
exposure to Al (125).

The pattern of increasing rates of OA exudation with longer Al exposures times
is consistent with induction of Al tolerance genes contributing to this increased ca-
pacity. The question remains, what is being induced? Possible candidates include
the increased synthesis or activity (via expression of a second regulatory protein)
of a plasma membrane transporter, as well as enzymes involved in OA synthesis.
Al could induce alterations in internal OA compartmentation such that more OA
is available for transport. To date, no strong evidence has been presented implicat-
ing changes in key enzymes catalyzing OA synthesis and metabolism [phospho-
enolpyruvate (PEP) carboxylase, malate dehydrogenase, citrate synthase, isocitrate
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dehydrogenase] in this inductive response. In rye and triticale, Al activates an up
to tenfold increase in citrate and malate exudation with little or no change in the
activities of PEP carboxylase, isocitrate dehydrogenase, malate dehydrogenase,
and citrate synthase in the root tips of both Al-tolerant and -sensitive cultivars
(45, 78).

If Al induces an OA exudation process whose rate increases over time, this
should also induce a measurable increase in Al tolerance. It is surprising that this
has not been addressed in plant species such as rye where there is a noticeable
induction and time-dependent increase in OA release. In sorghum, Al-activated
root citrate exudation correlates closely with Al tolerance. When the roots of an
Al-tolerant near-isogenic line of sorghum were exposed to a moderate level of Al
for a prolonged period of time (six days), there was a significant increase in Al
tolerance (98; J. Magalhaes & L. Kochian, unpublished results). That is, after
24–48 h of Al exposure, root growth was inhibited about 40%, whereas by day
six in Al, there was no inhibition of root growth. Over the same time period, the
Al-activated root citrate exudation actually exhibited a slight decrease, suggesting
that another process was induced to facilitate this increase in Al tolerance.

Cellular mechanisms of organic acid transport Because Al exposure rapidly ac-
tivates the exudation of OAs, and the release is specific for one or two OAs from
a cytoplasm that contains a number of different OAs, it is likely that Al activation
of a specific plasma membrane transporter is a significant component of this tol-
erance response. In wheat, Al activates malate release almost instantly, suggesting
that transport is the limiting step (119, 136). Further support for this comes from
work where no differences in root tip malate content or in the activities of PEP
carboxylase or malate dehydrogenase in Al-tolerant vs. -sensitive wheat root tips
were observed even though Al exposure activated a large and continuous efflux of
malate in the Al-tolerant genotype (23, 136).

Al-ACTIVATED ANION CHANNELS In the root cell cytoplasm with a pH of near
neutrality, OAs are almost completely dissociated and thus exist as OA anions.
Primarily because of the large negative-inside transmembrane electrical potential
in plant cells, there is a strong thermodynamic gradient directed out of the cell
for these anions. Therefore, a likely transport mechanism that could mediate Al-
activated OA exudation would be an anion channel that opens upon exposure to
Al, allowing the OA anion to flow out of the cytoplasm. Anion channels that
are specifically activated by extracellular Al3+ were recently identified using the
patch clamp technique with protoplasts isolated from root tips of Al-tolerant wheat
(139, 176) and maize (70, 124, 125). In wheat, Ryan and coworkers (139) used the
patch clamp technique in the whole-cell configuration to show that Al3+ activated
an inward Cl− current (Cl− efflux; Cl− was the only anion in the patch pipette)
across the plasma membrane of wheat root protoplasts from the Al-tolerant line;
as long as Al was maintained in the external solution, this channel remained open.
This channel exhibited transport properties similar to that of Al-activated malate
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exudation in intact wheat roots, suggesting that it is mediating the OA exudation
in wheat. In a subsequent study from the same group, they showed that the channel
was more permeable to malate2− anions than Cl− (176). They also found significant
differences in the Al-activated anion channel activity in root tip protoplasts from
Al-tolerant versus -sensitive near-isogenic lines; Al3+ activated the anion current
more frequently and the anion current density was considerably higher in cells
from the Al-tolerant line. These findings suggest that root tip cells of both Al-
tolerant and -sensitive wheat have this transport system, but it is expressed to a
higher level and/or is more active in the tolerant genotype.

In an Al-tolerant maize line that exhibits Al-activated root citrate release, Al3+

activated an anion channel that mediates Cl− efflux in root tip protoplasts (124,
125). This Al-activated anion channel exhibited similar properties to the citrate
exudation observed in intact maize roots. The key finding from this study was the
observation that this channel could be activated in outside-out excised membrane
patches, where the functioning of a single channel in the membrane patch in
isolation from cytosolic factors can be studied. As Figure 1 (see color insert) shows,
excised membrane patches isolated in the absence of Al were electrically quiet.
When these membrane patches were exposed to extracellular Al3+, the inward
anion current indicative of anion efflux was activated, and then the channel closed
again when Al was removed. This finding is significant because all the machinery
for Al activation of OA exudation is either contained within the channel protein
itself or via an associated membrane receptor. As depicted in the model in Figure
2 (see color insert), and described in detail in the review of root OA exudation
by Ryan et al. (135), there are three possible scenarios for Al activation of a
plasma membrane anion channel involved in OA exudation: (a) The Al3+ ion
could directly bind to and activate the channel; (b) it could bind to a separate
but closely associated membrane receptor which in turn, activates the channel; or
(c) Al3+ could activate the channel indirectly through a signal cascade that might
involve cytosolic components. The findings in Al-tolerant maize suggest that either
option (a) or (b) is the most likely scenario. Findings such as these are helping
researchers develop molecular strategies for isolating Al tolerance genes in crop
plants.

In the aforementioned study in maize, it was not determined whether the chan-
nel was permeable to citrate or other OAs because Cl− was used as the primary
transported anion. However, in another patch clamp study on Al-activated an-
ion channels in protoplasts from Al-tolerant maize roots, the Al-activated anion
channel was permeable to Cl−, malate2−, and citrate3− (70).

The physiological and electrophysiological studies described above for Al-
activated OA transport indicate that an anion channel may be the protein that
mediates the OA anion transmembrane flux. This raises the question as to the
nature of the anion channel protein. There are several families of anion channels
that have been identified, with much of the work coming from animal studies.
These include the CLC (chloride channel) family and a subset of the ATP-binding
cassette (ABC) protein superfamily. ABC proteins are transporters that bind ATP
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during the transport of a wide range of organic and inorganic solutes. A subset of
this family includes the cystic fibrosis transmembrane regulator in mammalian cell
membranes, which is a Cl− channel (3). Another ABC protein, Pdr12, is involved in
the efflux of OAs in yeast (126). Therefore, could the Al-activated malate transport
in wheat be mediated by an ABC transporter? This channel shares several transport
similarities with an anion channel in the guard cell plasma membrane, the “slow”
anion channel (for slow inactivation), which also mediates the sustained release of
anions (76). Based on similarities to the CFTR Cl− channel, it has been suggested
that the slow anion channel in guard cells could be an ABC transporter (76).
One similarity is sensitivity to the ABC transporter antagonist, diphenylamine-2-
carboxylic acid (DPC). In the electrophysiological investigation of the Al-activated
anion channel in Al-tolerant wheat roots described above (176), DPC inhibited this
anion channel, and also inhibited the Al-activated malate efflux from intact wheat
roots.

Having speculated that this malate transporter may be an ABC protein, some
recent work suggests it actually may be a novel type of membrane transporter.
A potentially exciting recent finding regarding OA transporters involved in Al
tolerance comes from work in Matsumoto’s laboratory describing the isolation
of a wheat gene that encodes the root tip Al-activated malate transporter (142).
This gene was identified via a subtractive hybridization approach using a pair of
near-isogenic wheat lines differing at a single Al tolerance locus. When genes
from this screen were further analyzed to find those that were expressed more
strongly in the root tip of the Al-tolerant near-isogenic line, a gene that appears
to be a novel membrane protein was identified. Heterologous expression of this
gene, named ALMT1 for Al-activated malate transporter, conferred an Al-activated
malate exudation in Xenopus oocytes, as well as in roots of transgenic rice seedlings
and tobacco suspension cells. Expression of ALMT1 increased Al tolerance in the
tobacco suspension cells. This is a potentially important discovery because it may
represent the identification of the first major Al tolerance gene in crop plants, and
it certainly opens up new avenues of research in this field.

HOW ARE THESE ORGANIC ACID TRANSPORTERS ACTIVATED BY Al? The results
from these biophysical and physiological studies clearly indicate that perception
of the Al signal and transduction of this signal into activation of OA exudation
are important components of the tolerance response. This is an area for which
almost no information exists and should be a focus of future research. Based
on what is known about ligand-gated channels in general, there are many po-
tential modulators including proteins that could vary in activity or abundance,
such as kinases, phosphatases, G proteins, and 14–3-3 proteins, as well as sol-
uble factors that could likewise vary in activity or abundance, such in Ca2+ or
cyclic nucleotides. Evidence for the possible involvement of kinase-mediated pro-
tein phosphorylation of the wheat malate transporter comes from the work of
Osawa & Matsumoto (119). They showed that the rapid Al activation of malate
release from the root tip of an Al-tolerant wheat genotype (detected within 5 min
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after Al exposure) was blocked by the protein kinase inhibitor K-252a. This same
treatment with K-252a also abolished Al exclusion and Al tolerance. Al expo-
sure very rapidly, within 30 sec, activated a 48-kD protein kinase from the root
tip and this activation was transient, diminishing after 5 min of Al exposure.
These findings suggest that protein phosphorylation may be required for acti-
vation of this malate transporter by Al. The recent identification of ALMT1, a
candidate for the Al-activated malate transporter in wheat (142), opens up new
avenues of research into the identification of proteins or other factors that could
be directly or indirectly interacting with the OA transporter during Al-mediated
activation.

Recently, a member of the WAK family of cell wall–associated protein kinases
in Arabidopsis thaliana, WAK1, was shown to be rapidly (in less than 3 hrs)
induced by Al exposure in Arabidopsis roots (149). These proteins are predicted
to contain several motifs, including an extracellular domain covalently linked to
pectin moieties in the cell wall, a transmembrane domain, and a conserved Ser/Thr
kinase in a cytoplasmic domain (2). Hence, these proteins have all the structural
features to perceive an Al signal in the cell wall and transduce this signal in the
plasma membrane or cytosol. Sivaguru and colleagues found the protein to be
expressed in the cells of the root periphery of the root tip, and overexpression
of WAK1 in transgenic Arabidopsis conferred a small increase in Al tolerance.
Although the connection between WAK and Al tolerance from this study is still
tenuous, it deserves further examination.

THE PRESENCE OF OTHER TOLERANCE MECHANISMS IN PLANTS EXHIBITING Al-AC-

TIVATED ORGANIC ACID RELEASE Given the frequent speculation that a number
of different tolerance mechanisms could be operating in plants, it is not surprising
that researchers are starting to see evidence for additional Al tolerance mechanisms
in plant species that depend on Al-activated OA exudation. The best example of
this is in buckwheat, where Al exclusion from the root apex due to Al-activated
oxalate exudation is coupled with a second, internal detoxification mechanism in-
volving Al chelation with oxalate in the leaves and citrate in the xylem (85, 86,
178). Additional evidence for multiple tolerance mechanisms comes from anal-
yses of the genetic complexity of Al tolerance in rice and maize, where it is a
quantitative trait with multiple contributing loci. This suggests that in rice, which
is the most Al tolerant of the small grain cereal crops (89), and maize, several dif-
ferent Al tolerance mechanisms could combine and thus result in the high level of
observed tolerance. In maize, it is generally accepted that Al tolerance is conferred
by Al-activated citrate exudation (61, 121). In both of these studies, this assertion is
based on the correlation of rates of Al-activated citrate exudation with Al tolerance
between a single Al-tolerant genotype and one or two Al-sensitive lines. Recently,
we conducted a similar analysis with a broader panel of Al-tolerant and -sensitive
maize lines from Brazil and North America (123). All of the very Al-tolerant
Brazilian lines exhibited a high rate of Al-activated citrate release, as expected.
However, several of the Al-sensitive lines from Brazil and North America also
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exhibited high rates of Al-activated citrate release. In fact, the North American
maize inbred, Mo17, exhibited the highest rate of citrate exudation even though it
is relatively Al sensitive. Our interpretation of this is that in maize, citrate release is
only one of several possible mechanisms operating simultaneously in the very tol-
erant genotypes, whereas in Mo17, it is the only mechanism functioning. Another
North American maize inbred that exhibits a similarly low level of Al tolerance,
B73, has no Al-activated citrate release and thus must employ a different mech-
anism for its basal level of tolerance. Quantitative trait locus (QTL) analysis for
Al tolerance with a set of recombinant inbred lines (RILs) generated from a cross
of B73 × Mo17 shows that some of the RILs are considerably more Al tolerant
than is either parent (49). The existence of transgressive segregation is consistent
with some of the progeny combining the different Al tolerance mechanisms we
speculate are operating in Mo17 and B73.

What other Al tolerance mechanisms could be operating in these species? With
regard to other possible exclusion mechanisms, these could include the root ex-
udation of other Al-chelating organic ligands, the formation of a rhizosphere pH
barrier, Al-binding by mucilage secreted from the roots, or the actual efflux of
accumulated Al from the root apex via some type of Al transporter. Internal detox-
ification mechanisms could include Al fixation in the cell wall, complexation in
the symplasm via organic ligands, and sequestration in the vacuole.

Other Potential Mechanisms of Al Exclusion

ROOT EXUDATION OF PHENOLIC COMPOUNDS Because of the ability of phenolic
compounds to complex metals such as Al and also act as strong antioxidants in
response to abiotic stress, they are beginning to receive attention in relation to Al
tolerance (101, 118). Phenolics, which are characterized as organic compounds
containing one or more hydroxylated aromatic rings, represent a broad range of
plant compounds, including alkaloids, flavonoids, terpenoids, and glycosides. They
reportedly form strong complexes with Al3+ at neutral pH and were implicated
in internal Al detoxification in tea and other Al-accumulating species (101, 118).
However, the role of root phenolic exudation as an Al exclusion mechanism in the
rhizosphere is less clear. The reason for this is that in acidic conditions, Al3+ and
H+ compete for the binding sites in phenolic compounds, thus reducing their metal-
binding capabilities when compared to most OAs in acidic solutions. Nevertheless,
their potential role in Al exclusion cannot be disregarded. Recently, Kidd et al. (62)
reported a better correlation between the rate of Al-stimulated root exudation of
the flavonoids catechin and quercetin, and differential Al tolerance in three maize
genotypes, than with Al-activated OA exudation. The authors suggested that Al-
activated exudation of phenolics may play an important role in the detoxification
of Al in the rhizosphere surrounding the root apex.

ROOT-MEDIATED INCREASE IN RHIZOSPHERE pH An attractive mechanism that was
the topic of early speculation in the Al tolerance literature involved root-mediated
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increases in rhizosphere pH. If the root could effectively increase the pH of the
rhizosphere surrounding the root tip, this would reduce the activity of the rhizo-
toxic Al3+ species in favor of less toxic hydroxyl monomers of Al. For a review
of the earlier literature on this topic, please see Reference 154. Despite the at-
tractiveness of this process as an Al tolerance mechanism, only one publication
unequivocally demonstrated a role in Al tolerance. In a study where two classes
of Al-tolerant Arabidopsis mutants were isolated and characterized, it was shown
that Al tolerance in both classes was mediated by Al exclusion (74). One class of
mutants exhibited an increased root malate and citrate exudation, whereas the other
class did not release any more OA than wild-type seedlings. A companion study
showed that in this second class of mutants, Al tolerance was correlated with an
Al-activated root apical H+ influx, measured with a vibrating pH microelectrode
system (16). This H+ influx resulted in an increase in rhizosphere pH at the surface
of the root apex, which was large enough to significantly decrease the Al3+ activity
around the root tip and lead to improved root growth.

Internal Detoxification of Aluminum

Recently, some researchers have turned their attention to plant species that can
accumulate Al to high levels in the shoot, to look for mechanisms of internal
Al detoxification. The work of Ma and colleagues has begun to provide insights
into mechanisms of internal Al detoxification in two Al accumulator species,
Hydrangea and buckwheat. Hydrangea is an ornamental plant whose flowers (ac-
tually the sepals) turn from red to blue when the soil is acidified; this color change
is due to Al accumulation in the sepals and the formation of a blue colored com-
plex of Al, delphinidin-3-glucoside, and 3-caffeolylquinic acid. Hydrangea can
accumulate greater than 3000 ppm Al in its leaves (87) and the authors used
27Al-NMR spectroscopy to show that the Al in the leaves exists primarily as a
1:1 Al-citrate complex. In a cytosol with a pH of around 7, this would be a very
strong complex (higher stability constant than for Al-ATP) and should protect the
cytosol against Al injury. In another series of investigations with the Al-tolerant
crop species buckwheat, Ma and colleagues (178) showed that part of its Al toler-
ance involves Al-activated oxalate exudation from the root apex. Buckwheat also
accumulates Al as high as 15,000 ppm in leaves when grown on acid soils (88).
The authors showed that in the roots and leaves, most of the Al is complexed with
oxalate in a 1:3 Al:oxalate complex (86). It was later found that Al in the xylem
stream is complexed with citrate, not oxalate (85). Hence, it appears that the Al
undergoes a ligand exchange from oxalate to citrate when it is transported into the
xylem, and is exchanged back into oxalate when transported into the leaves. In
another study, protoplasts and vacuoles were isolated from buckwheat leaves that
had accumulated Al. More than 80% of the leaf Al was in the leaf protoplasts as
a 1:3 Al:oxalate complex, and most of this Al:oxalate complex was sequestered
in the vacuole (144). Therefore, as the model in Figure 2 depicts, this mechanism
involves Al chelation in the cytosol and subsequent storage of the Al-OA complex
in the vacuole.
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Most studies on mechanisms of Al tolerance have focused on Al-tolerant geno-
types of crop species with a long history of breeding and cultivation. However,
recently researchers have begun looking at a forage grass known as signalgrass
(Bracchiaria decumbens), which is widely sown in the tropics and is derived from
wild germplasm. Signalgrass is extremely Al tolerant, and is being studied to
determine if it possesses novel mechanisms of tolerance. In a hydroponic study
comparing signalgrass with a less Al-tolerant relative, ruzigrass (Bracchiaria ruz-
iziensis), signalgrass was considerably more Al tolerant than tolerant genotypes
of wheat, maize, and triticale (164). Some degree of Al exclusion could be op-
erating in signalgrass roots, as ruzigrass accumulates more than twofold higher
Al in its root tips compared with signal grass. No evidence for Al activation
of root OA exudation or root-mediated alteration in rhizosphere pH was found.
In a subsequent study, internal Al detoxification in the root was investigated in
the two forage grasses (163). Al exposure triggered a significant increase in cit-
rate. and to a lesser degree trans-aconitate, in the root tips of both Bracchiaria
species, and only a very small fraction of these OAs was secreted from the root
tips. The authors suggested that internal detoxification and sequestration of Al
with citrate could play a role in the high basal level of Al tolerance in both
species, but could not explain the much higher level of Al tolerance in signal-
grass. This Al-tolerant species may turn out to be an important source of novel Al
tolerance mechanisms and genes, and many laboratories are initiating programs
to investigate the genetic and molecular basis of Al tolerance in Bracchiaria
decombens.

Tolerance to Toxic Levels of Manganese

Many acid soils contain excessively high levels of both Mn and Al; Mn toxicity
is possibly the second most important metal toxicity on acid soils after Al (32,
33). Whereas Al toxicity is primarily expressed in the root, Mn toxicity symptoms
are localized to the shoot, and are characterized by stunted growth, chlorosis, and
necrotic lesions in the leaves. Although the physiological mechanisms underlying
Mn toxicity and tolerance have not yet been elucidated, several studies suggest that
Mn-induced oxidative stress is a cause of Mn toxicity. Additionally, differences in
the ability to ameliorate this Mn-induced oxidative stress could be involved in the
genetically based variability in Mn tolerance seen in many crop species (see, for
example, 39, 52).

One research area that may have relevance to the field of Mn tolerance in-
volves the recent identification of several plant genes that encode transporters
with the ability to transport Mn2+. Hirschi et al. (48) isolated and characterized
the Arabidopsis antiporter, CAX2, which is a homolog of a previously identified
tonoplast Ca2+/H+ antiporter, CAX1. They showed that the CAX2 protein was lo-
calized to the tonoplast, and expression of CAX2 in transgenic tobacco conferred
increases in Mn tolerance as well as Mn accumulation in both whole plants and iso-
lated tonoplast vesicles. They hypothesized that CAX2 might be a broad substrate
range divalent cation transporter that could play a role in Mn sequestration in the
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vacuole and Mn tolerance. In another study, Wu et al. (169) found that a mem-
ber of the Ca-ATPase subgroup of the P-type ATPase family, ECA1, which was
previously an endoplasmic reticulum-localized Ca-ATPase (79), also could trans-
port Mn2+ ions. ECA1 knockouts in Arabidopsis were Mn sensitive, and when
ECA1 was expressed in yeast, it conferred Mn tolerance. Wu and colleagues (169)
speculated that ECA1 participates in both Ca and Mn homeostasis. Very recently,
Delhaize et al. (21) isolated another putative Mn transporter gene, ShMTP1, which
is a member of yet a third family of metal transporters, the cation diffusion facil-
itator family. ShMTP1 was cloned via functional complementation in yeast using
a cDNA library constructed from a tropical legume, Stylosanthes hamata, which
is tolerant to both acid soils and high levels of Mn. When expressed in yeast, this
transporter conferred Mn tolerance via internal sequestration and functioned as an
endomembrane Mn2+/H+ antiporter. When expressed in Arabidopsis, it conferred
increased Mn tolerance as well as enhanced shoot Mn accumulation. Expression
of a ShMTP1-GFP chimeric protein showed that ShMTP1 is localized to the Ara-
bidopsis tonoplast membrane and presumably participates in Mn homeostasis by
sequestering this essential but potentially toxic metal in the vacuole. These three
studies illustrate the potential for identifying metal transporter genes that possibly
play a role in the natural variation in Mn tolerance seen in plants, as well as in
providing new molecular tools that possibly can be used to generate transgenic
plants with superior Mn tolerance on acid soils.

Genetic Analysis of Aluminum Tolerance

Understanding the inheritance of Al tolerance has been an active area of research for
many years, driven largely by work in the plant breeding community as increasing
tolerance to Al toxicity is a priority for increasing production on acid soils (see
37, 46 for recent reviews). The majority of work has been performed in cereals,
especially among members of the Triticeae (e.g., wheat, rye). This is perhaps
due to a combination of national priority/geography and the simple inheritance
of tolerance in that tribe. In spite of this body of work, no bona fide Al tolerance
genes have yet been cloned from any species (but see 142). Recently, research
was conducted on species (e.g., rice, Arabidopsis) where Al tolerance behaves as a
quantitative trait. Despite the difficulties associated with the analysis of quantitative
traits, the existence of sequenced and annotated genomes for rice and Arabidopsis
should greatly accelerate the rate of discovery for genes that underlie this trait.

Tolerance Loci with Qualitative Inheritance

Wheat is the best-characterized genetic system for analyzing Al tolerance. Crop
improvement programs in Brazil and the United States have lead to the develop-
ment of excellent cultivars (cv. BH1146 and Atlas66, respectively), which have
been subsequently well studied in both field and laboratory conditions. In many
crosses between these elite cultivars and Al-sensitive varieties, Al tolerance seg-
regates as a single, dominant locus; in other crosses, segregation patterns suggest
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that two loci are responsible for tolerance (37). One of these loci has been mapped
to the long arm of chromosome 4D, sometimes called AltBH or Alt2 (81, 133). The
existence of other loci in the genome can further be inferred from the study of vari-
eties that contain chromosomal deletions (e.g., nullisomics, ditelosomics, or small
segmental deletions) and have diminished tolerance to Al stress (4, 120). How-
ever, the importance of these additional locations beyond 4DL (e.g., 5AS, 7AS)
has been difficult to evaluate because genetic experiments have yet to implicate
these regions as containing tolerance genes by cosegregation analysis.

As mentioned previously, Al tolerance in wheat is highly correlated with an
Al-activated release of malate. In a survey of 36 cultivars, Ryan and coworkers
(137) quantified both relative root length (RRL) and malate release to estimate Al
tolerance. A correlation analysis of these two variables demonstrated that 84% of
differences observed in RRL were explained by the quantity of malate released.
This suggests that the majority of variance in Al tolerance observed between wheat
cultivars exists within a single physiological mechanism. Taken together with the
observations regarding cosegregation analysis, it is possible that a few gatekeeper
loci are responsible for the differences in Al tolerance reported in wheat.

Rye (Secale cereale), a close relative of wheat, is generally regarded as having
superior tolerance to abiotic stresses, including Al (4). Unlike wheat, rye is self-
incompatible and thus an obligate out-crossing species. This may help explain
why cosegregation experiments in rye generally detect a greater number of Al
tolerance loci than are detected in wheat (4, 35, 46). Like wheat, the long arm
of chromosome 4 contains a major Al tolerance locus, Alt3 (35). An improved
map estimate for Alt3 demonstrates tight linkage with markers linked to AltBH,
advancing the suggestion that homeologous loci act as Al tolerance genes in both
species (104). A second tolerance locus (Alt1) has been mapped to a small interval
on the short arm of chromosome 6 (36). Whether Alt1 in rye also has a cognate in
wheat that participates in Al tolerance responses is unclear, as this region has not
been implicated by cosegregation analysis in wheat.

Barley (Hordeum vulgare), a third member of the Triticeae tribe, also contains
a major Al tolerance locus, Alp, on the long arm of chromosome 4 (106). Like Alt3
in rye, the Alp locus is linked to markers useful for following AltBH in wheat (153)
(see Figure 3A, see color insert). Unlike rye or wheat, barley is markedly sensitive
to Al toxicity and demonstrates tolerance to only very low levels of stress (106). If
Alp, Alt3, and AltBH are truly orthologous loci, one would expect that an analysis
of the protein sequences should reveal a great deal about how this wide range of
tolerance phenotypes is achieved.

Sorghum (Sorghum bicolor L. Moench) is a newcomer to the fields of Al tol-
erance genetics and molecular genetics. Sorghum is closely related to maize, pos-
sesses the second smallest genome among cultivated grasses, and exhibits a wide
phenotypic range for biotic and abiotic stress tolerances, making this warm weather
grass an attractive and new model experimental system (108). Recent investiga-
tions into the inheritance of Al tolerance indicate that like wheat, rye, and barley,
sorghum exhibits a qualitative pattern of inheritance with a single locus explaining
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most of the differences (98; J. Magalhaes & L. Kochian, unpublished results). Un-
like the Triticeae, the AltSB locus in sorghum is neither located in the homeologous
chromosomal location to Alp, Alt3, and AltBH, nor is it linked to the shared set of
RFLPs and SSRs. The phenomenology of Al tolerance is also different in sorghum,
relative to the Triticeae because the tolerance response is inducible and take days
to fully manifest (98). The combination of genetic and physiological data suggests
that sorghum uses a different pathway to achieve Al tolerance than the mechanism
characterized in wheat and its relatives uses.

Tolerance Loci with Quantitative Inheritance

Rice (Oryza sativa) is the best-characterized plant where Al tolerance is a quan-
titative trait (89, 112–114, 168). Four of the five studies with rice used mapping
populations made between subspecies indica and japonica or between indica and
a wild relative, Oryza rufipogon (89, 112, 114, 168). These mapping populations
are all highly polymorphic and likely capture a great deal of the nucleotide diver-
sity present in rice. Twenty-seven QTLs important for Al tolerance, as estimated
by relative root growth, were identified in the five studies. Only one region on
chromosome 1 was held in common between all five studies. Three other chro-
mosomal regions (chromosomes 2, 3, and 9) were identified as important in three
of the five mapping populations. Given the conservation of location for Al tol-
erance loci among the Triticeae, it is natural to wonder if an orthologous locus
to Alp/Alt3/AltBH plays a similar role in rice. Rice chromosome 3 (linkage block
3C) is homeologous to Triticeae 4L (34); genetic markers linked to Al tolerance
loci are shared between rice, wheat, and barley (Figure 3A) (112). However, the
Al tolerance locus on rice 3 is not the principal one, instead the locus on rice
1 typically explains the largest variance. Surprisingly, the rice 1 QTL is in a
region homeologous to the portion of sorghum linkage group G that contains
AltSB (Figure 3B). Further work is necessary to evaluate whether orthologous
loci are at work in both sorghum and rice, or if the apparent linkage is merely
serendipitous.

Like wheat, maize (Zea mays) has been the subject of breeding programs seeking
to increase Al tolerance or understand the basis for it (99). Some investigators
have concluded that Al tolerance was a qualitative trait, although these studies
utilized either small mapping populations (<100 F2 individuals) or nearly identical
mapping parents (a tolerant inbred and a sensitive somaclonal variant) (130, 145).
Most investigators have concluded that Al tolerance is a quantitative trait, based
on the segregation analysis of large F2:3 populations or recombinant inbred lines
(38, 99, 116). Only one QTL mapping study has been published to date; therein,
five genomic regions were identified as important for Al tolerance (116). When
we conducted an in silico comparative mapping analysis of these regions using
the Gramene database (160), two of these regions in maize also contained Al
tolerance loci in other grasses. The markers that flank a principal maize QTL
region (bin 6.05) can be landed to rice chromosome 5, in the same vicinity of a
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QTL identified by Nguyen and coworkers (113). The third most important QTL
from the maize study (bin 8.07) falls within one of the two regions of the maize
genome homeologous to rice chromosome 1 (linkage block 1B) and sorghum
linkage group G, the chromosomal segment identified by six different studies
(Figure 3B). As the physical map of maize improves, it will be possible to land the
other three QTLs to their related chromosomal regions in rice in the future. There
is a lot of exciting comparative mapping to do in the grasses to investigate the role
of putative orthologs in Al tolerance.

Unlike many of the examples listed above, where investigators used varieties
adapted to their own local conditions, workers in Arabidopsis thaliana often use
precisely the same varieties. Two studies offer the opportunity to investigate how
experimental conditions affect the outcome of the QTL analysis, as two different
groups used the same mapping population (50, 66). In both studies, the principal
QTL was found at the top of chromosome 1 and explained approximately 30%
of the variance observed; however, the locations for the other putative QTLs were
in complete disagreement between studies. This outcome is possibly due to the
affect of the growth conditions on root growth in each study, as Kobayashi &
Koyama (66) grew their seedlings in very low ionic strength hydroponic media at
pH 5.0, whereas Hoekenga and coworkers (50) used higher ionic strength nutrient
solution and Al concentration in a gelled growth media. Because phenotype is the
result of both genetic and environmental effects, investigators must adopt standard
environmental conditions/protocols in order to expect directly comparable results
from their genetic analyses.

The study by Hoekenga et al. (50) demonstrates the importance of malate re-
lease in Al tolerance for the Landsberg erecta × Columbia RIL. A correlation
analysis of Al tolerance and malate release indicated that almost all the variance
in tolerance (r2 = 0.95) was explained by malate exudation. The results from
this single cross reinforce the study of Ryan et al. (137), where a single physi-
ological mechanism, which may contain multiple, polymorphic components in a
population, is responsible for the differences in Al tolerance.

Genomic Analysis of Al Tolerance

The physiological and genetic investigations on Al tolerance provide an excel-
lent starting position for genomics-based inquiries. Based on the physiological
characterizations of Al tolerance and toxicity, it is clear that OA release and inter-
nal detoxification are key players in Al tolerance pathways. Understanding these
pathways from a mechanistic standpoint improves candidate gene selection during
map-based cloning. In several systems, Al tolerance may be an inducible process
(see, for example 78, 98), and this indicates that profiling the changing patterns
of gene or protein expression may permit the identification of factors important
to tolerance. This section summarizes progress to date in identifying genes and
proteins important for Al tolerance and attempts to confirm the importance of these
candidate genes using transgenic plants or yeast.
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GENE EXPRESSION PROFILING Experiments in wheat have also led efforts to pro-
file changes in gene expression during Al stress responses. Several groups have
investigated genes expressed in Al-treated wheat roots (42, 105, 132, 152). Genes
identified from these experiments were largely identified as responsive to other
abiotic or biotic stresses and most were expressed to the same degree in both sen-
sitive and tolerant genotypes (see 105 for a list of Al-inducible genes). With few
exceptions, the relevance of Al-inducible genes to Al tolerance processes has yet
to be demonstrated.

Delhaize and coworkers identified genes from wheat in a more functional man-
ner, via screening of S. cerevisiae transformed with plant genes for changes in Al
tolerance (19). This strategy identified six unique clones, one of which encoded a
phosphatidylserine synthase, which is involved in phospholipid metabolism. Al-
though overexpression of the gene conferred Al tolerance to yeast, the same was
not true in Arabidopsis, where instead spontaneous necrotic lesions and dwarfing
occurred (19). This was likely related to the disturbance in the balance between
phosphatidylserine and phosphatidylglyercol, where the latter is a major phospho-
lipid in leaves and an essential component of chloroplast lamellae. The relationship
between Al toxicity and lipid peroxidation is well known (for example 170, 171);
it is possible that phosphatidylserine is less susceptible to peroxidation, such that
an increased abundance of this phospholipid might protect membranes in yeast.

Subtractive cDNA libraries have also been constructed from Arabidopsis,
wheat, tobacco suspension cells, rye, and sugarcane (Saccharum spp.) to identify
Al-inducible genes (26, 29, 30, 105, 131, 162). The best demonstration for rel-
evance to Al tolerance for the genes identified comes from the construction of
transgenic plants, especially in Arabidopsis, where transformation is easy and
efficient (Table 2); transgenics were subsequently challenged with Al and their
tolerance was evaluated (27, 28, 149). Ezaki and coworkers had only modest suc-
cess in increasing the Al tolerance of Arabidopsis with their transgenes, with gains
of 50% or less (from 60% inhibition of root growth in untransformed to 40%
inhibition in transgenics) (27). Anionic peroxidase from tobacco produced the
largest and most consistent increase in Al tolerance in these experiments, presum-
ably by increasing the capacity of the plant to cope with ROS. Basu and coworkers
produced a similar result working in Brassica napus, where they overexpressed a
manganese superoxide dismutase and observed a modest gain in Al tolerance (9).
Two other examples of transgenic expression and evaluation of the candidate Al
tolerance genes ALMT1 from wheat and Arabidopsis WAK1 are discussed above
(142, 149).

One benefit of genomic research is the generation of large collections of gene
expression data, which can then be accessed by all members of the community.
An example is the dataset generated by the Arabidopsis Functional Genomics
Consortium (AFGC); all of the data generated from the microarray hybridizations
are searchable via The Arabidopsis Information Resource (TAIR) website (31)
(http://www.Arabidopsis.org). Two microarray hybridizations were performed at
the AFGC using RNA isolated from Al-treated Arabidopsis (50). As these data
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TABLE 2 Genes expressed in transgenic plants to increase Al tolerance. The outcome of each
transformation experiment is expressed as no change in Al tolerance ( = ), improvement in Al
tolerance (+), or a detrimental effect to plant growth (−)

Gene Origin Recipient Outcome References

ALR1 (Mg transporter) Saccharomyces S. cerevisiae + (96)
cerevisiae

AtBCB (blue copper Arabidopsis A. thaliana + (27)
binding protein) thaliana

AtBPI (protease inhibitor) A. thaliana A. thaliana = (27)

AtPOX (peroxidase) A. thaliana A. thaliana = (27)

Citrate synthase Pseudomonas Nicotiana tabacum, + (17)
aeruginosa Carica papaya

Citrate synthase A. thaliana Daucus carota + (72)

Citrate synthase P. aeruginosa N. tabacum = (20)

Citrate synthase A. thaliana Brassica napus + (5)

HSP150 (heat shock S. cerevisiae A. thaliana = (27)
protein)

Malate dehydrogenase Medicago sativa M. sativa + (156)

Mn SOD Triticum aestivum B. napus + (9)

NtGDI (GDP N. tabacum A. thaliana + (27)
dissociation inhibitor)

NtPOX (anionic N. tabacum A. thaliana + (27)
peroxidase)

parA N. tabacum A. thaliana = (27)

parB (Glutathione N. tabacum A. thaliana + (27)
S-transferase)

PEP carboxylase M. sativa M. sativa = (156)

Phosphatidylserine T. aestivum S. cerevisiae + (19)
synthase thaliana

N. tabacum −
wak1 (wall-associated A. thaliana A. thaliana + (149)

kinase)

Wali5 (protease inhibitor) T. aestivum A. thaliana = (27)

were uploaded to the public website shortly after the microarray experiments
were complete, Schultz and coworkers identified that the Al treatment induced
two members and repressed two others of the 19-member arabinogalactan protein
(AGP) family. AGPs are cell wall–localized proteins that are important for growth
and development, but are poorly characterized (143). AGP2 is Al inducible, with
maximal expression after 8 h of stress; it is unknown what role AGP2 may play in
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an Al stress response, although the specificity of the response by this member of
the AGP gene family is suggestive (143).

PROTEIN EXPRESSION AND ACTIVITY PROFILING The effect of Al stress on root
protein profiles has been a topic of investigation longer than gene expression pro-
filing experiments (see 67). Since the earliest surveys of root tip proteomes, workers
have concentrated their efforts in three areas: identifying potential tolerance pro-
teins, identifying toxicity sites, and attempting to increase tolerance directly by
modifying existing pathways.

Taylor and coworkers identified an Al-inducible 51-kDa protein, which they
found in microsomal preparations from an Al-tolerant cultivar of wheat (8). This
51-kDa protein was a pair of proteins; both proteins were identified as ATP synthase
subunits, one vacuolar and one mitochondrial (43). The V-ATPase β subunit was
also an Al-inducible gene, whereas the F1F0-ATPase α subunit was constitutively
expressed (43). It is not clear how either ATPase could be involved in Al tolerance,
although the authors speculate that the vacuolar H+-ATPase might be involved in
maintaining cytoplasmic pH homeostasis if this is disturbed during Al toxicity due
to Al inhibition of the plasma membrane H+ pump.

MacDiarmid & Gardner (95) demonstrated that an additional facet of Al toxic-
ity might come from magnesium uptake inhibition. This was initially identified in
Al-sensitive mutants in S. cerevisiae, where the lesion was localized to a plasma
membrane Mg2+ transporter. This observation was extended using yeast strains that
overexpressed the ALR1 and ALR2 Mg2+ transporters; these recombinant strains
had increased Al tolerance relative to the untransformed parent strain (96). These
findings became more relevant to plant research when a family of Mg2+ trans-
porters was characterized from Arabidopsis (AtMGT); AtMGT1 and AtMGT10
can functionally complement yeast strains deficient in Mg2+ transporters (77).
Both of these proteins are inhibited by Al, as are their yeast homologs, suggesting
that Al toxicity can affect Mg2+ uptake in Arabidopsis (77).

Several attempts to increase Al tolerance via transgenes are described above.
In most cases, relatively anonymous, Al-inducible genes were selected as trans-
formation targets (9, 27, 28, 149). However, there have been attempts to increase
Al tolerance by increasing OA release in response to Al stress (Table 2). These
experiments revolved around the premise that increasing the abundance of en-
zymes related to OA synthesis, as this is the only part of this mechanism where
genes have been cloned, might increase the efflux of ligands from roots (5, 17,
20, 22, 72, 156). The results from these studies have been mixed, where some
investigators reported modest increases in tolerance (17, 72), whereas others using
the same constructs saw no improvement (20). The results of these experiments,
in part, suggest that ligand availability is not the limiting step in Al-activated OA
release, which is supported by the physiological investigations of Al-activated OA
exudation described above. In the future, transgenic approaches may require the
coexpression of a specific OA transporter along with the appropriate biosynthetic
enzymes in order to optimize the enhancement of Al tolerance.
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PHOSPHOROUS EFFICIENCY: TOLERANCE
TO P DEFICIENCY STRESS

In almost all soils, P is often the most limiting mineral nutrient. Its bioavailability
is low due to binding to soil mineral surfaces and fixation into organic forms;
available phosphate (Pi) in the soil solution is commonly 1–2 µM (13). Pi avail-
ability is particularly limiting on the highly weathered, acid soils of the tropics
and subtropics, due to its fixation with Al and Fe oxides on the surface of clay
minerals. Hence, P availability is a major factor limiting crop production on acid
soils (141). Because of the low availability of this essential mineral nutrient, plants
have evolved numerous adaptive mechanisms to acquire Pi from the soil. These re-
sponses include increases in root proliferation including root branching, increased
root hairs, and association with vesicular-arbuscular mycorrhizae aimed at explor-
ing a more extensive volume of soil for P, relocation of C resources to the root,
root-mediated changes in rhizosphere chemistry aimed at increasing P availability,
and upregulation of Pi transporters (128).

There is significant genetically based inter- and intraspecific variation in the
ability of plants to tolerate P deficiency stress, a trait termed P efficiency (82, 83).
P efficiency can be based on the superior ability to acquire P from the soil through
alterations in root morphology or architecture, exudation of P mobilizing com-
pounds, and alterations in plasma membrane Pi transporters. Additionally, it could
involve enhanced P use efficiency through lower cellular P requirements or more
efficient remobilization of P within the plant (172). Research into mechanisms of
P efficiency is in its early stages; hence, here we address some important plant
adaptations to P deficiency as well as how they might be involved in P efficiency.

Root Exudates and P Mobilization from the Soil

There are several published reports indicating that P deficiency can trigger the
exudation of malate and citrate from the root (see 135 and the references therein).
These OA anions can desorb Pi from mineral surfaces, solubilizing it from asso-
ciations with Al, Fe, and Ca oxides and hydroxides via metal complexation. The
most dramatic example of this is the induction of dense clusters of lateral or pro-
teoid roots in members of the Proteacea family (e.g., Lupinus albus) (111) under
P deficiency. In synchrony with this, P deficiency also triggers changes in cellular
OA metabolism and transport such that high rates of citrate and malate exudation
from these proteoid roots occur, helping to solublize soil P for uptake (see, for
example, 56, 57). The loss of C due to OA efflux from proteoid roots can exceed
20% of the total plant dry weight in L. albus (24).

P deficiency conditions also induce the root exudation of phosphatases and
RNAases in many plant species (see, for example, 117, 161). Because a significant
fraction of soil P can be fixed in organic compounds, the activity of these enzymes
could play roles in catalyzing the hydrolysis of organic P for uptake by roots.
However, the role of phosphatases in liberating P from organic sources in the soil
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is still debatable, as there have been reports of both positive (6, 47) and negative
(103) correlations between root phosphatase exudation and P acquisition, as well
as a report showing no significant difference in root surface phosphatases between
white clover genotypes contrasting in P efficiency (54).

Root Morphology and Architecture

Because diffusion of Pi in the soil is slow, P acquisition strategies aimed at expand-
ing the root surface area in contact with the soil may be an effective way to increase
P efficiency. There is evidence in support of this strategy. (a) During P deficiency,
there is a significant increase in the root:shoot ratio and concomitant reallocation
of C resources to support this (82). (b) Phosphorus deficiency causes significant
changes in the morphology, geometry, and architecture of the root system (80, 82,
165). These changes are characterized by an increase in root branching, and a de-
crease in the root diameter, thus increasing the amount of absorptive surface area
of the root relative to the volume. Both of these alterations allow the root system to
explore a larger volume of soil (12). (c) The enhanced production, elongation, and
proliferation of root hairs (10) increase the root surface area for Pi acquisition (10,
11, 93). (d) As described above, P deficiency leads to the development of cluster
or proteoid roots with significant OA exudation in certain plant species (for re-
views, see 73, 111). (e) The symbiosis of vesicular-arbuscular mycorrhizae (VAM)
with plant roots of almost all higher plant species clearly enhances the uptake of
diffusion-limited mineral nutrients from the soil, in particular P and Zn (see 44, 69
for reviews). Because these associations are widespread and found in almost all
crop plant species, it is debatable whether differences in plant P efficiency involve
VAM.

Pi Homeostasis and Transport

P deficiency induces a significant enhancement in net Pi uptake into plant roots.
This is due both to a stimulation of unidirectional Pi influx via increased expres-
sion of Pi transporters, and a reduction in P efflux. At the whole-plant level, P
deficiency causes a reallocation and translocation of P from older plant tissues to
growing organs. At the cellular level, P homeostasis involves regulating exchange
between various intracellular pools to maintain cytoplasmic Pi levels within a nar-
row concentration range (approximately 5–10 mM) (128). Thus, during the onset
of P deficiency, Pi vacuolar pools are preferentially depleted whereas cytoplasmic
P levels remain fairly constant.

The concentration-dependent kinetics of root Pi uptake indicates that a dual
uptake model is functioning, involving a high-affinity transporter active at low
(µM) concentration and a lower affinity transporter active at higher Pi concentra-
tions. Given the low (µM) concentration of available Pi in natural soil solutions,
the high-affinity transporter is the primary mechanism mediating Pi uptake. Based
on the thermodynamic considerations for Pi uptake as well as the pH dependency
and observations of a net alkalinization of the rhizosphere during Pi uptake, the
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general consensus is that root Pi uptake is mediated via a thermodynamically ac-
tive H+-Pi cotransporter driven by the plasma membrane H+-ATPase (128). This
is supported by molecular studies that have led to the isolation of Pi transporter
genes from numerous plant species; analysis of the deduced amino acid sequence
for these transporters indicates that they are a subfamily of the Major Facilitator Su-
perfamily of transporters that include most of the plant H+-coupled cotransporters
that mediate the active uptake of sugars, amino acids, and inorganic anions (128).

Genetic Analysis of P Efficiency

Scientists are using two different genetic approaches to study plant P deficiency
responses to provide information on P efficiency: identifying and characterizing
Arabidopsis mutants with altered P nutrition, and analyzing the qualitative or
quantitative inheritance in populations segregating for P efficiency. A number of
Arabidopsis P nutrition mutants have been identified, including two P transport
mutants ( pho1 and pho2), a mutant lacking a root acid phosphatase (pup1; 158),
and several putative P deficiency response mutants ( pho3, psr1). Pho1 was the first
Arabidopsis P nutrition mutant identified, and it has very low levels of shoot P,
whereas root P concentrations are normal (127). Physiological characterization of
this mutant indicated it was defective in root-to-shoot P transport, and it was pro-
posed that the mutation led to defective loading of Pi into the xylem. Subsequently,
the pho1 gene was isolated via a map-based cloning strategy and was identified as
a member of a novel class of membrane proteins that do not share homology with
P transporters from plants or other organisms (41). Expression analysis indicated
pho1 is expressed in the root stele, which is consistent with its possible function in
loading P into the xylem. The pho2 mutant accumulates excessive P in its shoots,
and a detailed physiological characterization of this mutant showed that its phe-
notype could be due to a defect in Pi transport between shoots and roots (25). The
pho3 and psr1 mutants were isolated based on screens for either impaired root acid
phosphatase exudation and activity (pho3) (174) or impaired ability to acquire P
when DNA or RNA was the only source for roots (psr1) (15). In both cases, the
authors suggest these mutations are defects in the plant’s ability to sense and/or
respond to changes in plant P status, and thus should be useful in beginning to
elucidate the P signaling pathways in higher plants. This field is in its infancy, and
the possible role in P efficiency for the genes underlying these mutations remains
to be determined.

Several studies in Arabidopsis have looked at the genetic variation in P efficiency
and have set the stage for subsequent inheritance studies. Narang et al. (110)
screened 36 different Arabidopsis accessions for P efficiency based on their ability
to grow on a relatively insoluble P source (hydroxylapatite). They focused on the
five accessions that represented the extremes in P efficiency and found different
specific root traits associated with the three most P-efficient ecotypes (C24, Co,
Cal) that were superior to the inefficient accessions (Col-0, Te), including changes
in root morphology, OA release, rhizosphere acidification, root hair length and
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density, and root penetration. A subsequent analysis of the F1 hybrid from the
cross of C24 (P efficient) with inefficient Col-0 showed that the F1 exhibited
superior P efficiency to both parents (109). Physiological analysis of the F1 plants
indicated they had accumulated superior alleles for P efficiency from both parents.

Two groups have conducted QTL mapping for P efficiency by using different
mapping populations in rice (115, 167). Both studies identified a major QTL for P
efficiency in a similar region of chromosome 12, and a minor QTL on chromosome
6. Wissuwa et al.’s (167) study also identified minor QTLs on chromosomes 2 and
10, whereas Ni et al. (115) found minor QTLs on chromosomes 1 and 9. Although
one might assume that the ideal P efficiency strategy should combine high-P uptake
and efficient internal P utilization, these two studies suggest that rice P efficiency
is mainly due to genotypic differences in root P uptake. Differences in internal
P use efficiency were minimal. Further evidence in support of the major QTL
for P efficiency on chromosome 12 as well as the minor one on chromosome 6
comes from a subsequent study by Wissuwa & Ae (166) that uses near-isogenic
lines (NILs) developed for both of these QTL. Under low-P growth conditions, the
NILs for the major QTL on chromosome 12 had three- to fourfold higher P uptake
compared with the P-inefficient parent (Nipponbare), whereas the NIL representing
the minor QTL showed 60% to 90% higher P uptake. These studies suggest that P
efficiency is a complex trait, and although a major QTL was identified, it will not
be known whether this QTL is due to the action of one gene or several genes until
the genes underlying the QTL have been cloned.

SUMMARY

Over the past decade, there has been significant progress in our understanding of
the mechanistic basis for crop acid soil tolerance, as well as progress toward the
goal of developing crops better suited for cultivation on acid soils. Several phys-
iological aspects of Al-activated root OA exudation in numerous plant species
have been uncovered, and this research has raised as many questions for subse-
quent inquiry as it has answered. We are just beginning to understand a second
Al tolerance mechanism involving internal detoxification of Al with OA ligands
and the sequestration of the Al OA complexes in the vacuole. Researchers in the
field are also becoming increasingly aware that acid soil tolerance is not just Al
tolerance, but also involves the enhanced ability to acquire P and other limit-
ing nutrients, as well as tolerances to other toxic metals. We expect that major
advances in the physiological and molecular basis for P efficiency and Mn tol-
erance will occur in the next decade. Scientists in this field are on the brink of
identifying a number of genes that are key players in Al tolerance; these discov-
eries will open up new avenues of examination into the molecular and genetic
basis for Al tolerance, as well as provide new molecular resources for further im-
provements in crop Al tolerance via both molecular-assisted plant breeding and
biotechnology.
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Figure 2 Model illustrating Al exclusion and Al internal detoxification mechanism
based on the formation of Al complexes with organic acids (OAs). The Al exclusion
mechanism involves the release of OAs via an Al gated channel at the plasma mem-
brane. Activation of the channel could occur either by: (1) Al interacting directly
with the channel or a receptor in close proximity to the channel; (2) Al interacting
with a membrane-bound receptor, triggering a signal transduction pathway that
results in channel activation; (3) Al entering the cytosol and initiating a signal trans-
duction cascade involving cytoplasmic components, resulting in channel activation.
Al may also trigger changes in expression of genes involved in Al tolerance. The
internal Al detoxification mechanism involves chelation of cytoplasmic Al by OAs
with the subsequent sequestration into the vacuole via unknown transporters. 
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Figure 3 Comparative mapping of Al tolerance loci between grasses. (A) Loci
located to rice linkage block 3C. Flanking genetic markers for the QTLs identified
in rice (112, 168) were located on the rice chromosome 3 pseudomolecule using
Gramene. The cdo1395 marker defined the boundary for one rice QTL (112) and
serves to link rice to the Triticeae. Genetic distances between linked markers and Al
tolerance genes in the Triticeae (35, 133, 153) are shown. The 5-cM scale was
drawn using the physical-to-genetic distance ratio from rice over this interval
(approx. 0.36 Mb/1 cM). (B) Loci located to rice linkage block 1B (34). Flanking
genetic markers for the QTLs identified in rice (89, 112–114, 168), maize (116), and
sorghum (98) were located on the rice chromosome 1 pseudomolecule using
Gramene (160). QTL confidence intervals are indicated by the colored bars, and the
numbers within parentheses on or above these colored bars denote the reference for
the associated study; distances are in Mb. 
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