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Acidity is a serious limitation to plant production on many of the
world’s agricultural soils. Toxic aluminium (Al) cations solubilized
by the acidity rapidly inhibit root growth and limit subsequent
uptake of water and nutrients. Recent work has shown that the
ALMT1 gene of wheat (Triticum aestivum) encodes a malate trans-
porter that is associated with malate efflux and Al tolerance. We
generated transgenic barley (Hordeum vulgare) plants expressing
ALMTT1 and assessed their ability to exude malate and withstand Al
stress. ALMT1 expression in barley conferred an Al-activated efflux
of malate with properties similar to those of Al-tolerant wheat. The
transgenic barley showed a high level of Al tolerance when grown
in both hydroponic culture and on acid soils. These findings provide
additional evidence that ALMTT is a major Al-tolerance gene and
demonstrate its ability to confer effective tolerance to acid soils
through a transgenic approach in an important crop species.

Acid soils cover some 40% of the Earth’s arable land and
represent a major limitation to plant production (1). The
main constraint to plant growth on these soils is the aluminum
(Al) that is solubilized by the acidity into the toxic A" cation.
Al toxicity is manifest by inhibition of root growth resulting in
poor uptake of water and nutrients (2). Plant production on acid
soils can be maintained by neutralizing the acidity with lime
(CaCOs) and through the use of Al-tolerant plant species. Lime
can take decades to correct acidity at depth, and many important
crop and pasture species lack sufficient Al tolerance within their
germplasm to allow effective breeding for this character. Genetic
engineering provides an opportunity to enhance the Al tolerance
of sensitive species through the overexpression of endogenous
genes or by the expression of foreign genes. Toward this end, the
Al tolerance of canola (Brassica napus) (3), Arabidopsis thaliana
(4), tobacco (Nicotiana tabacum) (5), and alfalfa (Medicago
sativum) (6) have been reported to be enhanced by increasing
organic acid biosynthesis through overexpression of citrate syn-
thase or malate dehydrogenase genes derived from plants or
bacteria. Other strategies have sought to increase Al tolerance by
overexpression of genes associated with stress responses (7-9).
In some cases, manipulation of organic acid biosynthesis has led
to increased secretion of organic acids from roots, and the
increased Al tolerance was attributed to the ability of organic
acids to chelate and detoxify AI>*. However, the increases in Al
tolerance have at best been modest or, as in the case of a
Psuedomonas aeuriginosa citrate synthase gene, not easily repro-
ducible (10). Whereas an enhanced ability to secrete organic
acids from roots might need to be linked to the biosynthesis of
organic acids, the transport of these molecules to the external
medium appears to be a rate-limiting step (11).

The Al-activated efflux of organic acid anions from roots is
now a well established mechanism that is proposed to be used by
a range of Al-tolerant plants (11, 12). This mechanism for Al
tolerance has been thoroughly studied in wheat (Triticum aesti-
vum). A pair of near-isogenic lines that differ in tolerance at a
single genetic locus (13) was used to show that Al-activated
efflux of malate from root apices was greater in the tolerant
genotype than the sensitive genotype (14). The “malate hypoth-
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esis” proposes that the secreted malate binds Al into a nontoxic
form and protects the root apex from damage. Subsequently,
Ryan et al. (15) and Zhang et al. (16) identified an Al-activated
anion channel permeable to malate present on the plasma
membrane of apical root cells of wheat and speculated that the
Al-tolerance gene encoded this channel. Recently, Sasaki et al.
(17) cloned a gene (ALMTTI) encoding a protein with properties
consistent with it being the Al-activated channel. The ALMT1
protein is membrane-bound, the gene cosegregates with Al
tolerance, and the expression of ALMT] in Xenopus oocytes, rice
(Oryza sativa), and tobacco cells confers an Al-activated efflux
of malate. Furthermore, ALMTI expression in tobacco cells
grown in suspension culture conferred an enhanced ability to
recover from an 18-h exposure to Al stress, providing additional
evidence that ALMT]I is the Al-tolerance gene of wheat. How-
ever, ALMT]I did not confer enhanced Al tolerance to rice plants
despite conferring an Al-activated efflux of malate. The inability
of ALMTI to confer Al tolerance to rice was attributed to the
already high endogenous Al tolerance of this species (17).

To establish whether ALMTI is capable of conferring Al
tolerance to intact plants, we chose to express this gene in barley
(Hordeum vulgare). Barley is an economically important crop in
many parts of the world and is among the most Al-sensitive of
the cereal crops (18). Here we show that expressing ALMT]I in
barley confers an Al-activated efflux of malate that is associated
with increased Al tolerance both in hydroponic culture and acid
soil. These findings provide additional evidence that ALMT] is
a major Al-tolerance gene and demonstrate the potential of
using this gene to enhance the acid-soil tolerance of important
Crop species.

Materials and Methods

Plant Materials. The barley cultivar Golden Promise was trans-
formed by Agrobacterium tumifaciens as described in ref. 19.
Primary transformants (T0) were maintained as clonal popula-
tions by taking tillers and growing them separately. In this way,
up to 20 individual plants were maintained for each transgenic
line. The vector controls were transformed with an empty binary
vector, whereas WT plants were derived from plants that had
progressed through tissue culture but were not transformed. The
clonal plants were maintained by hydroponic culture in a nutri-
ent solution that contained 500 uM KNOj3, 500 uM CaCl,, 500
uM NH4NO;, 150 uM MgSO4, 100 uM KH,PO4, 2 uM
Fe:EDTA, 11 uM H3BO3, 2 uM MnCl,, 0.35 uM ZnCl,, and 0.2
M CuCl, adjusted to pH 5.5. Several TO plants of each line were
transferred to soil and grown to maturity to produce seeds of the
T1 generation. Seeds collected from T1 plants (T2 generation)
were germinated and grown in hydroponic culture by using Al
screening solution (same solution as above except that it con-
tained 10 uM KH,PO,4 and 2 uM FeCl; instead of Fe:EDTA and
was adjusted to pH 4.3) with AlCl; added to 10 uM. In this way,
lines homozygous for ALMTI and sister lines azygous for
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ALMTI (null segregants) were identified and confirmed inde-
pendently by either their level of hygromycin resistance or by
using PCR to amplify the ALMTI gene.

Gene Constructs. The coding region of the ALMT1I-1 (referred to
as ALMT] in the text; GenBank accession no. AB081803) gene
was amplified by using RT-PCR from polyA* RNA as described
inref. 17. The resulting fragment was digested with Sa/l and NotI
and cloned into the plasmid pTH2 (20) by replacing the GFP
sequence to yield pTH-ALMTI-1. After the ALMTI coding
region was verified by sequencing, plasmid pTH-ALMT1-1 was
digested with Sall and Notl, and the ALMTI-1 fragment was
blunted by end-filling and then inserted into the Smal site of
pWUDbi (21). The orientation with respect to the ubiquitin
promoter was verified, and then pWUDbi was digested with Norl
to excise the fragment containing the ubiquitin promoter, the
ALMTI coding region, and the terminator. This fragment was
then inserted into the NotI site of the binary vector pWBVec8
(21), the orientation with respect to the selectable marker was
verified, and the plasmid was introduced into Agrobacterium by
triparental mating. Southern blots were performed by using the
procedures described in ref. 17.

Real-Time Quantitative RT-PCR. Total RNA was prepared with an
RNeasy minikit (Qiagen) from 20 root tips (3 mm long) collected
from the various genotypes with three biological replicates for each
line. The RNA extraction included an on-column DNase step to
degrade any contaminating genomic DNA. cDNA was prepared
from total RNA (2 ug) as described in ref. 22, except that the final
elution from the spin column was diluted to 100 ul. Levels of
ALMT1 and control gene expressions were determined by real-time
quantitative RT-PCR on Rotor-Gene 2000 or 3000 Real Time
Cyclers (Corbett Research, Sydney). One-tenth dilutions were used
as a template for the quantitative RT-PCR reaction in a total
volume of 10 ul as follows: 5 ul of SYBR Green JumpStart Tag
ReadyMix (Sigma), 0.5 ul of primer mix (50:50 mix of forward and
reverse primers at 10 pmol/ul each), and 4.5 ul of template. The
primers 5'-CGTGAAAGCAGCGGAAAGCC-3’' and 5'-
CCCTCGACTCACGGTACTAACAACG-3" were used for am-
plification of ALMT1 transcript; 5'-AACAAGACTGCTTTCAC-
CAC-3' and 5'-TCTCAGAAAGCTCACGGTAG-3' were used
for amplification of a proton-pump transcript from barley (Gen-
Bank accession no. AY136627); 5'-AACAAGACTGCTTTCAC-
CAC-3' and 5'-TCTCAGAGAGCTCACGGTAG-3" were used
for amplification of a proton-pump transcript from wheat (Gen-
Bank accession no. AY543630); 5'-GAAGGACATCTTCACG-
GCGATC-3' and 5'-CACGGCCATGAAGAAGAAGC-3" were
used for amplification of the wheat phosphate transporter transcript
PT-1 (GenBank accession no. AF110180); 5'-GAAGGACATCT-
TCACGGCGATC-3" and 5'-CACCGCCATGAAGAAGA-
ATC-3" were used for amplification of the barley phosphate trans-
porter transcript Phtl-6 (GenBank accession no. AF543198); and
5'-CTGATCTTCTGTGAAGGGT-3" and 5'-TGATAGAA-
CTCGTAATGGGC-3' for amplification of both the wheat and
barley 28S ribosomal transcripts (GenBank accession no.
AY049041). Cycling conditions were as follows: 5 min at 94°C,
followed by 45 cycles of 15 s at 94°C, 15 s at 55°C, and 20 s at 72°C.
At the end of the cycling, the samples were incubated at 40°C for
5 min, then at 55°C for 1 min followed by a melting curve program
(55-99°C in 1° increments with a 5-s hold at each temperature).

Malate and K* Efflux. Malate efflux from root segments was
assayed by using modification methods described in ref. 23.
Unless stated otherwise, four 3-mm-long root apices were incu-
bated with shaking in 1 ml of 0.2 mM CaCl, (pH 4.3) for ~1 h.
The apices were then rinsed with the CaCl, solution three times
and replaced with 1 ml of either the same solution (control) or
treatment solution (0.2 mM CacCl, with added treatment at pH
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4.3). After an incubation that typically lasted for 1 h, the solution
was removed and dried, and the residue was resuspended in 200
wl of buffer used for the spectrographic assay of malate (0.25 M
glycine/0.20 M hydrazine/2.7 mM NAD adjusted to pH 9). A
subsample (100 ul) was transferred to a microcuvette, and the
increase in absorbance at 340 nm measured 6 min after addition
of 1 ul of malate dehydrogenase (5 mg/ml) was used to calculate
the amount of malate by comparison to a standard curve. For K*
efflux, samples from treatments that had not been concentrated
were analyzed by atomic absorption with procedures described
in ref. 23.

Al Tolerance. Plants in hydroponic culture were assessed for Al
tolerance by using the Al screening solution described above
supplemented with a range of AlICl; concentrations. Soil experi-
ments used an acid subsoil (10- to 40-cm layer, CaCl, extracted pH
of 3.9, water-extracted pH of 5.2, and 40 ug/g of CaCl,-extractable
Al) derived from Chiltern in Australia (24) and a nonallophanic
andosol obtained from the Field Science Center at Tohoku Uni-
versity (Sendai, Japan). In the first experiment, pregerminated
seeds, where the longest root was 8—-35 mm, were planted in 300 g
of either unamended Chiltern soil or Chiltern soil mixed with 0.75 g
of CaCOs; per kg of soil (water-extracted pH of 6.0). Each pot
contained a single plant with each combination of genotype and
treatment consisting of eight replicates. The experiment was set up
as four blocks in a greenhouse with two replicates of each genotype/
treatment placed randomly per block. The pots were weighed daily
and watered to either 323 g (acid soil) or 316 g (amended soil). After
4 days of growth, the seedlings were removed and the longest root
was remeasured. In the second experiment, pregerminated seeds,
where the longest root was 5-26 mm, were planted in either 140 g
of moistened acidic andosol (water-extracted pH of 4.5) or control
medium consisting of 80 g of peat moss (Primemix TKS1, Sakata
Seed, Yokohama, Japan; water-extracted pH of 6.2) moistened with
50 ml of water and fertilized with nutrients (N, 100-140 mg/ml; P,
80-120 mg/ml; K, 130-190 mg/liter). Each pot contained a single
plant with each combination of genotype and treatment consisting
of six replicates. The experiment was set up as three blocks in a
growth cabinet with two replicates of each genotype/treatment
placed randomly per block. The growth cabinet was set at 25°C, and
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Fig. 1. Expression of ALMTT in primary transformants of barley. (A) Real-
time quantitative RT-PCR was used to assess ALMT1 expression in root apices
of three independent transgenic barley lines (lines 4-6, denoted by L4-L6)
transformed with the ALMT1 coding region and the near-isogenic wheat lines
ET8/ES8 that differ in Al tolerance (13). The controls consisted of nontrans-
formed WT plants and plants transformed with the empty vector (V8). Expres-
sion is expressed relative to phosphate transporter (black columns) or proton-
pump (gray columns) control genes and is shown as a proportion of the
highest expressing transgenic line (arbitrarily set to 1.0). The error bars
show =SEM (n = 3). (B) Southern blot analysis of the transgenic barley lines
expressing ALMTT1 (lanes 4-6) and control plants (WT, wild type; V8, plasmid
control). Genomic DNA was digested with Hindlll, and the filter was probed
with the ALMTT1 coding region.
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Fig. 2.  ALMTT expression confers Al-activated malate efflux from barley
roots. (A) Al-activated malate efflux from root apices of transgenic barley
expressing ALMT1 (lines 4-6 denoted by L4-L6) and control lines consisting of
WT plants and plants transformed with the empty vector (V8). Excised root
apices were incubated with 50 uM Al solution in basal solution (0.2 mM CaCly,
pH 4.3) and solutions were changed after every hour. Efflux is expressed as
nmol per apex per h, and error bars show *=SEM (n = 3) of the cumulative
exudation of malate into the medium. Excised root apices incubated in basal
solution exuded little or no malate for all genotypes. (B) Al-activated malate
efflux from root segments of transgenic barley line 5 expressing ALMT1. The
measurements indicate the distance from the end of the root apex. Excised
root segments were incubated for 1 h with 50 uM Al solution in basal solution
(0.2 mM CaCly, pH 4.3; black columns) or in basal solution only (gray columns).
Error bars show =SEM (n = 3). (C) Relative ALMT1 expression in root segments
of transgenic barley line 5. RNA from excised root segments was extracted,
transcribed to cDNA, and analyzed for ALMT1 expression by real-time quan-
titative RT-PCR. Expression is expressed relative to phosphate-transporter
(black columns) or proton-pump (gray columns) genes and is shown as a
proportion of the 0- to 3-mm segment (arbitrarily set to 1.0). Error bars
show +SEM (n = 3).

lighting was adjusted to 150-200 wmol of photons per m? per s with
a 14-h photoperiod. The pots were weighed daily and watered (to
140 g for the acid soil and 130 g for the control medium), and the
roots were measured after 4 days of growth.

Results

Transgenic Barley Expressing ALMT1 Shows an Al-Activated Malate
Efflux. A. tumefaciens transformation was used to introduce the
ALMTTI gene under the control of the ubiquitin promoter into
barley. From 25 primary transformants, the three highest-
expressing lines were selected for detailed analysis. Analysis of
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root apices by real-time quantitative RT-PCR verified ALMT1
expression in these lines to a level comparable with an Al-
tolerant wheat when either a phosphate transporter or proton-
pump gene was used to normalize expression (Fig. 14). Southern
blots showed the presence of a single insertion (lines 4 and 5) or
multiple insertions (line 6) of the gene, whereas a band common
to all genotypes indicated the presence of a related gene in the
barley genome (Fig. 1B). Primary transformants (T0) were
maintained by clonal propagation of tillers that allowed a
homogenous population of plants to be maintained for each line.
All three ALMTI lines showed an Al-activated malate efflux
from root apices that was absent from either WT plants or plants
transformed with the vector alone (Fig. 24). Efflux was main-
tained from the excised root apices over at least 4 h of Al
exposure.

The root apex (=3 mm) represents the most Al-sensitive part
of the root (25) and is the region that specifically possesses the
Al-activated efflux of malate in Al-tolerant wheat (23). Because
ALMTI expression in the transgenic barley was under the
control of the ubiquitin promoter with a high level of constitutive
expression throughout the plant, we also determined the level of
Al-activated malate efflux from more mature root segments.
Although older root segments showed an Al-activated efflux of
malate, it was considerably smaller than that observed from the
root apex (Fig. 2B). ALMTI was expressed in all root segments
analyzed for transgenic line 5 when normalized to the expression
of two other transporter genes (Fig. 2C). A similar pattern was
found when ALMT]I expression was normalized to the expression
of ribosomal RNA, but the reproducibility of the data was less
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Fig. 3. Properties of malate efflux from root apices of transgenic barley
expressing ALMTT. (A) Effect of Al concentration on malate efflux. Excised
root apices from ALMTT line 5 (solid circles) were exposed to Al treatments in
basal solution for 1 h. Efflux is expressed as nmol per apex per h and error bars
show +=SEM (n = 3). The filled squares show efflux from root apices of the
control line transformed with the empty vector. (B) Effects of niflumic acid in
combination with Al (0-100 uM niflumic acid with the concentration denoted
above the bar labeled 50 uM Al), La (50 uM), Er (50 uM), and basal solution (0.2
mM CaCly, pH 4.3) on malate efflux from root apices of line 5. Excised root
apices from line 5 were exposed to the various treatments in basal solution for
1 h. Error bars show =SEM (n = 3).
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Fig.4. ALMT1 confers Al tolerance to barley grown in hydroponic culture. (A) Root elongation of TO (primary transgenics; lines 4—6 denoted by L4-L6) barley
lines grown in hydroponic culture. Plants were grown for 10 days in nutrient solution that contained a range of Al concentrations. Control lines included WT
and a transgenic line transformed with the vector only (V8). Elongation of the longest root over 5 days is expressed as a percentage of the minus-Al treatment,
and error bars show +=SEM (n = 4). Root lengths of plants grown in the absence of Al were as follows: WT, 103 + 14 mm; vector-only control, 103 = 14 mm; ALMT1
line 4,99 = 12 mm; ALMT1 line 5, 122 = 12 mm; and ALMTT1 line 6, 118 = 8 mm. (B) Effect of 3 uM Al on growth over 10 days of the TO generation of the control
(empty vector) line and ALMTT1 line 5. (C) Scanning electron micrograph showing the effect of Al (3 M) on the morphology of the root apex from the control
line (empty vector) and ALMTT line 5 grown for 10 days. (Scale bar, 100 um.) (D) Root elongation of T2 homozygous barley lines grown in hydroponic culture.
For each transgenic line, a sister line azygous for ALMT1 derived from the same transformation event was developed (lines 4-6 denoted by L4-L6). The wheat
lines ET8 and ES8 are near-isogenic lines that differ in Al tolerance. Elongation of the longest root over 5 days is expressed as a percentage of the minus-Al
treatment, and error bars show +SEM (n = 7). Root lengths of plants grown in the absence of Al were as follows: WT, 54 + 3 mm; ALMTT line 4, 62 = 4 mm;
ALMTT line 5, 46 = 3 mm; ALMTT line 6, 60 = 4 mm; ET8, 66 *= 3 mm; and ES8, 74 = 4. (E) Roots stained with hematoxylin. The bottom root is derived from the
T2 homozygous ALMTT line 5, and the top root is from its azygous sister line. Roots were exposed to 10 uM in nutrient solution for 24 h before being stained

according to the procedures described in ref. 13. (Scale bar, 1 mm.)

reliable presumably because of the large difference in expression
between the two genes (data not shown).

Malate efflux from the roots of line 5 of the ALMTI trans-
genics, a line with a single insert, was characterized in detail. The
efflux responded to Al concentration in a dose-responsive
manner, plateauing at ~25 uM added Al (Fig. 34). Malate efflux
was inhibited by the anion channel blocker niflumic acid (Fig.
3B). Lanthanum (La) was ineffective in activating malate efflux,
and the rare earth element erbium (Er) was capable of eliciting
malate efflux, albeit at a lower level than observed for Al (Fig.
3B). Previously, Kataoka et al. (26) had found that Er, along with
a range of other rare earth elements, was capable of eliciting
malate efflux from Al-tolerant wheat. Al-activated malate efflux
from root apices of transgenic barley expressing ALMTI was
accompanied by the efflux of K*. Net K* effluxes from excised
apices of line 5 were calculated by subtracting corresponding
values obtained for the vector-only control line, resulting in an
efflux of 0.4 = 0.3 nmol of K* per apex per h in the absence of
Al and an efflux of 5.2 = 1.0 nmol of K* per apex per h in the
presence of 50 uM Al (means = SE; n = 4).

Expression of ALMT1 in Barley Confers Enhanced Al Tolerance. Al
tolerance can be assessed by determining root elongation of
plants grown in hydroponic culture in the continual presence of
added Al. All three barley TO lines expressing ALMTI showed
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robust root growth in hydroponic culture at Al concentrations
that severely inhibited roots of control plants (Fig. 4 A and B).
Root apices of the ALMT]I plants were unaffected by the Al,
whereas those of the controls were severely damaged and
malformed (Fig. 4C). Similarly, homozygous T2 lines expressing
ALMTI were Al tolerant in hydroponic culture, compared with
the WT parental line (Fig. 4D) or azygous sister lines (data not
shown). Azygous sister lines derived from the same transforma-
tion events that generated the ALMTI-expressing lines provide
ideal controls because they are plants that have experienced the
same tissue culture conditions during the transformation pro-
cedure. The level of tolerance in hydroponic culture was com-
parable with ETS, the Al-tolerant wheat line that is the original
source of the ALMTI gene. Hematoxylin staining of roots
previously exposed to Al solutions is another method commonly
used to assess Al tolerance in cereals (27). Hematoxylin forms
a purple-red complex with Al and provides an indirect measure
of noncomplexed Al in root apices, with the intensity of staining
correlated with sensitivity to Al in wheat. Root apices of control
plants became stained with hematoxylin, suggesting that they
had accumulated Al, whereas those of the ALMT1I transgenics
remained clear (Fig. 4F). Some swelling also was apparent
behind the tip of the control line, a typical early symptom of Al
toxicity.

To determine whether the Al tolerance of the transgenic

Delhaize et al.
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Fig.5. ALMT1 enhances root growth of barley on acid soils. (A) Seedlings of
the various T2 homozygous ALMT1-expressing lines of barley (lines 4-6
denoted by L4-L6), WT barley, and the near-isogenic wheat lines ET8/ES8
were grown on an unamended acid soil obtained from Chiltern, Australia, and
the same soil neutralized with CaCO3, After 4 days, the longest root of each
seedling was measured and root growth over 4 days calculated [error bars
denote =SEM (n = 6-8), and the least significant difference (LSD) at P < 0.05
is shown for the interactions of root length with treatments and genotypes].
(B) Seedlings of the various T2 homozygous ALMT1-expressing lines of barley
(lines 4-6 denoted by L4-L6), WT barley (WT), and the near-isogenic wheat
lines ET8/ES8 were grown on an acid soil obtained from Tohoku, Japan, and
a neutral medium consisting of fertilized peat moss. After 4 days, the longest
root of each seedling was measured [error bars denote +SEM (n = 6), and the
LSD at P < 0.05 is shown for the interactions of root length with treatments
and genotypes].

barley expressing ALMTI was apparent in soil, the homozygous
lines were grown on two different acid soils. The first was a
subsoil that contained high concentrations of soluble Al.
ALMT]I-expressing transgenics clearly showed better root
growth in the acid soil than WT controls (Fig. 54) or their
azygous sister lines (data not shown). When the soil was neu-
tralized with CaCOs, root growth of all barley lines was similar
regardless of genotype. The toxicity of the soil was apparent on
the ET8/ES8 wheat lines where root growth of the Al-tolerant
ETS8 line was inhibited on the unamended soil to such an extent
that it did not differ significantly from the sensitive ES8 line.
When the lines were grown on a second acidic soil, the homozy-
gous lines expressing ALMT1 showed better root growth than did
WT barley, and ET8 wheat grew significantly better than ES8
(Fig. 5B).

Discussion

The barley cultivar used in this study (cv. Golden Promise) is very
susceptible to Al toxicity and does not possess an Al-activated
efflux of malate. The generation of transgenic Golden Promise
expressing ALMT]1 conferred an Al-activated malate efflux that
was accompanied by an Al-tolerance phenotype that was at least
as effective as Al-tolerant wheat. These data provide evidence
that ALMT1 is capable of conferring Al tolerance to intact plants
and further support the notion that ALMT1 is a major gene for
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Al tolerance in wheat. In addition, they provide further support
for the “malate hypothesis” as a tolerance mechanism in wheat.
Similar to Al-tolerant wheat genotypes (23, 26), malate efflux in
the transgenic barley showed an Al dose-response, was inhibited
by the anion channel-blocker niflumic acid, was activated by Er,
and was accompanied by K* efflux. The malate efflux from root
apices of the transgenic barley (=1 nmol per apex per h) is
comparable with that found in Al-tolerant wheat genotypes (23),
resulting in a correspondingly similar level of Al tolerance in
hydroponic culture but an apparent greater level of tolerance in
a severely acidic soil (Fig. 54). These features are consistent with
ALMTI encoding an Al-gated anion channel that is specifically
permeable to malate. The finding that a single gene was able to
confer an Al-activated malate efflux to a similar level found in
Al-tolerant genotypes of wheat suggests that the biosynthesis of
malate is not a rate-limiting step for its efflux from root apices
of barley, as concluded previously for Al-sensitive wheat (23).
Although there is evidence that overexpressing genes involved in
organic acid biosynthesis can increase the content of organic acid
anions and their subsequent efflux from roots of some species,
it appears that transport of organic acid anions across the plasma
membrane is the major factor that limits efflux in species such
as barley and wheat.

The ALMTI gene was expressed under the control of the
ubiquitin promoter that has previously been shown to confer
high-level constitutive expression of transgenes in both meristi-
matic and mature regions of roots (28). By contrast, transcripts
for ALMT]I in wheat under the control of its native promoter are
restricted to the apical 2-3 mm of the root that coincides with the
region of malate efflux (17). The level of ALMT]I transcripts
when the gene was expressed under the control of the ubiquitin
promoter was similar in mature and apical segments when two
other genes encoding transporters were used as reference genes
(Fig. 2C). However, when it is taken into account that root apices
contain 5- to 10-fold more total RNA than the older segments,
the absolute transcript level is considerably greater in root
apices. Root apices are particularly susceptible to Al toxicity, and
restricting malate efflux to this tissue, and only in the presence
of Al, ensures that the metabolic cost to the Al-tolerant wheat
plant is minimized. Similarly, malate efflux from the transgenic
barley expressing ALMTI was largely restricted to the apical 3
mm of roots, although some efflux was detectable in more
mature segments. The lower efflux from more mature regions of
the root might be due to the lower level of ALMT] transcripts
relative to the root apex, as discussed above, assuming that the
ALMT1 protein is continuously turned over. Alternatively, it
might represent an inability of more mature segments to replen-
ish malate pools as effectively as the root apex. In any case,
despite our use of a constitutive promoter to express ALMT1, the
resulting phenotype mimics the situation in Al-tolerant wheat
and avoids potential metabolic costs to the plant associated with
a high level of malate efflux from all root tissues.

Although barley shows some variation in Al tolerance, it is the
most sensitive of the cereal crops with Al-tolerant genotypes,
being considerably less tolerant than Al-tolerant wheat geno-
types. In barley, Al tolerance is associated with an Al-activated
efflux of citrate (18). Whereas citrate forms a stronger complex
with Al than malate and protects roots more effectively (13),
citrate efflux from barley roots is much less than the malate
efflux found from Al-tolerant wheat. Zhao et al. (18) showed
that, for a range of cereal genotypes, a strong correlation exists
between Al tolerance and a value that takes into account both
the level of organic acid efflux and the ability of the organic acid
to chelate Al. Mapping of genes for Al tolerance in barley has
revealed a major gene on chromosome 4H (29, 30) in a region
corresponding to that found for an Al-tolerance gene in wheat
on chromosome 4DL. In view of the similar physiology of Al
tolerance of the two species, coupled with a similar genetic
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location for a major gene encoding tolerance, it is possible that
abarley orthologue of ALMT1 encodes Al tolerance and that the
protein is permeable to citrate instead of malate. A fragment that
cross-hybridizes with ALMTI in genomic DNA (Fig. 1B) may
indicate such an orthologous gene in barley.

We have demonstrated the utility of a single gene to confer a
high level of Al tolerance to an important agricultural species
and demonstrated its effectiveness on acid soils. Unlike genes for
disease or insect resistance that can be overcome by mutations
in the attacking organism, genes for abiotic stresses such as Al
are not prone to breakdown in a similar fashion. However,
continual use of Al-tolerant germplasm without neutralizing the
acidity could exacerbate soil acidity through continued removal
of alkaline produce, such as grain, and could lead to increased
concentrations of toxic Al that may eventually overcome the
protection conferred by genes such as ALMT]I. For this reason,
the effective management of acid soils combines the application
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of lime with genotypes tolerant of acid soils. For instance, studies
have shown that when grown on acid soils that have been limed,
Al-tolerant wheat still out-yields Al-sensitive wheat when the
acidity is at depth (31, 32). Furthermore, although Al is generally
the major toxic metal of acid soils, Mn toxicity also can occur in
these soils. The recent isolation of genes that confer Mn toler-
ance (33) and their use in combination with ALMT! and liming
practices could provide additional options for managing acid
soils. This strategy has the potential of allowing normally
sensitive crop species, such as barley, to be grown effectively on
a wide range of acid soils.
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