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(57) ABSTRACT 

The major aluminum tolerance gene, the SbMATE gene, 
encodes a root citrate efflux transporter that is Al-inducible at 
the level of gene transcription and is also Al-activated at the 
level of protein function. High level of expression of the 
SbMATE gene and the protein was found in roots. SbMATE 
orthologs with high degree of sequence homology were 
found in other higher plants, including rice. Successful trans 
formation of Arabidopsis provides strong evidence that 
SbMATE can work across species to enhance tolerance to Al 
in other important crops grown in localities worldwide where 
Al" cations are present in acid soils and are toxic to plants. 
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SORGHUMALUMINUM TOLERANCE GENE, 
SBMATE 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
This invention relates to a major aluminum tolerance gene, 

SbMATE (for Sorghum bicolor member of the multidrug and 
toxic compound extrusion transporter family), that is respon 
sible for the Alts locus (for aluminum tolerance in Sorghum 
bicolor), cloned from Sorghum along with its native promoter 
and regulatory regions, a construct containing the gene and a 
constitutive promoter, a vector containing the construct, and a 
method of transforming a plant utilizing the construct and 
vector, and plants, including staple crop plants, transformed 
with the gene construct having increased tolerance to alumi 
num toxicity. 

2. Description of the Relevant Art 
The tropics and Subtropics are extremely important food 

producing regions, particularly for many developing coun 
tries. However, agriculture on the acid soils that are prevalent 
in these areas is seriously challenged by limitations to plant 
yield caused by drought, mineral nutrient deficiencies such as 
phosphorus deficiency, and in particular, aluminum toxicity. 
Aluminum (Al) is ubiquitous in Soils and, at pH values below 
5.0, is solubilized into the soil solution as the highly phyto 
toxic Al" species, which inhibits root growth and damages 
root systems (Kochian, L.V. 1995. Annu. Rev. Plant Biol. 46: 
237-260). Hence, aluminum toxicity is a primary limitation 
for crop production in many developing countries, including 
38% of the farmland in Southeast Asia, 31% in Latin America 
and 20% of the arable lands in East Asia and Sub-Saharan 
Africa (Wood et al. 2000. In Pilot Analysis of Global Ecosys 
tems. Agroecosystems, International Food Policy Research 
Institute and the World Resources Institute, Washington, 
D.C.), thus reducing food security in parts of the world where 
it is most tenuous. 
A major aluminum tolerance mechanism has been identi 

fied in plants based on aluminum-activated organic acid 
release from the root apex, which is the site of aluminum 
phytotoxicity (Ryan et al. 1993. J. Exp. Bot. 44: 437-446). 
Depending on the plant species, the organic acids malate, 
citrate, or oxalate are released from the roots in response to 
aluminum exposure and form stable, nontoxic complexes 
with Al" cations (Ma et al. 2001. Trends Plant Sci. 6:273 
278). A considerable body of physiological evidence in Sup 
port of this mechanism exists in the literature (see Kochian et 
al. 2004. Annu. Rev. Plant Biol. 55: 459-493 and references 
therein) and it is now generally accepted that with regards to 
this Al tolerance mechanism, aluminum activates a plasma 
membrane organic acid transporter, and that this transporter 
plays a central role in aluminum tolerance (Delhaize and 
Ryan. 1995. Plant Physiol. 107: 315-321; Ryan et al. 2001. 
Annu. Rev. Plant Physiol. Plant MoL Biol. 52: 527-560; 
Kochian et al. 2004, supra). 

Recently, the first aluminum (Al) tolerance gene, ALMT1, 
was isolated and shown to encode an Al activated malate 
transporter (Sasaki et al. 2004. Plant J. 37: 645-653). ALMT1 
was found to be a member of a novel family of membrane 
proteins, and based on genetic mapping of the ALMT1 gene, 
it was shown to most likely correspond to Alt, a major Al 
tolerance locus in wheat and other members of the Tritceae 
tribe (Sasaki et al., supra; Raman et al. 2005. Genome 48: 
781-791). Subsequently, a homolog of ALMT1 was shown to 
also confer Al tolerance via Al-activated root malate exuda 
tion in Arabidopsis (Hoekenga et al. 2006. Proc. Natl. Acad. 
Sci. USA 103: 9738-9743). 
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2 
A second constraint on acid soils is phosphorous (P) defi 

ciency, which is caused by Pfixation with Al and Fe oxides on 
the surface of clay minerals in acid soils. Hence Pavailability 
is a second major factor limiting crop production on acid soils 
(Sanchez et al. 1997. In: Replenishing Soil Fertility in Africa, 
ed. RBuresh, PSanchez, F Calhoun, pp. 1-46). Because of the 
low availability of this essential mineral nutrient, P. plants 
have evolved a number of adaptive mechanisms to acquire P 
from the soil. One major Such adaptive mechanism is the 
release of organic acids, primarily citrate and malate, from 
roots (Neumann G. and Martinoia, E. 2002. Trends Plant Sci. 
7: 162-167). These released organic acids can desorb P from 
mineral Surfaces, solubilizing it from associations with Al, Fe 
and Ca oxides and hydroxides via metal complexation. 
Hence, a transporter such as SbMATE that can facilitate the 
efflux of citric acid from roots could significantly increase the 
ability of crop plants to acquire P from acid soils with low P 
availability. 

There is a real need in both developing and developed 
countries to better understand Al tolerance mechanisms and 
associated genes and their effect on crop plants. Genes that 
conferenhanced, Al-activated organic acid (citrate, malate, or 
oxalate) release to crop plants need to be identified and evalu 
ated for their effect in enabling increased Al tolerance in a 
wide range of crop species grown in acid soils worldwide. 
The utilization of genes which contribute to a plants toler 
ance to the Al present in acid soils results in transgenic plants 
with a mechanism for achieving highyield in acid soils where 
soluble Al" are found. Thus, such genes and constructs can 
ensure yield stability for plants grown on acid soils, i.e., 
Al-tolerant plants make possible the utilization of marginal 
lands for agriculturally and commercially important staple 
crop production. 

SUMMARY OF THE INVENTION 

We have expressed the isolated SbMATE gene from sor 
ghum in Arabidopsis and confirmed that its expression results 
in the induction of aluminum tolerance in the transformed 
plants. 

In accordance with this discovery, it is an object of the 
invention to provide an isolated nucleic acid construct con 
taining a DNA sequence which encodes the SbMATE protein 
involved in the regulation of aluminum tolerance in plants. 

It is a further object of the invention to provide a recombi 
nant nucleic acid molecule construct comprising a nucleic 
acid molecule upstream of the recombinant SbMATE cDNA. 
This upstream nucleic acid sequence ends at a 7 bp insertion/ 
deletion polymorphism (7 bp indel in FIG. 1) genetically 
flanking Alts. This region harbors a polymorphic miniature 
inverted repeated element (MITE) insertion and a tissue 
specific, Al-inducible promoter, operatively linked so that the 
promoter enhances transcription of the SbMATE coding 
sequence in a host cell. Additional sequences downstream of 
SbMATE up to a SNP G/A (SNP G/A in FIG. 1) genetically 
flanking Alts at the 3' end of the gene may also be involved 
in expression of the Alts coding region. 

It is a still further object of the invention to provide a vector 
which comprises a construct which is capable of expressing 
the SbMATE gene. 

It is another object of the invention to provide a host cell 
comprising the vector capable of expressing the SbMATE 
gene or progeny of said host cell. 

It is an additional object of the invention to provide a 
transgenic plant cell and plant containing the nucleic acid 
construct and having an improved tolerance to aluminum. 
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It is another object of the invention to provide a method of 
manipulating aluminum tolerance in plants by stably trans 
forming a plant with an isolated nucleotide molecule capable 
of modulating aluminum tolerance, operably linked with a 
promoter capable of driving expression of a gene in a plant 
cell. 

It is a further object of the invention to provide a method of 
facilitating the efflux of citric acid from roots of plants, thus 
increasing the ability of crop plants to acquire phosphorous 
from acid soils by stably transforming a plant with an isolated 
nucleotide molecule capable of modulating citrate exudation, 
operably linked with a promoter capable of driving expres 
sion of a gene in a plant cell. 

It is a still further object of the invention to provide a 
root-specific, Al-inducible promoter to drive the expression 
of SbMATE in a plant cell. 

It is yet another object of the invention to provide a method 
of increasing Al tolerance of a plant comprising transforming 
the SbMATE gene into a plant by introducing a vector, 
wherein said vector comprises an effective amount of a 
nucleic acid construct, which is a DNA sequence which is 
capable of transforming the SbMATE gene into a plant. 

It is yet another object of the invention to provide plants, 
plant cells, and plant parts, which have been transformed by 
the SbMATE gene-containing construct of the invention, with 
enhanced aluminum tolerance when compared to plants of 
the same species which have not been transformed. 

Other objects and advantages of this invention will become 
readily apparent from the ensuing description. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The patent or application file contains at least one drawing 
executed in color. Copies of this patent or patent application 
publication with color drawing(s) will be provided by the 
U.S. Patent and Trademark Office upon request and payment 
of the necessary fee. 

FIGS. 1a-1d depict the positional cloning of Alts. FIG. 1 a 
shows the genetic and physical map of the Alts region on 
chromosome 3. The marker T755 corresponds to the leftmost 
end of BAC 55D12. Dotted lines indicate the approximate 
physical position of genetic markers in the Sorghum BAC 
contig. FIG. 1b depicts the high resolution map of Alts on 
BAC 181 g10 (bold line). Broad horizontal arrows indicate 
ORF (1 to 16) positions and their predicted transcriptional 
orientations. Numbers between downward arrows below 
181g 10 indicate the distribution of the 27 single recombina 
tion events detected by high-resolution mapping. The target 
24.6 Kb region that contains ORFs 7, 8 and 9 (candidates for 
Alts) is marked along with the flanking markers (7 bp indel 
and a G/A SNP). FIG. 1c depicts the semi-quantitative RT 
PCR of ORFs 8 and 9 in roots and shoots of the Altolerant (T) 
and sensitive (S) NIL’s in response to the presence (+) or 
absence (-) of {27} uMAl". FIG. 1d shows the target 24.6 
Kb region from the Al tolerant (SC283) and sensitive 
(BR007) parents with polymorphisms shown inside dotted 
diamonds. The genomic Alts (ORF7) is 2407 bp long and 
contains 5 exons (gray boxes) and 4 introns (black bold lines). 

FIGS. 2a-c show (FIG. 2a) the amino acid sequence align 
ments for sorghum SbMATE (SEQ ID NO:4)and homologs 
from Arabidopsis Atlg51340 (SEQ ID NO:24), percent 
amino-acid identity (I)=51%; expected value (E)=1.1e'' 
and rice (OsO1g09010 (SEQ ID NO:25), I=63%; E=1.1e 
152), the structure of the SbMATE protein showing predicted 
transmembrane domains and hydrophilic loops linking spe 
cific transmembrane domains (FIG.2b), and the intron-exon 
structure of the SbMATE gene (FIG.2c). 
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4 
FIGS. 3a-d depict the expression and localization of 

SbMATE. FIG. 3a shows the spatial analysis of SbMATE 
expression in different root regions of Al-tolerant (T) and 
Al-sensitive (S)NIL’s grown on hydroponic nutrient solution 
with (+, solid bars) or without (-, open bars) {27} uMAl" for 
3 days. SbMATE relative expression values were determined 
using quantitative real-time PCR and are the meansits.d. of 3 
replicate experiments. FIG. 3b shows the daily root growth 
rate (left panel) and Al-activated root citrate exudation (right 
panel) for Al tolerant (T) and sensitive (S) NIL’s +/-27} uM 
Al" for 1, 3 and 6 days. FIG.3c depicts SbMATE expression 
within the root apex of the tolerant (T) and sensitive (S)NIL’s 
exposed to +/-27} M Al" for 1, 3, and 6 days using 
quantitative real-time PCR. The data are the meansits.d. for 3 
replicate experiments in FIGS.3a and 3c, and 4 replicates for 
the organic acid determinations and 8 replicate root growth 
measurements in FIG. 3b. FIG. 3d depicts membrane local 
ization of the SbMATE protein in epidermal onion cells. The 
upper panels show the GFP fluorescence patterns for 
SbMATE::GFP (i., ii) and cytoplasmic GFP (iii., iv). The lower 
set of figures (v-viii) show the overlay of bright field and GFP 
fluorescence images for the same specimens. The images 
were acquired prior (first and third columns) and following 
(second and fourth columns) cell plasmolysis (onion epider 
mal strips exposed to 1 M Sucrose). The fluorescence associ 
ated with SbMATE is localized to the plasma membrane (i. 
V); following cell plasmolysis the SbMATE fluorescence sig 
nal is associated with the retracted plasma membrane (ii., vi). 
Scale bar 50 um and images are representative of three inde 
pendent replicate experiments. PM: plasma membrane, CW: 
cell wall. 

FIGS. 4a-e show the correlation of SbMATE expression, 
root citrate exudation and Al tolerance in 10 Sorghum lines 
that harbor an allelic series at Alts (BR012, BR007, IS8577, 
SC549, 3DX, SC175, 9DX, CMS225, SC283, SC566; 
Caniato et al. 2007. Theor: Appl. Genet. 114: 863-76) exposed 
to 27 MAl" in nutrient solution. FIG.4a shows SbMATE 
expression relative to that of the Actin gene (assessed by 
semi-quantitative RT-PCR) vs. Al tolerance (Relative Net 
Root Growth, RNRG); FIG. 4b shows SbMATE relative 
expression VS. root citrate exudation; FIG. 4c depicts root 
citrate exudation vs. Altolerance and FIG. 4d. Altolerance vs. 
the size of the region within the putative SbMATE promoter 
harboring the MITE insertion (bp, base pairs). Correlation 
coefficients (r) and probability (P) values are shown. FIG. 4e 
shows the structure and size of the MITE insertion region in 
4 sorghum lines that are representatives for each of the 4 size 
classes shown in FIG. 4d. 

FIG. 5 shows the nucleotide sequence of the MITE-con 
taining region in the promoter of SbMATE for the four sor 
ghum accessions presented in FIG. 4 as representative of the 
four size classes for this region. As depicted in FIG. 4, the 
MITE-containing regions contain 3 repeating elements: a 
100-bp element highlighted in yellow and labeled as (a) in 
FIG. 4; the 243-bp MITE insertion highlighted in blue and 
labeled (b) in FIG. 4; and a 21-bp element following the 
MITE insertion highlighted in pink and labeled (c) in FIG. 4. 
Each of the MITE-containing regions ends with an imperfect 
(a) element that contains either an 8-bp deletion, highlighted 
in grey, or a 12-bp deletion, highlighted in green. Note that as 
the MITE-containing region increases in size, the number of 
a-b-c repeats increases from 1 in TX430 (SEQID NO:5), to 3, 
4 and 5 in BR007 (SEQID NO:6), BR012 (SEQID NO:7), 
and SC283 (SEQID NO:8), respectively. 

FIGS. 6a-d depict expression of SbMATE in transgenic 
Arabidopsis plants. FIG. 6a depicts Al tolerance (root growth 
in nutrient solution+1.5 L.M. Al" activity) for control and T3 
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homozygous Arabidopsis lines expressing SbMATE using 
the CaMV 35S promoter. SbMATE was expressed in the 
Columbia ecotype (Col: non-transgenic; Col-TG: transgenic 
lines expressing SbMATE) and in a very Al sensitive 
AtALMT knock-out line (KO: non-transgenic knock-out 
line; KO-TG: transgenic knock out lines expressing 
SbMATE). Scale bar, 1 cm. FIG. 6b depicts Al tolerance as 
measured by % relative net root growth (% RNRG) in eight 
independent KO-TG lines. The data are the means -ts.d. 
(n=20). FIG. 6c shows the relationship between the level of 
SbMATE expression and Al tolerance (% RNRG) in control 
and selected T3 transgenic lines. FIG. 6d depicts root malate 
and citrate exudation under +/-Al conditions for control and 
selected T3 transgenic plants. For FIGS. 6c and 6d, the data 
are the means -ts.d. (n=20). 

FIG. 7 depicts Al tolerance as measured by % relative root 
growth (% RRG). '% RRG values were calculated from root 
growth measured over 24 hrs in +A1 solution divided by root 
growth measured over 24 hrs in control ( Al) solutionx100 
for the Al sensitive wheat cultivar, Bobwhite, and four T1 
transgenic Bobwhite families expressing SbMATE under the 
constitutive maize ubiquitin promoter. Wheat plants were 
grown in 0.2 mM CaCI solution with or without 5uMAlCl 
(pH 4.5). The data are means S.D. (n=19 for Bobwhite; 11 
for 6001A; 11 for 6001 D; 8 for 6001F; and 9 for 6053). 

FIGS. 8a-b show that ZmASL-49968 is a homolog of 
SbMATE in sorghum and is a candidate maize Al tolerance 
gene. FIG. 8a depicts the map of the gene showing exons, 
introns and the region that was sequenced from each of the 
300 members of the maize diversity panel for association 
genetics analysis. FIG. 8b depicts the linkage disequilibrium 
analysis of polymorphisms detected at ZmASL-49968, 
showing that ZmASL-49968 is associated with maize Al 
tolerance. 

FIG.9 depicts the linkage analysis in the B73xCML247 F 
population and confirms the association analysis of ZmASL 
49968. ANOVA for ZmASL-49968: F=8.44, p=0.004. The 
maize parent, B73, harbors the superior allele for ZmASL 
49968 and CML247 harbors the inferioralleleas predicted by 
association analysis. The F2 progeny from the cross of B73x 
CML247 that are either homozygous or heterozygous for the 
superior B73 allele are considerably more Al tolerant than 
those homozygous for the inferior, CML247 allele. This is 
seen as net root growth (NRG) for F2s harboring the superior 
allele was 70 mm in 39 uMAl", while NRG for F2’s harbor 
ing the inferior allele was only 61 mm. 

FIG. 10 depicts expression profiles of array features rep 
resenting MATE-like genes up regulated by Al treatment (at 
20% FDR). Gene expression levels are represented by their 
estimated least-square means, in genotype (O)C100-6, Al 
tolerant and (o) L53, Al-sensitive. Note the Y-axis (expres 
sion) scale varies between plots. 

FIG. 11 depicts the comparative mapping of maize, rice 
and wheat QTL with a second maize homolog of SbMATE 
that is also a candidate maize Al tolerance gene. A region of 
maize chromosome 1 contains the MATE clone that is a 
homolog of SbMATE and was derived from ESTNP667103. 
A QTL in the Embrapa recombinant inbred line mapping 
population is also located in this region of maize chromosome 
1 and explains 13.7% of the variation in Al tolerance. The 
RFLP probes bcd 1230 and cdo1395 can be used as anchor 
markers between the maize, rice and wheat genomes, Sug 
gesting putative orthologous regions between maize, rice and 
Triticeae that harbor Al tolerance genes or QTL. 

FIG. 12 depicts expression analysis of NP667103. Semi 
quantitative RT-PCR-based analysis of expression for 
NP667103 and actin (loading control) was determined using 
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6 
total RNA extracted from roots of A1237 (Al-tolerant parent 
of Embrapa RIL population), C100-6 (a second Al-tolerant 
maize line, used in microarray experiments) and L53 (Al 
sensitive maize line, used in microarray experiment and Al 
sensitive parent of EmbrapaRIL population) treated with 0 or 
39 uMAl" for 24 hours. 

DETAILED DESCRIPTION OF THE INVENTION 

This invention concerns the isolation of the SbMATE gene, 
a major Al tolerance gene underlying the Alts locus in sor 
ghum, the cloning and functional analysis of the SbMATE 
gene in Sorghum, and the transformation of Arabidopsis and 
Al-Sensitive lines of Sorghum, and other related cereal spe 
cies, including wheat, barley, rice, and maize with the nucleic 
acid encoding the SbMATE protein. Using the compositions 
and methods of the invention, plant cells are genetically 
manipulated resulting in tolerance to aluminum in plant cells 
and tissues. The nucleic acid molecules, constructs and vec 
tors of the invention and the methods of using them can be 
utilized to increase tolerance to aluminum in important food 
crops. The SbMATE gene is a member of the MATE (Multi 
drug and Toxin Efflux) family of membrane transporters and 
encodes a novel citrate efflux transporter that is activated by 
Al. 
The single locus. Alts, was identified as controlling Al 

tolerance in two different mapping populations developed 
from two highly Al tolerant sorghum cultivars. The major Al 
tolerance locus in Sorghum, Alts, was mapped to the termi 
nal region of chromosome 3 in a population derived from the 
sorghum Al tolerance standard, SC283 (Magalhaes et al. 
2004. Genetics 167: 1905-1914). Based on comparative map 
ping, it was shown that Alts is likely distinctly different from 
the Al tolerance locus in wheat, and hence should be repre 
sented by a novel Altolerance gene. In our initial comparative 
genomic analysis of Alts, markers tightly linked to Alts in 
our original mapping population were located near position 
173 cM on the rice physical/genetic map of chromosome 1 
(Magalhaes et al., supra; Jaiswal et al. 2006. Nucl. Acids Res. 
34: D717). Based on this result, sequence-tagged site (STS) 
markers were developed from rice and used to evaluate a 
BR007 (sensitive)xSC283 (tolerant) recombinant inbred (RI) 
population (n=354). New STS markers were developed from 
Sorghum genome Survey sequences located within the rel 
evant region of sorghum chromosome 3 (Klein et al. 2003. 
Plant J. 34:605-). The RIL map of Alts that included two of 
these STS markers, CTG29 and M181, located at 0.8 cMand 
completely linked to Alts, respectively is shown in FIG. 1A. 
Our final stage of genetic mapping for the Alts region 
involved screening 4170 gametes from an F. population and 
selecting 27 recombinant individuals from the CTG29-M181 
interval (See Example 2). Additional markers were developed 
from our sequence analysis of BAC 181 g10 and used to 
further delimit the Alts-containing interval. Two of these 
markers each identified a single recombination event, thus 
closely flanking Alts. Therefore, an average recombination 
ratio of ~513 Kb/cm across this region allowed us to define a 
24.6 Kb region that contained three predicted ORFs (ORF 7. 
8, and 9), one of which had to be Alts (See FIG. 1b). 

Sequence annotation for ORFs 8 and 9 revealed high simi 
larity to a hypothetical protein and a Sucrose phosphate Syn 
thase gene, respectively. FIG. 1c shows that both genes were 
highly expressed in shoots of near-isogenic lines (NILS) con 
trasting in Al tolerance but were not expressed in roots, the 
site where the Al tolerance mechanism must function. 

Conversely, TBLASTX searches with ORF 7 identified 
highly similar sequences in Arabidopsis (Atlg51340) and 



US 7,582,809 B2 
7 

rice (OsO1 g69010) (FIG. 2a), which represent members of 
the multidrug and toxic compound extrusion (MATE) trans 
porter family (Brown et al. 1999. Mol. Biol. 31:393-395). 
MATE proteins have been implicated in the efflux of small 
organic molecules (Morita et al. 1998. Antimicrob. Agents 
Chemother: 42: 1778-1782; Diener et al. 2001. Plant Cell 13: 
1625-1638; Liet al. 2002. J. Biol. Chem. 277: 5360-5368), 
which is consistent with the physiological mechanism for 
Sorghum Al tolerance based on Al-activated root citrate exu 
dation (Magalhaes et al., supra). Therefore, the MATE 
homolog isolated from Sorghum bicolor (here designated 
SbMATE) was considered the best candidate for the Alts 
locus and studied further. 
The genomic SbMATE in sorghum is 2407 bp long. The 

genomic sequence for the SbMATE from the Al tolerant 
parent (SC283) is identified by SEQ ID NO:1 and the 
genomic sequence for the SbMATE from the Al sensitive 
parent (BR007), by SEQ ID NO:2 The full length cDNA 
(SEQ ID NO:3) contains 5 exons distributed over 1803 bp 
(FIG. 1d), which encode a 600-amino acid polypeptide (SEQ 
ID NO:4) with a molecular weight of ~62 kD. Sequence 
comparisons with the wheat Al tolerance gene, ALMT1, 
showed that the sorghum SbMATE is not related to the ALMT 
family of membrane proteins and thus is a novel tolerance 
gene. The topology program HMMTOP (Tusnady and 
Simon. 1998. J. Mol. Biol. 283: 489-506) predicted the 
SbMATE protein to contain 12 transmembrane domains 
(FIG. 2b) and is suggested to be localized to the plasma 
membrane (PSORT: Nakai and Kanehisa. 1992. Genomics 
14:897-911). A comparison between the SC283 (Altolerant) 
and BR007 (Al sensitive) SbMATE alleles as well as for the 
entire 24.6 Kb region defined by high resolution mapping, 
showed that the SbMATE coding region is identical between 
the parental alleles, with polymorphisms only found within 
one of the introns (FIG. 1d). There were only 4 sets of poly 
morphisms found in the entire 24.6 Kb region with the most 
divergent being a large, 728 bp indel in the SbMATE pro 
moter region at ~1.4Kb upstream of the predicted TATA box. 

To verify that the sorghum MATE gene indeed is SbMATE, 
its expression in root tips (the site of Altolerance and toxicity) 
of tolerant versus sensitive near isogenic lines (NILS) of 
Sorghum was quantified (See Example 4). Quantitative RT 
PCR analysis showed that SbMATE is expressed only in roots 
of the Al-tolerant NIL and that the root tip expression is 
Al-inducible (FIG. 3a); expression is not detectable in the 
root tip of the sensitive NIL. Sorghum Al tolerance is also 
Al-inducible over time (FIG. 3b, left panel. Al-induced inhi 
bition of root growth decreases significantly in the tolerant 
NIL as root exposure time to Al increases, with inhibition of 
root growth decreasing from an initial inhibition of 40-50% 
observed on days 1 and 2 in the presence of Al, to no inhibi 
tion of root growth on days 5 and 6. This response correlates 
closely with the increase in Al-activated root tip citrate exu 
dation over time of exposure to A1 (FIG.3b; right panel) and 
Al-induction of SbMATE expression (FIG. 3c). Exposure to 
Al increased SbMATE expression by 20% after one day in Al; 
Al inducibility increased to 40% by day 3 in A1, and by 120% 
by day 6. Altogether, the parallel behavior between SbMATE 
expression, Al tolerance and root citrate release Supports our 
contention that the transporter is the Altolerance locus, Alts. 
The subcellular localization of SbMATE was determined 

via transient expression of a SbMATE::GFP translational 
fusion protein in onion epidermal cells (See Example 7). The 
SbMATE protein appears to be localized to the plasma mem 
brane (FIG. 3d), which is consistent with its proposed role in 
citrate efflux from root cells. Thus, these findings indicate that 
our candidate MATE gene for the Alts locus encodes a root 
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8 
citrate efflux transporter that is Al-inducible at the level of 
gene transcription and is also Al-activated at the level of 
protein function. 
SbMATE expression was also examined in a 12 member 

Sorghum diversity panel from diverse geographical origins 
and included BR007, the Al sensitive parent and SC283, the 
Al tolerant parent. The wide range of Al tolerance and sensi 
tivity exhibited by this panel is due to an allelic series at the 
Alts locus (Caniato et al., supra). Differences in SbMATE 
expression explained most, i.e., 96%, of the phenotypic varia 
tion for Al tolerance in this panel (r=0.96, FIG. 4a). These 
results provide further evidence that SbMATE underlies Alts 
and strongly suggests that differences in gene expression 
constitute the basis for allelic variation at Alts. Significant 
correlation was similarly found between SbMATE expres 
sion and Al-activated root tip citrate release (FIG. 4b), and 
between citrate release and Al tolerance (FIG. 4c), indicating 
that differences in gene expression condition the Al tolerance 
phenotype primarily by modulating root citrate exudation. 
The large polymorphic region upstream of the SbMATE 

start codon (see FIG. 1d) was amplified via PCR in an 
expanded Sorghum panel and the size variation for this poly 
morphic region was found to be significantly and positively 
correlated with Al tolerance (FIG. 4d). This variable region 
was sequenced from genotypes representing the four size 
classes for this region (FIG. 4d) and analysis of the sequence 
data indicated this region was highly structured and repeated. 
As shown in FIG. 4e, this region is composed of an initial 100 
bp Sorghum sequence (unita in FIG. 4e), followed by a larger, 
243 bp sequence (unit b), that is a Tourist-like miniature 
inverted repeat transposable element or MITE (Bureau and 
Wessler. 1992. Plant Cell 4: 1283-1294; Wessler et al. 1995. 
Curr. Opin. Genet. Dev. 5: 814-821). The MITE insert is 
followed by a Subsequent 21 bp Sorghum sequence (unit c). 
This a-b-c structure is a singlet in the Smallest, least Al toler 
ant example (Tx430) and is repeated between 3, 4, and 5 times 
in representatives from the next three size classes. The MITE 
containing region for the four Sorghum accessions presented 
in FIG. 4e as representative of the four size classes for this 
region were sequenced (FIG. 5). The sequence of the MITE 
containing region from the least Al tolerant example (TX430) 
is identified by SEQ ID NO:5. As the MITE-containing 
region increase in size, the number of a-b-c repeats (FIG. 4e) 
increases from 1 in TX430, to 3, 4, and 5 in BR007, BRO12, 
and SC283, respectively. The sequences of this MITE-con 
taining region from BR007, BR012, and SC283 are identified 
by SEQID NO:6, SEQID NO:7, and SEQID NO:8, respec 
tively. Thus, the region upstream from SbMATE is possibly 
involved in Al-tolerance. The endogenous promoter located 
in this region is Al-inducible and root specific, resulting in 
Alts expression in the root apex. 
A genetic complementation test was carried out in the 

Arabidopsis thaliana ecotype Columbia (UVT Col) and in 
the highly Al sensitive T-DNA knockout mutant, AtALMT1 
KO, in which an Arabidopsis homolog of the wheat ALMT1 
gene is disrupted in the first exon. We screened 10 T-DNA 
Arabidopsis insertion lines in which the 6 Arabidopsis genes 
that are the most closely related to SbMATE homologs were 
disrupted, and observed no reduction of Al tolerance in com 
parison to the Col-0WT. This indicates that functional MATE 
alleles are either rare in Arabidopsis or not present in the 
Columbia ecotype. Conversely, the disruption of AtALMT1 
caused a strong reduction in Al tolerance compared to WT 
(FIG. 6a), as the result of a lack of AtALMT1 function that 
leads to a nearly complete loss of Al-activated root malate 
efflux (Hoekenga et al., supra). Therefore, we conclude that 
the extremely Al sensitive AtALMT1-KO is a highly appro 
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priate genetic background for Al tolerance complementation 
tests in Arabidopsis. Homozygous T3 lines expressing 
SbMATE driven by the CaMV 35S promoter were signifi 
cantly more Al tolerant than control seedlings in both back 
grounds (FIG. 6a). Four transgenic lines in the WT back 
ground (TG-WT) significantly outperformed the WT 
Columbia with regard to Altolerance, with an average RNRG 
of 88+4% compared to a RNRG of 65+5% for the WT line. 
Expression of SbMATE in the highly Al sensitive AtALMT1 
background increased the sensitivity of the complementation 
test, as eight transgenic lines in the KO background (TG-KO) 
exhibited a significant increase in Al tolerance compared to 
the parental line (FIG. 6b). In a separate experiment, we 
selected the best performing as well as a mediocre performing 
transgenic line in both backgrounds and found that Al toler 
ance increased proportionally with the level of SbMATE 
expression (FIG. 6c). The most tolerant transgenic lines in 
both backgrounds, Col-TG4 and KO-TG8, exhibited the 
greatest SbMATE expression and Al-activated root citrate 
release, but no increase in malate exudation was observed 
(FIG. 6d). We are generating transgenic wheat lines in the 
Al-sensitive cultivar, Bobwhite, where SbMATE driven by 
the maize ubiquitin promoter is stably expressed. In FIG. 7, 
the results of an experiment with T1 transgenic wheat lines 
shows that we have identified four transgenic lines with sub 
stantially increased Al tolerance compared to non-transgenic 
Bobwhite. These results with Arabidopsis and wheat provide 
experimental support that a member of the MATE family 
from Sorghum bicolor, SbMATE, is an Al-activated citrate 
efflux transporter that confers Al tolerance via the Alts locus. 

Thus, a member of the multidrug and toxic compound 
extrusion MATE family from Sorghum bicolor, SbMATE 
underlies the major Al tolerance locus. Alts and confers Al 
tolerance by an exclusion mechanism based on Al-activated 
citrate release from Sorghum root apices. Differences in gene 
expression are responsible for allelic effects at Alts, differ 
ences which condition both differential Al tolerance and Al 
activated citrate release. Members of the complex MATE 
family are found in all three domains of life (HVorup et al. 
2003. Eur: J. Biochem. 270: 799-813) and appear to encode 
different phenotypes, which are largely related to their func 
tion as energy-dependent carriers of small organic molecules 
(Morita et al. 1998, supra; Morita et al. 2000. J. Bacteriol. 
182: 6694-6697; He et al. 2004. J. Bacteriol. 186, 262-265). 
Searches of the TIGR database, revealed a close similarity 
between SbMATE and rice and Arabidopsis MATE mem 
bers; BLASTP searches using the National Center for Bio 
technology Information (NCBI) database revealed a close 
similarity between SbMATE, a Medicago truncatula multi 
antimicrobial extrusion protein (Mat, ABE84357.1, 
1=53%, E=2e''), Arabidopsis thaliana ferric reductase 
defective 3 (FRD3, NP187461.1, 1=55%, E=6e'), and 
Lupinus Albus LaMATE (AAW30372.1, 1=51%, E=3e''). 
Additional hits with lower E values were found with the 
landmark of the MATE family, NorM1 (Morita et al. 1998, 
supra), a Na-driven Na/multidrug antiporter from the halo 
philic marine bacterium Vibrio parahaemolyticus (Morita et 
al. 2000, supra), an enhanced disease susceptibility 5 (EDS5) 
protein, and multiple hits were found for DNA-damage-in 
ducible F-like proteins (DinF). A role for FRD3 encoding a 
system that mediates the efflux of an iron chelator, possibly 
citrate, into the xylem, thus promoting the delivery of iron to 
the shoot in a usable form has been proposed (Green et al. 
2004. Plant Physiol. 136(1): 2523-2531). In proteoid (or 
cluster) roots of white lupin, enhanced synthesis and exuda 
tion of citrate is considered an adaptive response to mobilize 
phosphorous that is fixed in the soil clay fraction (Newman et 
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al. 1998. Planta 208:373-382), thus increasing phophorus (P) 
availability in low-P soils. Recently, a member of the MATE 
family, LaMATE, was found to be highly expressed in white 
lupin roots under P deficiency and was hypothesized to be 
involved with the transport of Small organic molecules as a 
response to nutrient stress (Uhde-Stone et al. 2005. Plant J. 
44: 840-853). Although no experimental evidence was shown 
supporting the involvement of either FRD3 or LaMATE as 
citrate carriers, extensive phylogenetic analysis with more 
than 70 transporter families have shown that substrate speci 
ficity is a well conserved trait that typically correlates with 
phylogeny, albeit exceptions have also been found (reviewed 
by Hvorup et al., supra). Thus, the role of SbMATE in pro 
viding Altolerance by Al-induced citrate release Suggests that 
the substrate from FRD3 or LaMATE is similarly citrate. 
Considering that both Al toxicity and P deficiency are the two 
most important agricultural constraints on acid soils, the 
MATE family appears to be critical for adaptation to these 
areas. However, a myriad of phenotypes such as the vacuolar 
sequestration of flavonoids in the seed coat endothelium (en 
coded by TRANSPARENT TESTA 12, Debeaujon et al., 
Supra) and Salicylic acid-dependent signaling for disease 
resistance (encoded by EDS5, Nawrathet al. 2002. Plant Cell 
14:275-286) are controlled by other family members. This, in 
conjunction with the hypothesis that the MATE family arose 
in the prokaryotic domain and that Some family members 
were transmitted to eukaryotes (HVorup et al., Supra), Sug 
gests that Al tolerance probably originated from mutation(s) 
in a pre-existing and probably functional MATE family mem 
ber, which provided particular characteristics that led to Al 
tolerance. 

These data with genetically dissimilar sorghum accessions 
indicate that changes in gene expression are the major con 
sequence of Such mutations, and that polymorphisms within 
regulatory regions rather than within the coding region of the 
gene underlie allelic effects on Al tolerance at Alts. In addi 
tion, these changes in SbMATE expression involve factors 
that act to drive expression specifically in Sorghum root api 
ces, which is the site that needs to be protected from Al 
toxicity. The candidate regulatory polymorphisms are located 
within the 24.6 Kb region defined by high resolution map 
ping, and may consist of cis-acting regulatory sequences, 
which could mediate sites of interaction with chromatin com 
plexes that influence gene expression (Guo and Moose. 2003. 
Plant Cell 15: 1143-1158) or serve as binding sites to trans 
acting elements such as transcription factors. Alternatively, 
the causal polymorphism within the target region could also 
encode trans-acting factors that interact with cis-acting ele 
ments. Because the two other genes in this region, ORFs 8 and 
9, are not expressed in Sorghum roots, this hypothesis 
becomes less likely. Sequence alignment between the refer 
ence alleles from SC283 and BR007 revealed that a transpo 
son (MITE) insertion of variable size is the only polymorphic 
region upstream of the SbMATE translation initiation site, 
and size variations of this region were positively correlated 
with Al tolerance across an expanded sorghum panel. MITES 
have been identified in the non-coding region of normal genes 
and have the ability to provide regulatory sequences that alter 
gene expression (Bureau and Wessler. 1994. Plant Cell 
6:907-916; Wessler et al., supra; Yang et al. 2005. Plant Cell 
17: 1559-1568). The terminal inverted repeats from a Mu 
transposon of maize has also been shown to contain plant 
cell-cycle enhancer motifs and pollen- or gamete-specific 
enhancer sequences (Raizada et al. 2001. Plant J. 25: 79-91), 
and a transposon insertion in the maize b locus has been 
identified as the mechanism providing expression specificity 
that yields phenotypic variants at b (Selinger and Chandler. 
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1999. Proc. Natl. Acad. Sci. USA 96: 15007-15012). The 
regular {abc} is a structure that gives rise to the size varia 
tions of the MITE insertion near SbMATE in different Sor 
ghum accessions raises the possibility that cis-acting ele 
ments within the repeated regions are acting multiplicatively 
to enhance SbMATE expression specifically in root apices. 
Given the monomorphic nature of the SbMATE coding 
region in our reference alleles, a transposon insertion may 
ultimately underlie Alts. An example for the role of cis 
acting sequences was provided for the domestication teosite 
branched 1 (tb1) locus, a transcriptional regulator that con 
trols apical dominance in maize (Doebley et al. 1997. Nature 
386: 485-488). It has recently been found that cis-acting 
elements away from th1 may constitute the basis of the QTL 
by modulating th1 expression (Clarket al. 2006. Nat. Genet. 
38: 594-597). However, across our sorghum panel, linkage 
disequilibrium, which can be extensive in self-pollinating 
species such as Sorghum as compared to outcrossing species 
(Hamblin et al. 2004. Genetics 167: 471-483; Hamblin et al. 
2005. Genetics 171: 1247-1256), could cause the MITE 
insertion to be associated to the polymorphisms found within 
one of the SbMATE introns or the polymorphisms down 
stream of the gene stop codon. Differences in gene expression 
may be conditioned by the intronic polymorphisms (see, for 
one such example, Jeon et al. 2000. Plant Physiol 22:561 
570), by the additional polymorphisms downstream of the 
gene stop codon or by an interaction among those. An exten 
sive association mapping effort with a highly diverse and 
large Sorghum panel within the Alts target region is now 
being conducted to aid in defining the nature of the causative 
polymorphisms that affect SbMATE expression. 
Our previous comparative mapping studies indicated that 

the major Al tolerance loci. Alts in Sorghum and Alt in 
wheat, are located in non-conserved positions and are prob 
ably distinct, whereas we hypothesized that a major Al toler 
ance QTL that has been repeatedly detected on rice chromo 
Some 1 is orthologous to Alts (Magalhaes et al., Supra). 
Comparative sequence analysis between the Sorghum BAC 
181g 10 that harbors SbMATE revealed a high degree of con 
servation in gene order and content with rice BAC AP003437. 
which is thus likely to be the rice homologue of 181g 10. The 
best BLASTP hit that was found in the NCBI database using 
SbMATE as query was BAD87624 (I-76%, E=0.0), which is 
thus a likely rice ortholog of SbMATE that is located on 
AP003437. The major rice Altolerance QTL on chromosome 
1 is linked to the wheat genomic RFLPXwg 110 (Nguyen et 
al. 2001. Theor. Appl. Genet. 102: 1002-1010), which was 
found by sequence similarity analysis to be located to the 
contiguous rice BACs AP003433/AP003451 at position ~158 
cM on rice chromosome 1 (I-78%, E=6.2 e'). The target 
rice BAC defined by the comparative genomics approach we 
have used to positionally clone SbMATE in sorghum, 
AP003437, is contiguous to AP003451 at position 159 cM. 
These results provide further, sequenced-based support for 
our comparative mapping hypothesis for conservation of Al 
tolerance genes over a long evolutionary continuum, between 
the Oryzeae (rice) and Andropogoneae (maize and Sorghum) 
tribes within the grass family (Magalhaes et al., Supra). 

Possible homologs of the sorghum SbMATE in maize were 
identified using recursive searches. Sorghum SbMATE was 
used to query the rice genome using TBLASTN at Gramene 
and seven putative homologs to SbMATE were identified. 
The maize MAGI GSS database was then queried with the 
sorghum SbMATE and also with sequences from the seven 
rice SbMATE-like genes. The maize MATE with the closest 
sequence similarity to or Sorghum MATE, designated 
ZmASL49968 (for Zea mays Alts-like gene) was chosen for 
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further analysis. This gene shared 64% identity and 73% 
similarity with the sorghum SbMATE gene at the amino acid 
level. Two lines of investigation are utilized to identify genes 
and processes important for Al tolerance. The first, utilizing 
association analysis, a statistical genetic approach, to corre 
late particular nucleotide polymorphisms with significant dif 
ferences in Altolerance between inbred lines. This analysis is 
subsequently followed by linkage analysis in selected F2 
populations in order to further verify associations found with 
Al tolerance. Three datasets are required for association 
analysis: 1) trait data, 2) genotype data, and 3) Sufficient 
marker data from across the genome of the study population, 
in order to evaluate true positive from false positive results 
(those due to population structure or kinship). We have phe 
notyped a 288 maize inbred line association panel assembled 
by Dr. Ed Buckler, USDA-ARS, Cornell University, using 
our standard hydroponic methodologies for quantifying root 
growth under +/-A1 conditions. Based on five repeated 
experiments, the estimate for the heritability of net seminal 
root growth (the amount of root growth that occurs during a 
2-day stress treatment) is 0.65. We are using the latest form of 
mixed model ANOVA; this model was developed by Dr. Ed 
Buckler and has been recently published in Nature Genetics 
(2006.38:203-208). We are employing a set of 500 SNP from 
across the maize genome to empirically calculate the signifi 
cance threshold for Al tolerance. 
We then sequenced the region of ZmASL-49968 depicted 

in FIG. 8a in all 288 of the inbred lines in the maize associa 
tion panel. Statistical analysis indicates that polymorphisms 
in this gene are significantly associated with maize Al toler 
ance, strongly suggesting this is a candidate Al tolerance 
gene. The details of the association analysis for this gene are 
depicted in FIG. 8b. The significance of this gene in maize Al 
tolerance was then Verified with a linkage population, using 
an F2 cross between parents known to differ in the alleles 
detected for ZMASL-49968 (B73xCML247). As seen in 
FIG. 9, the superior allele of ZmASL-49968 carried by the 
B73 variety is completely dominant to the sensitive allele 
carried by CML247. 

Microarray analysis was used to examine global gene 
expression profiling in the maize root tip of Al tolerant and 
sensitive maize genotypes. We identified a second candidate 
maize Al tolerance gene as a homolog of SbMATE in sor 
ghum. As seen in FIG. 10, we found three genes in the maize 
root tip whose expression were strongly induced by Al only in 
the root tip of the tolerant maize lien and also showed higher 
constitutive (—Al) expression in the tolerant line. One of 
these, MZ000025698 in FIG. 10, was derived from EST 
NP667103 and is closest in sequence to the sorghum 
SbMATE for the 3 Al-inducible MATE genes in maize (53% 
identical at the amino acid level) and was chosen for further 
study. Markers were derived for a region of this gene and 
mapped on the Embrapa Recombinant Inbred line population 
derived from the cross between an Al tolerantxsensitive par 
ent. As seen in FIG. 11, this gene maps to a major Altolerance 
QTL previously identified by Embrapa Maize and Sorghum 
using this population. Finally, we confirmed the microarray 
results with RT-PCR analysis of expression of this gene in the 
root tips of two Al tolerant maize lines, A1237 and Cat 100-6 
and the Al sensitive line, L53. Al237 and L53 are the parents 
of the Embrapa RIL mapping population. As seen in FIG. 12, 
the gene is expressed much more strongly in the root tips of 
the 2 tolerant lines, both in the absence and presence of Al. 
The ALMT1 gene cloned by Sasaki and coworkers (Sasaki 

et al., Supra) is an Al-activated malate transporter that does not 
belong to any existing protein family of known function. 
Direct sequence alignment between wheat ALMT1 and sor 
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ghum SbMATE has confirmed that these genes are distinct. It 
is however interesting that SbMATE and ALMT1, two non 
orthologous genes, evolved independently to encode analo 
gous but not identical physiological mechanism of Al exclu 
sion from root apices based on organic acid release. Breeding 
strategies can be designed to take advantage of the additive 
effects provided by non-orthologous Al tolerance genes that 
control convergent physiological mechanisms of Al toler 
aCC. 

In a preferred embodiment of the present invention, the 
nucleic acid encoding an Al-tolerance gene is selected from 
the group consisting of: (a) an isolated DNA encoding an 
Al-inducible citrate efflux transporter; (b) an isolated DNA 
which hybridizes to isolated DNA of (a) above and which 
encodes an Al-inducible citrate efflux transporter protein or a 
peptide having an Al-inducible citrate efflux transporter bio 
logical activity; and (c) an isolated DNA differing from the 
isolated DNAs of (a) and (b) above in nucleotide sequence 
due to the degeneracy of the genetic code, and which encodes 
an Al-inducible citrate efflux transporter protein or a peptide 
having an Al-inducible citrate efflux transporter biological 
activity. “DNA which hybridizes to isolated DNA” refers to 
DNA sequences that can be identified in a Southern hybrid 
ization experiment under Stringent conditions as is known in 
the art (see, for example, Sambrook et al. 1989. Molecular 
Cloning: A Laboratory Manual, Second Edition, Cold Spring 
Harbor Laboratory Press, Cold Spring Harbor, N.Y.). This 
includes homologs from other species that show up to 80% 
sequence identity with the Sorghum Al tolerance gene. 

In the most particularly preferred embodiment of the 
present invention, the nucleic acid encoding an Al-inducible 
citrate efflux transporter gene is the SbMATE genehaving the 
sequence identified by SEQ ID NO:3 or a portion thereof 
having Al-inducible citrate efflux transporter biological activ 
ity. 

In a further embodiment of the present invention, said DNA 
is a recombinant chimeric gene construct comprising a pro 
moter operable in a plant cell and a DNA encoding the Al 
inducible citrate efflux transporter described above. Said pro 
moter can be a root specific, Al-inducible-promoter. In 
another embodiment, the chimeric gene construct addition 
ally encodes at least one selectable marker and/or further 
comprises a heterologous coding sequence, wherein the het 
erologous coding sequence is an isolated DNA encoding a 
polypeptide sequence having a property which is advanta 
geous to the plant and which is different from the Al-inducible 
citrate efflux transporter. Genes encoding polypeptides hav 
ing properties advantageous to the plant and anti-phytopatho 
genic polypeptides are well known in the art. Examples 
include genes which encode proteins which protect plants 
against pathogens, herbicides, fungicides, insecticides, or 
disadvantageous environmental influences, wherein the dis 
advantageous environmental influences comprise heat, cold, 
wind, unfavorable soil conditions, moisture and dryness. 

In a still further preferred embodiment of the present inven 
tion, said recombinant chimeric gene construct further com 
prises DNA encoding a 5' untranslated region containing a 
translational enhancer and DNA encoding a 3' untranslated 
region containing a functional polyadenylation signal, or 
other regulatory sequences present 5' of the SbMATE trans 
lation initiation codon up to the 7 bp indel genetic marker, or 
3' of the SbMATE translation termination codon up to the 
SNPG/A genetic marker, or parts of these regulatory ele 
mentS. 

In another preferred embodiment of the present invention, 
the DNA sequence encoding the protein or peptide having 
Al-inducible citrate efflux transporter activity or the DNA 
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sequence comprising the heterologous coding sequence is 
derived from a mammalian gene, a plant gene or a microor 
ganism gene or is a synthetic gene. 

In a preferred embodiment of the present invention said 
DNA is contained in a vector under the control of a promoter 
allowing its expression in said transgenic plant. Further 
embodiments of the invention include plant cells transformed 
by these vectors, plant parts, and plants and their progeny 
containing the chimeric genes. 

In a preferred embodiment of the present invention, a host 
cell containing the DNA of the invention is a bacterial cell, in 
particular, an Agrobacterium tumefaciens cell. 

In a preferred embodiment of the present invention, the 
protein encoded by said DNA sequence is an Al-inducible 
citrate efflux transporter. In a particularly preferred embodi 
ment of the present invention, said transporter is an Al-induc 
ible citrate efflux transporter from Sorghum bicolor, 
SbMATE, identified by SEQ ID NO:4. 

Still another embodiment of this invention is the method of 
making a recombinant Al-tolerant plant, said method com 
prising: providing a plant cell capable of regeneration; trans 
forming said plant cell with a DNA segment encoding an 
Al-inducible citrate efflux transporter, where said DNA seg 
ment is selected from the group consisting of: (a) an isolated 
DNA encoding an Al-inducible citrate efflux transporter; (b) 
an isolated DNA which hybridizes to isolated DNA of (a) 
above and which encodes an Al-inducible citrate efflux trans 
porter protein or a peptide having an Al-inducible citrate 
efflux transporter biological activity; and (c) an isolated DNA 
differing from the isolated DNAs of (a) and (b) above in 
nucleotide sequence due to the degeneracy of the genetic 
code, and which encode an Al-inducible citrate efflux trans 
porter protein or a peptide having an Al-inducible citrate 
efflux transporter biological activity; and then regenerating a 
recombinant Al-tolerant plant from said transformed plant 
cell. 

Yet another embodiment of this invention is the method of 
making a recombinant Al-tolerant plant, said method com 
prising: providing a plant cell capable of regeneration; trans 
forming said plant cell with the chimeric gene construct com 
prising a promoter operable in said plant cell, and a DNA 
segment encoding an Al-inducible citrate efflux transporter, 
where said DNA segment is selected from the group consist 
ing of: (a) an isolated DNA encoding an Al-inducible citrate 
efflux transporter; (b) an isolated DNA which hybridizes to 
isolated DNA of (a) above and which encodes an Al-inducible 
citrate efflux transporter protein or a peptide having an Al 
inducible citrate efflux transporter biological activity; and (c) 
an isolated DNA differing from the isolated DNAs of (a) and 
(b) above in nucleotide sequence due to the degeneracy of the 
genetic code, and which encode an Al-inducible citrate efflux 
transporter protein or a peptide having an Al-inducible citrate 
efflux transporter biological activity; and then regenerating a 
recombinant Al-tolerant plant from said transformed plant 
cell. 
A further embodiment of the present invention is a method 

for the production of a transgenic plant displaying tolerance 
to aluminum comprising the introduction of a genetically 
engineered DNA sequence encoding at least one peptidehav 
ing an Al-inducible citrate efflux transporter activity, into the 
genetic material of a suitable plant. The term “genetic mate 
rial” refers to the nuclear genome of a plant cell, an organelle 
genome of the plant cell or an extrachromosomal form. The 
term “introduction” refers to a method which is capable of 
introducing said genetically engineered DNA sequence into 
said genetic material of a plant cell. Preferred examples of 
said method are Agrobacterium-mediated transfer, plant virus 
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mediated-transfer, microinjection, microprojectile bombard 
ment, electroporation, PEG-mediated transformation and 
transformation of plant protoplasts with virus-based stable 
vectors, all methods well known and practiced in the art. In a 
further preferred embodiment of the present invention said 
introduction is carried out by transfection using the Agrobac 
terium system. 

It is yet another embodiment of the invention to provide 
methods for the manipulation of Al-inducible citrate efflux 
transporter gene sequences for their expression in transgenic 
plants, both monocotyledoneous and dicotyledoneous plants. 
In a preferred embodiment of the present invention the trans 
genic plant is cotton, maize, peanut, Sunflower, tobacco, rice, 
wheat, rye, barley, alfalfa, tomato, cucumber, soya, Sweet 
potato, grapes, rapeseed, Sugar beet, tea, strawberry, rose, 
chrysanthemum, poplar, eggplant, Sweet pepper, walnut, pis 
tachio, mango, banana, or potato. In a particularly preferred 
embodiment of the invention, SbMATE is expressed in sor 
ghum. The transgenic plants thus modified have enhanced 
tolerance to aluminum. 

The genes for an Al-inducible citrate efflux transporter of 
this invention are expressed in transgenic plants thus causing 
the biosynthesis of an Al-inducible citrate efflux transporter 
in the transgenic plants. In this way transgenic plants with 
enhanced tolerance to aluminum are generated. For their opti 
mal expression in transgenic plants, the Al-inducible citrate 
efflux transporter gene and adjacent sequences may require 
modification and optimization. 
The preferred an Al-inducible citrate efflux transporter bio 

synthetic genes may be unmodified genes, should these be 
expressed at high levels in target transgenic plant species, or 
alternatively may be genes modified by the removal of desta 
bilization and inappropriate polyadenylation motifs and ille 
gitimate splice sites, and further modified by the incorpora 
tion of plant preferred codons, and further with a GC content 
preferred for expression in plants. Although preferred gene 
sequences may be adequately expressed in both monocotyle 
donous and dicotyledonous plant species, sequences can be 
modified to account for the specific codon preferences and 
GC content preferences of monocotyledons or dicotyledons. 

Transgenic plants can be transformed with a DNA segment 
encoding an Al-inducible citrate efflux transporter in the 
absence of an exogenously provided promoter. However, 
when chimeric gene constructs comprising a promoter oper 
able in said plant cell and a DNA segment encoding an Al 
inducible citrate efflux transporter are utilized for the trans 
formation, optimal expression of an Al-inducible citrate 
efflux transporter results. The expression of Al-inducible cit 
rate efflux transporter genes in transgenic plants is behind a 
promoter shown to be functional in plants. The choice of 
promoter will vary depending on the temporal and spatial 
requirements for expression, and also depending on the target 
tissue or species. The expression of Al-inducible citrate efflux 
transporter genes in transgenic plants can be under the regu 
lation of promoters which are constitutive or promoters which 
are regulated. Such promoters are well known in the art and 
described, for example, in U.S. Pat. No. 5,589,625; examples 
are: cauliflower mosaic virus 35S-promoter, rice actin pro 
moter, rbc S promoter from different species, Agrobacter 
TR2 promoter, phaseolin gene promoter or the NOS pro 
moter. Preferred promoters which are expressed constitu 
tively include CaMV 35S, the cauliflower mosaic virus 35S 
promoter, and 19S promoters, and promoters from genes 
encoding actin or ubiquitin. Constitutive expression of the 
Al-inducible citrate efflux transporter SbMATE under the 
control of the cauliflower mosaic virus 35S-promoter or the 
ubiquitin promoter is preferred. 
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The expression of the SbMATE genes of this invention can 

also be controlled, i.e., under the regulation of promoters 
which are regulated. Thus, this transformation method can be 
developed to provide Al tolerance to particular crops at spe 
cific times during the crop plant's life cycle or in particular 
parts of the plant, such as is seen with the endogenous pro 
moter of the invention which is found upstream of SbMATE 
and is root-specific and Al-inducible. An advantage of con 
trolled expression of the chimeric gene construct is that 
SbMATE is expressed only at the appropriate time and/or to 
the appropriate extent and/or only in particular parts of the 
plant. A further advantage is that parts of plants that are 
inaccessible to conventional protective measures, can be pro 
tected using this method either through constitutive expres 
sion of the nucleic acid in all tissues or through tissue-specific 
expression of the nucleic acid as controlled by tissue or stage 
specific promoters. Furthermore, this transformation method 
to control tolerance to aluminum and these transgenic plants 
can be further developed to where expression of the gene 
occurs under particular circumstances, e.g., wounding, 
drought, and chemical induction. 

In addition to the selection of a suitable promoter, construc 
tions for SbMATE expression in plants require an appropriate 
transcription terminator to be attached downstream of the 
heterologous SbMATE gene. Several such terminators are 
available and known in the art (e.g. timl from CaMV. E9 from 
rbcS). Any available terminator known to function in plants 
can be used in the context of this invention. 
Numerous other sequences can be incorporated into 

expression cassettes for SbMATE genes. These include 
sequences which have been shown to enhance expression 
such as intron sequences (e.g. from Adhl and bronzel) and 
viral leader sequences (e.g. from TMV. MCMV and AMV). 

For Agrobacterium-mediated transformation, binary vec 
tors or vectors carrying at least one T-DNA border sequence 
are Suitable, whereas for direct gene transfer any vector is 
suitable and linear DNA containing only the construction of 
interest may be preferred. In the case of direct gene transfer, 
transformation with a single DNA species or co-transforma 
tion can be used (Schocher et al. 1986. Biotechnology 4: 
1093-1096). For both direct gene transfer and Agrobacte 
rium-mediated transfer, transformation is usually (but not 
necessarily) undertaken with a selectable marker which may 
provide resistance to an antibiotic (kanamycin, hygromycin 
or methatrexate) or a herbicide (Sulfonylurea, imidazolinone, 
or basta). The choice of selectable marker is not, however, 
critical to the invention. 
An additional embodiment of the invention relates to pep 

tides which have Al-inducible citrate efflux transporter activ 
ity which can be used to generate antibodies. Such antibodies 
can be used to detect the presence a peptide having Al-induc 
ible citrate efflux transporter biological activity in biological 
samples. 
As used herein, the terms “nucleic acid molecule', 

”, “polynucleotide', 'polynucleotide “nucleic acid sequence'. 
”, “nucleic acid fragment”, “isolated nucleic acid Sequence, 

fragment are used interchangeably herein. These terms 
encompass nucleotide sequences and the like. A polynucle 
otide may be a polymer of RNA or DNA that is single- or 
double-stranded and that optionally contains synthetic, non 
natural or altered nucleotide bases. A polynucleotide in the 
form of a polymer of DNA may be comprised of one or more 
segments of cDNA, genomic DNA, synthetic DNA, or mix 
tures thereof. 
The term "isolated polynucleotide refers to a polynucle 

otide that is substantially free from other nucleic acid 
sequences, such as other chromosomal and extrachromo 



US 7,582,809 B2 
17 

somal DNA and RNA, that normally accompany or interact 
with it as found in its naturally occurring environment. How 
ever, isolated polynucleotides may contain polynucleotide 
sequences which may have originally existed as extrachro 
mosomal DNA but exist as a nucleotide insertion within the 
isolated polynucleotide. Isolated polynucleotides may be 
purified from a host cell in which they naturally occur. Con 
ventional nucleic acid purification methods known to skilled 
artisans may be used to obtain isolated polynucleotides. The 
term also embraces recombinant polynucleotides and chemi 
cally synthesized polynucleotides. 
As used herein, "recombinant” refers to a nucleic acid 

molecule which has been obtained by manipulation of genetic 
material using restriction enzymes, ligases, and similar 
genetic engineering techniques as described by, for example, 
Sambrook et al. 1989. Molecular Cloning: A Laboratory 
Manual, Second Edition, Cold Spring Harbor Laboratory 
Press, Cold Spring Harbor, N.Y. or DNA Cloning: A Practical 
Approach, Vol. I and II (Ed.D. N. Glover), IRL Press, Oxford, 
1985. “Recombinant, as used herein, does not refer to natu 
rally occurring genetic recombinations. 
As used herein, the term "chimeric' refers to two or more 

DNA molecules which are derived from different sources, 
strains, or species, which do not recombine under natural 
conditions, or to two or more DNA molecules from the same 
species, which are linked in a manner that does not occur in 
the native genome. A "construct” or "chimeric gene con 
struct” refers to a nucleic acid sequence encoding a protein, 
here the SbMATE protein, operably linked to a promoter 
and/or other regulatory sequences. 
As used herein, the term “express' or “expression' is 

defined to mean transcription alone. The regulatory elements 
are operably linked to the coding sequence of the SbMATE 
gene Such that the regulatory element is capable of controlling 
expression of SbMATE gene. “Altered levels” or “altered 
expression” refers to the production of gene product(s) in 
transgenic organisms in amounts or proportions that differ 
from that of normal or non-transformed organisms. 
As used herein, the terms 'encoding', 'coding, or 

“encoded when used in the context of a specified nucleic 
acid mean that the nucleic acid comprises the requisite infor 
mation to guide translation of the nucleotide sequence into a 
specified protein. The information by which a protein is 
encoded is specified by the use of codons. A nucleic acid 
encoding a protein may comprise non-translated sequences 
(e.g., introns) within translated regions of the nucleic acid or 
may lack Such intervening non-translated sequences (e.g., as 
in cDNA). 
The term “operably linked’ refers to the association of two 

or more nucleic acid fragments on a single nucleic acid frag 
ment so that the function of one is affected by the other. For 
example, a promoter is operably linked with a coding 
sequence when it is capable of affecting the expression of that 
coding sequence (i.e., that the coding sequence is under the 
transcriptional control of the promoter). Coding sequences 
can be operably linked to regulatory sequences in sense or 
antisense orientation. 

"Regulatory sequences' refer to nucleotide sequences 
located upstream (5' non-coding sequences), within, or down 
stream (3' non-coding sequences) of a coding sequence, and 
which influence the transcription, RNA processing or stabil 
ity, or translation of the associated coding sequence. Regula 
tory sequences may include promoters, translation leader 
sequences, introns, and polyadenylation recognition 
Sequences. 

“Promoter refers to a nucleotide sequence capable of con 
trolling the expression of a coding sequence or functional 
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RNA. In general, a coding sequence is located 3' to a promoter 
sequence. The promoter sequence consists of proximal and 
more distal upstream elements, the latter elements often 
referred to as enhancers. Accordingly, an "enhancer is a 
nucleotide sequence that can stimulate promoter activity and 
may be an innate element of the promoter or a heterologous 
element inserted to enhance the level or tissue-specificity of a 
promoter. Promoters may be derived in their entirety from a 
native gene, as for example, the promoter disclosed here 
which specifically induces the SbMATE gene expression in 
root apices, or be composed of different elements derived 
from different promoters found in nature, or even comprise 
synthetic nucleotide segments. It is understood by those 
skilled in the art that different promoters may direct the 
expression of a gene in different tissues or cell types, or at 
different stages of development, or in response to different 
environmental conditions. The tissue-specificity of a pro 
moter, for example, is exemplified by the promoter sequence 
(described above) which specifically induces the SbMATE 
gene expression in root tips. Promoters that cause a nucleic 
acid fragment to be expressed in most cell types at most times 
are commonly referred to as “constitutive promoters'. New 
promoters of various types useful in plant cells are constantly 
being discovered; numerous examples may be found in the 
compilation by Okamuro and Goldberg. 1989. Biochemistry 
of Plants 15:1-82. It is further recognized that since in most 
cases the exact boundaries of regulatory sequences have not 
been completely defined, nucleic acid fragments of different 
lengths may have identical promoter activity. 
The “translation leader sequence” refers to a nucleotide 

sequence located between the promoter sequence of a gene 
and the coding sequence. The translation leader sequence is 
present in the fully processed mRNA upstream of the trans 
lation start sequence. The translation leader sequence may 
affect processing of the primary transcript to mRNA, mRNA 
stability or translation efficiency. 
The '3' non-coding sequences’ refer to nucleotide 

sequences located downstream of a coding sequence and 
include polyadenylation recognition sequences and other 
sequences encoding regulatory signals capable of affecting 
mRNA processing or gene expression. The polyadenylation 
signal is usually characterized by affecting the addition of 
polyadenylic acid tracts to the 3' end of the mRNA precursor. 
“RNA transcript' refers to the product resulting from RNA 

polymerase-catalyzed transcription of a DNA sequence. 
When the RNA transcript is a perfect complementary copy of 
the DNA sequence, it is referred to as the primary transcriptor 
it may be an RNA sequence derived from posftranscriptional 
processing of the primary transcript and is referred to as the 
mature RNA. “Messenger RNA (mRNA) refers to the RNA 
that is without introns and that can be translated into polypep 
tides by the cell. “cDNA refers to a DNA that is complemen 
tary to and derived from an mRNA template. The cDNA can 
be single-stranded or converted to double stranded form 
using, for example, the Kienow fragment of DNA polymerase 
I. “Sense RNA refers to an RNA transcript that includes the 
mRNA and so can be translated into a polypeptide by the cell. 
Antisense', when used in the context of a particular nucle 

otide sequence, refers to the complementary strand of the 
reference transcription product. Antisense RNA refers to an 
RNA transcript that is complementary to all or part of a target 
primary transcript or mRNA and that blocks the expression of 
a target gene. The complementarity of an antisense RNA may 
be with any part of the specific nucleotide sequence, i.e., at the 
5' non-coding sequence, 3' non-coding sequence, introns, or 
the coding sequence. “Functional RNA refers to sense RNA, 
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antisense RNA, ribozyme RNA, or other RNA that may not be 
translated but yet has an effect on cellular processes. 

“Transformation” refers to the transfer of a nucleic acid 
fragment into the genome of a host organism, resulting in 
genetically stable inheritance. Host organisms containing the 
transformed nucleic acid fragments are referred to as “trans 
genic' organisms. Examples of methods of plant transforma 
tion include Agrobacterium-mediated transformation (De 
Blaere et al. 1987. Meth. Enzymol. 143:277) and particle 
accelerated or “gene gun' transformation technology (Klein 
et al. 1987. Nature (London) 327:70-73: U.S. Pat. No. 4,945, 
050, incorporated herein by reference). Additional transfor 
mation methods are disclosed below. Thus, isolated poly 
nucleotides of the present invention can be incorporated into 
recombinant constructs, typically DNA constructs, capable 
of introduction into and replication in a host cell. Such a 
construct can be a vector that includes a replication system 
and sequences that are capable of transcription and transla 
tion of a polypeptide-encoding sequence in a given host cell. 
A number of vectors suitable for stable transfection of plant 
cells or for the establishment of transgenic plants have been 
described in, e.g., Pouwels et al. 1985. Supp. 1987. Cloning 
Vectors: A Laboratory Manual: Weissbach and Weissbach. 
1989. Methods for Plant Molecular Biology, Academic Press, 
New York; and Flevin et al. 1990. Plant Molecular Biology 
Manual, Kluwer Academic Publishers, Boston. Typically, 
plant expression vectors include, for example, one or more 
cloned plant genes under the transcriptional control of 5' and 
3' regulatory sequences and a dominant selectable marker. 
Such plant expression vectors also can contain a promoter 
regulatory region (e.g., a regulatory region controlling induc 
ible or constitutive, environmentally- or developmentally 
regulated, or cell- or tissue-specific expression), a transcrip 
tion initiation start site, a ribosome binding site, an RNA 
processing signal, a transcription termination site, and/or a 
polyadenylation signal. 
A "protein’ or “polypeptide' is a chain of amino acids 

arranged in a specific order determined by the coding 
sequence in a polynucleotide encoding the polypeptide. Each 
protein or polypeptide has a unique function. 
The term “substantially pure' as used herein refers to 

SbMATE polypeptide that is substantially free of other pro 
teins, lipids, carbohydrates or other materials with which it is 
naturally associated. One skilled in the art can purify 
SbMATE using standard techniques for protein purification. 
The purity of the SbMATE polypeptide can also be deter 
mined by amino-terminal amino acid sequence analysis. 
The invention includes functional SbMATE polypeptides 

and functional fragments thereof, as well as mutants and 
variants having the same biological function or activity. As 
used herein, the terms “functional fragment”, “mutant” and 
“variant” refers to a polypeptide which possesses biological 
function or activity identified through a defined functional 
assay and associated with a particular biologic, morphologic, 
or phenotypic alteration in the cell. The term “functional 
fragments of SbMATE polypeptide', refers to all fragments 
of SbMATE that retain SbMATE activity and function in the 
aluminum tolerance pathway. Functional fragments, for 
example, can vary in size from a polypeptide fragment as 
Small as an epitope capable of binding an antibody molecule, 
to a large polypeptide capable of participating in the charac 
teristic induction or programming of phenotypic changes 
within a cell. Furthermore, the function or activity of 
SbMATE in the aluminum tolerance pathway can be utilized 
in bioassays to identify functional fragments of SbMATE 
polypeptide or related polypeptides. Thus, two orthologs of 
SbMATE in maize having between 53% to 64% identity and 
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73% to 75% similarity at the amino acid level to the sorghum 
SbMATE gene have been found in Altolerant maize lines, and 
the gene encoding these polypeptides is preferentially 
expressed in the root tips of Al-tolerant plants in an Al 
inducible manner, indicating that these orthologs harbor a 
portion of the SbMATE polypeptide that indeed has SbMATE 
biological activity. 

Modifications of the SbMATE primary amino acid 
sequence may result in further mutant or variant proteins 
having substantially equivalent activity to the SbMATE 
polypeptides described herein. Such modifications may be 
deliberate, as by site-directed mutagenesis, or may occur by 
spontaneous changes in amino acid sequences where these 
changes produce modified polypeptides having Substantially 
equivalent activity to the SbMATE polypeptides. Any 
polypeptides produced by minor modifications of the 
SbMATE primary amino acid sequence are included hereinas 
long as the biological activity of SbMATE is present; e.g., 
having a role in pathways leading to aluminum tolerance in 
plants. 
A heterologous coding sequence refers to coding 

sequences which encode peptides or proteins, unrelated to, or, 
other than, the SbMATE polypeptides provided above and 
which are not intrinsically found in the position provided in 
the chimeric gene construct. 

Genes encoding a SbMATE protein can be cloned using a 
variety of techniques according to the invention. The simplest 
procedure for the cloning of SbMATE genes requires the 
cloning of genomic DNA from an organism identified as 
producing a SbMATE protein, and the transfer of the cloned 
DNA on a suitable plasmidor vector to a host organism which 
does not produce the SbMATE protein, followed by the iden 
tification of transformed hosts to which the ability to produce 
the SbMATE protein has been conferred. The transforming 
SbMATE-conferring DNA can be cleaved into smaller frag 
ments and the smallest which maintains the SbMATE-con 
ferring ability can be further characterized. Techniques suit 
able for cloning by homology include standard library 
screening by DNA hybridization or polymerase chain reac 
tion (PCR) amplification using primers derived from con 
served sequences. As defined herein, two DNA sequences are 
substantially homologous when at least 80% (preferably at 
least 85% and most preferably 90%) of the nucleotides match 
over the defined length of the sequence using algorithms such 
as CLUSTRAL or PILEUP. Sequences that are substantially 
homologous can be identified in a Southern hybridization 
experiment under stringent conditions as is known in the art. 
See, for example, Sambrook et al., supra. Sambrook et al. 
describe highly stringent conditions as a hybridization tem 
perature 5-10°C. below the T of a perfectly matched target 
and probe; thus, sequences that are 'substantially homolo 
gous' would hybridize under such conditions. 
As used herein, “substantially similar refers to nucleic 

acid fragments wherein changes in one or more nucleotide 
bases results in Substitution of one or more amino acids, but 
do not affect the functional properties of the polypeptide 
encoded by the nucleotide sequence. “Substantially similar 
also refers to modifications of the nucleic acid fragments of 
the instant invention Such as deletion or insertion of nucle 
otides that do not substantially affect the functional properties 
of the resulting transcript. It is therefore understood that the 
invention encompasses more than the specific exemplary 
nucleotide or amino acid sequences and includes functional 
equivalents thereof. Alterations in a nucleic acid fragment 
that result in the production of a chemically equivalent amino 
acid at a given site, but do not affect the functional properties 
of the encoded polypeptide, are well known in the art. Thus, 
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a codon for the amino acidalanine, a hydrophobic amino acid, 
may be substituted by a codon encoding another less hydro 
phobic residue, such as glycine, or a more hydrophobic resi 
due. Such as valine, leucine, or isoleucine. Similarly, changes 
which result in Substitution of one negatively charged residue 5 
for another, Such as aspartic acid for glutamic acid, or one 
positively charged residue for another, Such as lysine for 
arginine, can also be expected to produce a functionally 
equivalent product. Nucleotide changes which result in alter 
ation of the N-terminal and C-terminal portions of the 10 
polypeptide molecule would also not be expected to alter the 
activity of the polypeptide. Each of the proposed modifica 
tions is well within the routine skill in the art, as is determi 
nation of retention of biological activity of the encoded prod 
ucts. A method of selecting an isolated polynucleotide that 15 
affects the level of expression of a polypeptide in a virus or in 
a host cell (eukaryotic, such as plant, yeast, fungi, or algae: 
prokaryotic, such as bacteria) may comprise the steps of 
constructing an isolated polynucleotide of the present inven 
tion or an isolated chimeric gene of the present invention: 20 
introducing the isolated polynucleotide or the isolated chi 
meric gene into a host cell; measuring the level of a polypep 
tide in the host cell containing the isolated polynucleotide; 
and comparing the level of a polypeptide in the host cell 
containing the isolated polynucleotide with the level of a 25 
polypeptide in a host cell that does not contain the isolated 
polynucleotide. 

Moreover, Substantially similar nucleic acid fragments 
may also be characterized by their ability to hybridize. Esti 
mates of such homology are provided by either DNA-DNA or 30 
DNA-RNA hybridization under conditions of stringency as is 
wellunderstood by those skilled in the art (1985. Nucleic Acid 
Hybridization, Hames and Higgins, Eds. IRL Press, Oxford, 
U.K.). Stringency conditions can be adjusted to Screen for 
moderately similar fragments, such as homologous 35 
sequences from distantly related organisms, to highly similar 
fragments, such as genes that duplicate functional enzymes 
from closely related organisms. 

Thus, isolated sequences that encode a SbMATE polypep 
tide and which hybridize under stringent conditions to the 40 
SbMATE sequences disclosed herein, or to fragments 
thereof, are encompassed by the present invention. 

Substantially similar nucleic acid fragments of the instant 
invention may also be characterized by the percent identity of 
the amino acid sequences that they encode to the amino acid 45 
sequences disclosed herein, as determined by algorithms 
commonly employed by those skilled in this art. 

Methods of alignment of sequences for comparison are 
well known in the art. Thus, the determination of percent 
identity between any two sequences can be accomplished 50 
using a mathematical algorithm. Non-limiting examples of 
Such mathematical algorithms are the algorithm of Myers and 
Miller (1988. CABIOS 4:11-17), the local homology algo 
rithm of Smith et al. (1981. Adv. Appl. Math. 2:482); the 
homology alignment algorithm of Needleman and Wunsch 55 
(1970. J. Mol. Biol. 48:443-453); the search-for-similarity 
method of Pearson and Lipman (1988. Proc. Natl. Acad. Sci. 
85:2444-2448; the algorithm of Karlin and Altschul (1990. 
Proc. Natl. Acad. Sci. USA 87:2264), modified as in Karlin 
and Altschul (1993. Proc. Natl. Acad. Sci. USA 90:5873- 60 
5877). 
Computer implementations of these mathematical algo 

rithms can be utilized for comparison of sequences to deter 
mine sequence identity. Such implementations include, but 
are not limited to: CLUSTAL in the PC/Gene program (avail- 65 
able from Intelligenetics, Mountain View, Calif.); the ALIGN 
program (Version 2.0) and GAP, BESTFIT, BLAST, FASTA, 

22 
and TFASTA in the Wisconsin Genetics Software Package, 
Version 8 (available from Genetics Computer Group (GCG), 
575 Science Drive, Madison, Wis., USA). Alignments using 
these programs can be performed using the default param 
eters. 

Unless otherwise indicated, sequence alignments and per 
cent identity calculations were performed using the Megalign 
program of the LASERGENE bioinformatics computing 
suite (DNASTAR Inc., Madison, Wis.), or any equivalent 
program. Multiple alignment of the sequences was performed 
using the ClustalW method of alignment (Higgins and Sharp 
(1989. CABIOS 5:151-153) with the default parameters 
(GAP PENALTY=10, GAP LENGTH PENALTY=1.0), 
while default parameters for pairwise alignments using the 
ClustalW method were GAPPENALTY=10, GAPLENGTH 
PENALTY=1.0, Slow-Accurate unless otherwise indicated. 
As used herein, “sequence identity” or “identity” in the 

context of two nucleic acid or polypeptide sequences makes 
reference to the residues in the two sequences that are the 
same when aligned for maximum correspondence over a 
specified comparison window. When percentage of sequence 
identity is used in reference to proteins, it is recognized that 
residue positions which are not identical often differ by con 
servative amino acid substitutions, where amino acid residues 
are substituted for other amino acid residues with similar 
chemical properties (e.g., charge or hydrophobicity) and 
therefore do not change the functional properties of the mol 
ecule. 
As used herein, "percentage of sequence identity” means 

the value determined by comparing two optimally aligned 
sequences over a comparison window, wherein the portion of 
the polynucleotide sequence in the comparison window may 
comprise additions or deletions (i.e., gaps) as compared to the 
reference sequence (which does not comprise additions or 
deletions) for optimal alignment of the two sequences. The 
percentage is calculated by determining the number of posi 
tions at which the identical nucleic acid base or amino acid 
residue occurs in both sequences to yield the number of 
matched positions, dividing the number of matched positions 
by the total number of positions in the window of comparison, 
and multiplying the result by 100 to yield the percentage of 
sequence identity. 
As used herein, “reference sequence' is a defined sequence 

used as a basis for sequence comparison. A reference 
sequence may be a Subset or the entirety of a specified 
sequence; for example, as a segment of a full-length cDNA or 
gene sequence, or the complete cDNA or gene sequence. 
The term “substantial identity” of polynucleotide 

sequences means that a polynucleotide comprises a sequence 
that has at least 80% sequence identity, preferably at least 
85%, more preferably at least 90%, most preferably at least 
95% sequence identity compared to a reference sequence 
using one of the alignment programs described using stan 
dard parameters. One of skill in the art will recognize that 
these values can be appropriately adjusted to determine cor 
responding identity of proteins encoded by two nucleotide 
sequences by taking into account codon degeneracy, amino 
acid similarity, reading frame positioning, and the like. Sub 
stantial identity of amino acid sequences for these purposes 
normally means sequence identity of at least 80%, preferably 
at least 85%, more preferably at least 90%, and most prefer 
ably at least 95%. Preferably, optimal alignment is conducted 
using the homology alignment algorithm of Needleman et al. 
(1970. J. Mol. Biol. 48:443). 

Another indication that nucleotide sequences are substan 
tially identical is if two molecules hybridize to each other 
under Stringent conditions. Generally, stringent conditions 
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are selected to be about 5° C. lower than the thermal melting 
point (Tm) for the specific sequence at a defined ionic 
strength and pH. However, stringent conditions encompass 
temperatures in the range of about 1° C. to about 20° C. 
depending upon the desired degree of stringency as otherwise 5 
qualified herein. 
A “substantial portion of an amino acid or nucleotide 

sequence comprises an amino acid or a nucleotide sequence 
that is sufficient to afford putative identification of the protein 
or gene that the amino acid or nucleotide sequence comprises. 10 
Amino acid and nucleotide sequences can be evaluated either 
manually by one skilled in the art, or by using computer-based 
sequence comparison and identification tools that employ 
algorithms such as BLAST. In general, a sequence often or 
more contiguous amino acids or thirty or more contiguous 15 
nucleotides is necessary in order to putatively identify a 
polypeptide or nucleic acid sequence as homologous to a 
known protein or gene. Moreover, with respect to nucleotide 
sequences, gene-specific oligonucleotide probes comprising 
30 or more contiguous nucleotides may be used in sequence- 20 
dependent methods of gene identification and isolation. In 
addition, short oligonucleotides of 12 or more nucleotides 
may be use as amplification primers in PCR in order to obtain 
a particular nucleic acid fragment comprising the primers. 
Accordingly, a “substantial portion of a nucleotide sequence 25 
comprises a nucleotide sequence that will afford specific 
identification and/or isolation of a nucleic acid fragment com 
prising the sequence. The instant specification teaches amino 
acid and nucleotide sequences encoding polypeptides that 
comprise a particular plant protein. The skilled artisan, hav- 30 
ing the benefit of the sequences as reported herein, may now 
use all or a substantial portion of the disclosed sequences for 
purposes known to those skilled in this art. Thus, such a 
portion represents a “substantial portion' and can be used to 
establish “substantial identity”, i.e., sequence identity of at 35 
least 80%, compared to the reference sequence, Sorghum. 
Accordingly, the instant invention comprises the complete 
sequences as reported in the accompanying Sequence Listing, 
as well as Substantial portions at those sequences as defined 
above. 40 

Fragments and variants of the disclosed nucleotide 
sequences and proteins encoded thereby are also encom 
passed by the present invention. By “fragment a portion of 
the nucleotide sequence or a portion of the amino acid 
sequence and hence protein encoded thereby is intended. 45 
Fragments of a nucleotide sequence may encode protein frag 
ments that retain the biological activity of the native protein 
and hence have SbMATE-like activity. Alternatively, frag 
ments of a nucleotide sequence that are useful as hybridiza 
tion probes may not encode fragment proteins retaining bio- 50 
logical activity. 
By "variants’ substantially similar sequences are intended. 

For nucleotide sequences, conservative variants include those 
sequences that, because of the degeneracy of the genetic code, 
encode the amino acid sequence of one of the SbMATE 55 
polypeptides of the invention. Naturally occurring allelic 
variants such as these can be identified with the use of well 
known molecular biology techniques, as, for example, with 
polymerase chain reaction (PCR), a technique used for the 
amplification of specific DNA segments. Generally, variants 60 
of a particular nucleotide sequence of the invention will have 
generally at least about 90%, preferably at least about 95% 
and more preferably at least about 98% sequence identity to 
that particular nucleotide sequence as determined by 
sequence alignment programs described elsewhere herein. 65 
By "variant protein a protein derived from the native 

protein by deletion (so-called truncation) or addition of one or 
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more amino acids to the N-terminal and/or C-terminal end of 
the native protein; deletion or addition of one or more amino 
acids at one or more sites in the native protein; or Substitution 
of one or more amino acids at one or more sites in the native 
protein is intended. Variant proteins encompassed by the 
present invention are biologically active, that is they continue 
to possess the desired biological activity of the native protein, 
that is, SbMATE-like activity as described herein. Such vari 
ants may result from, for example, genetic polymorphism or 
from human manipulation. Biologically active variants of a 
native SbMATE protein of the invention will have at least 
about 90%, preferably at least about 95%, and more prefer 
ably at least about 98% sequence identity to the amino acid 
sequence for the native protein as determined by sequence 
alignment programs described elsewhere herein. A biologi 
cally active variant of a protein of the invention may differ 
from that protein by as few as 1-15 amino acid residues, or 
even one amino acid residue. 
The polypeptides of the invention may be altered in various 

ways including amino acid Substitutions, deletions, trunca 
tions, and insertions. Novel proteins having properties of 
interest may be created by combining elements and fragments 
of proteins of the present invention, as well as with other 
proteins. Methods for Such manipulations are generally 
known in the art. Thus, the genes and nucleotide sequences of 
the invention include both the naturally occurring sequences 
as well as mutant forms. Likewise, the proteins of the inven 
tion encompass naturally occurring proteins as well as varia 
tions and modified forms thereof. Such variants will continue 
to possess the desired SbMATE activity. Obviously, the muta 
tions that will be made in the DNA encoding the variant must 
not place the sequence out of reading frame and preferably 
will not create complementary regions that could produce 
secondary mRNA structure. 
The deletions, insertions, and substitutions of the protein 

sequences encompassed herein are not expected to produce 
radical changes in the characteristics of the protein. However, 
when it is difficult to predict the exact effect of the substitu 
tion, deletion, or insertion in advance of doing so, one skilled 
in the art will appreciate that the effect will be evaluated by 
routine screening assays where the effects of SbMATE pro 
tein can be observed. 
"Codon degeneracy” refers to divergence in the genetic 

code permitting variation of the nucleotide sequence without 
affecting the amino acid sequence of an encoded polypeptide. 
Accordingly, the instant invention relates to any nucleic acid 
fragment comprising a nucleotide sequence that encodes all 
or a substantial portion of the amino acid sequences set forth 
herein. 

It is to be understood that as used herein the term “trans 
genic’ includes any cell, cell line, callus, tissue, plant part, or 
plant the genotype of which has been altered by the presence 
of a heterologous nucleic acid including those transgenics 
initially so altered as well as those created by sexual crosses 
or asexual propagation from the initial transgenic. The term 
“transgenic' as used herein does not encompass the alteration 
of the genome (chromosomal or extra-chromosomal) by con 
ventional plant breeding methods or by naturally occurring 
events such as random cross-fertilization, non-recombinant 
viral infection, non-recombinant bacterial transformation, 
non-recombinant transposition, or spontaneous mutation. 
As used herein, the term “plant includes reference to 

whole plants, plant organs (e.g., leaves, stems, roots, etc.), 
seeds, plant cells, and progeny of same. Parts of transgenic 
plants are to be understood within the scope of the invention 
to comprise, for example, plant cells, protoplasts, tissues, 
callus, embryos as well as flowers, stems, fruits, leaves, roots 
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originating in transgenic plants or their progeny previously 
transformed with a DNA molecule of the invention and there 
fore consisting at least in part of transgenic cells, are also an 
object of the present invention. 
As used herein, the term “plant cell includes, without 5 

limitation, seeds Suspension cultures, embryos, meristematic 
regions, callus tissue, leaves, roots, shoots, gametophytes, 
sporophytes, pollen, and microspores. The class of plants that 
can be used in the methods of the invention is generally as 
broad as the class of higher plants amenable to transformation 10 
techniques, including both monocotyledonous and dicotyle 
donous plants. 
The successful cloning of SbMATE is a major step in our 

understanding of the regulatory mechanisms underlying alu 
minum tolerance in plants. Deciphering the mechanism by 15 
which this gene functions to result in root growth in the 
presence of high levels of aluminum will aid in devising new 
strategies and/or control points for improving aluminum tol 
erance in crops. 

2O 
EXAMPLES 

Having now generally described this invention, the same 
will be better understood by reference to certain specific 
examples, which are included herein only to further illustrate 25 
the invention and are not intended to limit the scope of the 
invention as defined by the claims. 

Example 1 
30 

Phenotypic Analysis of Sorghum Al Tolerance 

Sorghum Al tolerance based on root growth inhibition elic 
ited by 27} uMAl" (brackets denote free Al" activity) was 
assessed according to the methods detailed in Caniato et al., 35 
supra. Briefly, sorghum seeds were surface-sterilized with 
0.5% (w/v) NaOCl for 15 min, rinsed with ultra-pure water 
and allowed to germinate on wet filter paper for 3 days at 26° 
C. Seedlings were then transplanted to 8 L tubs containing 
complete nutrient Solution lacking Al (Magnavaca et al. 1987. 40 
In: Genetic Aspects of Plant Mineral Nutrition, Gabelman 
and Loughman (Eds.) Martinus-Nijhoff Publications, Dor 
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drecht, Netherlands) at pH 4.0. After 24 hrs the solution was 
changed to either control nutrient solution ( All) or nutrient 
solution containing {27} uM Al" for measurement of root 
growth. Two mapping populations were employed: first a set 
of 354 BR007XSC283 recombinant inbred lines (RIL) and 
then for the high resolution mapping, 2035 F individuals 
from a BR007XSC283 cross. Individual RIL and Findividu 
als were assigned into tolerant and sensitive classes based on 
relative root growth (RRG) values and by scoring visual root 
damage caused by Al (Magalhaes et al., Supra) in 14 individu 
als per BR007XSC283 recombinant inbred line family or for 
individual F plants for the high resolution mapping popula 
tion. Relative root growth values were determined as follows. 
After a 4-day germination period, seedlings were allowed to 
acclimate in control nutrient Solution lacking Al for 24 hr, at 
which time the initial length of each seedling's root in control 
Solution (ilc) was measured. Final lengths in control Solution 
(fle) were recorded 24hr later, followed by replacement of the 
control nutrient Solution with a solution of identical compo 
sition but containing Al. Final root lengths under Al treatment 
(flAI) were obtained after 5 days of exposure to A1. The 
degree of root growth inhibition caused by All over the 5 day 
exposure period relative to the control root growth was cal 
culated as RRG (% relative root growth)=(flAl-flic)/(flc 
ilc)x5x100. 
SbMATE genotypes for the 27 F, recombinants identified 

by high resolution mapping were assigned by progeny testing 
of 21 individuals per F-derived family in each of two sepa 
rate experiments. Relative net root growth (RNRG) means for 
the sorghum lines BR012, BR007, IS8577, SC549, 3DX, 
SC175,9DX, CMS225, SC283, SC566, which were used for 
the correlation analyses with SbMATE, expression, citrate 
release and size of the MITE insertion region, are those shown 
in Table 1 here and in Caniato et al., Supra. RNRG values were 
determined based on growing the individuals from each F 
derived family in either control (—Al) nutrient solution or the 
same nutrient solution plus Al. After 5 days of root growth in 
the +/-Al solutions, root growth over that 5 day period was 
determined and RNRG calculated as (root growth in Al)/ 
(control root growth)x100, thus being expressed as a percent 
of control root growth. 

TABLE 1. 

Percent Relative Net Root Growth (RNRG) means and standard errors of the 
means for sorghum accessions subjected to {27} M Al", {37} M Al" 

and 58 IMAP in nutrient solution. 

Accessions 

RNRG (90, meant standard error of the mean 

S. verticilliflorum 
IS362OC 
BTx642 
S. halepense 
Tx2784 
Tx2785 
CMSXS912 
9929O20 
CMSXS235 
SC175-14 
SC414-12-E 
9929O34 
IS8577 
SC112-14 
9DX9, 11 
CMSXS153° 
V2O)-1-1-1 
SDX-61-6-2 

SC303 2651 a 
B35, SC35 1522 a. 

Sudangrass 1725 a. 
Sudangrass 13 - 15 a. 
PU64294 15 12 a 

SO 2.5 b 
9929.036 519.1 b 
CMSXS190 83 2.4 c. 60 5.8 c 29 O.6 a 

1915 a. 
80 - 1.6 c 
434.9b 34-3.1 b 12 O.8 a 
424.6b 2O3.6 a 8 O.O a 
687.9 c. 720.3 c. 22 + 0.6 a 
68 - 13.8 c 43 - 0.1 b 13 + 4.0 a 
65 - 12.2 c 
989.5 d 720...4 c. 25 2.0 a 
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TABLE 1-continued 

Percent Relative NetRoot Growth (RNRG) means and standard errors of the 
means for sorghum accessions subjected to {27} M Al", {37} M Al" 

and 58: IIM Al" in nutrient solution. 

RNRG (90, mean it standard error of the mean 

Accessions Other Names {27} M AI* {37} M AI* {58} M Al" 

3DX57 11910 76 - 4.4 c. 391.3 b 14 O.7 a 
Brandes BRSO1 75 - 16.0 c 67 17.8 c 22:35 a. 
SC.748-5 CMSXS173R 2 + 1.1 a 
SCS49 64 10.3 c. 64 + 0.4 c. 29 O. 1 a 
IS10317 CMSXS238B 22, 15 a. 
ARG1 6+ 2.8 a 
ATF14 955.2d 71 - 2.1 c. 324.7 a 
SC283 CMSXS136 115 6.Oe 104 - 1.6d 465.1 b 
CMSXS226R 1293.2e 1341.5 d 46 - 17.8 b 
CMSXS227R 1268.4 e 148 - 10.2d 62-7.3 c. 
BROOfB CMSXS101B 40.7 a 
BROO1B Wheatland 82.9 a 
9929O3O 28 - 15 a. 
CMSXS156B BTx1391 7 - 1.7 a 
BTX623 BROO9 23 + 2.4 a 
BTx643 B1 3 + 1.3a 
IS10662 CMSXS237B 6+ 1.1 a 
BTx644 B807 2 - 15 a. 
BRO12R CMSXS178R 35-4.0b 
CMSXS182R 463.0b 
CMSXS116R SC326-6; 2756 a 24 - 0.6 a 12 1.7 a 

BROOSR 
CMSXS18OR 22 + 0.1 a 
IS1 OS 62 CMSXS23OB 23 + 1.4 a 
Tx631B CMSXS2OSB 25 2.0 a 
CMSXS225R 1035.1 d 88: 5.3 c. 32 + 1.4 a 
QI3 1615 a. 
SCS66-14 1322.1 e 1344.9 d 65 10.4 c. 
991 OO32 334.9b 
Tx430 CMSXS11 OR 20 + O.4 a 

Values are the means of three replications for the Al activity of {27} M Al" and two repli 
cations for the other Al activities. Seven plants per replication were used for all Al treat 
ments. Accessions whose RNRG means are followed by the same lower-case letters within 
each of the 3 Al activities constitute homogeneous RNRG groups by the Scott-Knott test (P 
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< 0.05). (Caniato et al., Supra). 

Example 2 

DNA Isolation and Marker Analysis 

Genomic DNA was isolated from approximately 500 mg of 
leaf tissue from inbred lines and Findividuals for each seg 
regating population using the protocol described by Saghai 
Maroof et al. (1984. Proc. Natl. Acad. Sci. USA 81:8014 
8018). As part of a positional cloning effort to isolate the 
SbMATE gene, genotyping of the two sequenced-tagged site 
(STS) markers designated CTG29 (CTG29F: 5'-HEX-STG 
CAGTATCT GCAGTATCATTT; SEQ ID NO:9) and 
CTG29R: AATCCGTCAGGTCAGCAATC: SEQ ID 
NO:10) and M181 (M181F: 5'-6FAM-AAGGCAACAACT 
GAGGCACT: SEQ ID NO:11), M181R: TCGCTA 
GAGTGGTGCAAGAA; SEQID NO:12), which flanked the 
Al tolerant gene were carried out as described in Caniato et 
al., Supra. Genetic distances in the RIL population were deter 
mined from recombination frequencies using the Kosambi 
function (Kosambi, supra) with a LOD=3 and a maximum 
recombination frequency of 0-0.4. 

FIG. 1a shows the RIL map of Alts that included the two 
STS markers, CTG29 and M181, located at 0.8 cMand com 
pletely linked to Alts, respectively. Our final stage of genetic 
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mapping for the Alts region involved screening 4170 
gametes from an F. population and selecting 27 recombinant 
individuals from the CTG29-M181 interval. Upon progeny 
testing of derived F families, 6 individuals showed recom 
bination events between Alts and M181, indicating that 
CTG29 and M181 flanked the Alts locus. The STS marker 
T755 at the leftmost end of sorghum BAC 55D12 was com 
pletely linked to Alts in all recombinants; thus, BAC181g10, 
which spanned T755, was selected for shotgun sequencing. 
Because only M181 was located on 181g 10, whereas CTG29 
was located on a Sorghum BAC physically unlinked to the 
contig shown in FIG. 1a, a G/A SNP next to open reading 
frame (ORF)2 within 181g 10 (FIG.1b) was placed onto the 
high resolution map to confirm that 181g 10 contained Alts. 
Within the 21 single recombinants originally detected 
between the more distant CTG29 and Alts, the G/A SNP 
identified only 4 recombinants, indicating that ORF2 was 
significantly closer to Alts than CTG29 and confirming that 
our chosen BAC spanned the Alts locus. Additional markers 
were developed from our sequence analysis of BAC 181g 10 
and used to further delimit the Alts-containing interval. Two 
of these markers each identified a single recombination event, 
thus closely flanking Alts. Therefore, an average recombi 
nation ratio of ~513 Kb/cm across this region allowed us to 
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define a 24.6 Kb region that contained three predicted ORFs 
(ORF 7, 8, and 9), one of which had to be Alts (FIG. 1b). 

Example 3 

Isolation and Structure of the Full Length cDNA for 
SbMATE 

The 5' and 3' end sequences of SbMATE transcripts were 
identified by 5"/3'-rapid amplification of cDNA (RACE) using 
a GeneRacer kit (Invitrogen) according to the manufacturers 
instructions. First-strand cDNA was reverse transcribed from 
1 ug of total RNA from roots of the Al-tolerant NIL (ATF10B) 
with the GeneRacer oligo dT primer (5'-GCTGTCAAC 
GATACGCTACGTAACGGCATGACAGTG(T)-3'; SEQ 
ID NO: 13). The PCR of 5'-cDNA ends was carried out with 
the GeneRacer kit using a 5" primer specific to the adaptor 
ligated to cDNA ends (5'-CGACTGGAGCACGAGGACAC 
TGA-3'; SEQ ID NO:14) and JL56 (5'-ATACCGAG 
GAAGCGCCGGAAT-3'; SEQ ID NO:15), a gene-specific 
primer (GSP) corresponding to the SbMATE cDNA. Nested 
PCR was carried out with GeneRacer 5' nested primer (5'- 
GGACACTGACATGGACTG AAGGAGGTA-3'; SEQ ID 
NO:16) and JL54 (5'-CCTTGAACCCACGGAAGACT-3'; 
SEQID NO:17), the nested GSP. The PCR of 3'-cDNA ends 
was carried out with the GeneRacer kit using a 3' primer 
specific to the oligo dT primer ligated to 3'-cDNA ends (5'- 
GCTGTCAACGATACGCTACGTAACG-3'; SEQ ID 
NO:18) and JL55 (5"GCCCGCGCTGCGCTACCTGA-3'; 
SEQ ID NO:19), a GSP. Nested PCR was carried out with 
GeneRacer 3"Nested primer (5'-CGCTACGTAACGGCAT 
GACAGTG-3'; SEQ ID NO:20) and JL48 (5'-ACGCT 
GATAATGCTGAGCAAGCTG-3'; SEQIDNO:21), a nested 
GSP. Cycling parameters used in this 3"/5'-RACE protocol 
were 34 cycles at 94° C. for 30s, at 58° C. for 40s and 72° C. 
for 1 min. The PCR products were subcloned into a pCR4 
TOPO vector (Invitrogen, Carlsbad, Calif.) and sequenced 
with a DNA sequencer. According to the 5’- and 3'-end 
sequences, the full-length cDNA of SbMATE was amplified 
with PCR primers JL96 (5'-GTACGATCGACACGAGM 
CTGTACGTA-3'; SEQID NO:22) and JL97 (5'-TGCTTGC 
MGGTTTGTAGCTAGGCCGA-3'; SEQ ID NO:23). The 
PCR products were subcloned into a pCR4-TOPO vector and 
sequenced. 

Sequence annotation for ORFs 8 and 9 revealed high simi 
larity to a hypothetical protein and a Sucrose phosphate Syn 
thase gene, respectively. FIG. 1c shows that both genes were 
highly expressed in shoots of near-isogenic lines (NILS) con 
trasting in Al tolerance but were not expressed in roots, the 
site where the Al tolerance mechanism must function. Con 
versely, Conversely, TBLASTX searches with ORF 7 identi 
fied highly similar sequences in Arabidopsis (Atlg51340; 
SEQ ID NO:24) and rice (OsO1g69010; SEQ ID NO:25) 
(FIG. 2a), which represent members of the multidrug and 
toxic compound extrusion (MATE) transporter family 
(Brown et al. 1999. Mol. Biol. 31:393-395). MATE proteins 
have been implicated in the efflux of small organic molecules 
(Morita et al. 1998. Antimicrob. Agents Chemother: 42: 1778 
1782; Diener et al. 2001. Plant Cell 13: 1625-1638; Liet al. 
2002. J. Biol. Chem. 277: 5360-5368), which is consistent 
with the physiological mechanism for Sorghum Al tolerance 
based on Al-activated root citrate exudation (Magalhaes et al., 
supra). Therefore, the MATE homolog isolated from Sor 
ghum bicolor (here designated SbMATE) was considered the 
best candidate for Alts and studied further. 

The genomic SbMATE in sorghum is 2407 bp long. The 
genomic sequence for the SbMATE from the Al tolerant 
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parent (SC283) is identified by SEQ ID NO:1 and the 
genomic sequence for the SbMATE from the Al sensitive 
parent (BR007), by SEQ ID NO:2 The full length cDNA 
(SEQ ID NO:3) contains 5 exons distributed over 1803 bp 
(FIG.2c), which encode a 600-amino acid polypeptide (SEQ 
ID NO:4) with a molecular weight of ~62 kD. Sequence 
comparisons with the wheat Al tolerance gene, ALMT1, 
showed that the sorghum SbMATE is not related to the ALMT 
family of membrane proteins and thus is a novel tolerance 
gene. The topology program HMMTOP (Tusnady and 
Simon. 1998. J. Mol. Biol. 283: 489-506) predicted the 
SbMATE protein to contain 12 transmembrane domains 
(FIG. 2b) and is suggested to be localized to the plasma 
membrane (PSORT: Nakai and Kanehisa. 1992. Genomics 
14:897-911). A comparison between the SC283 (Altolerant) 
and BR007 (Al sensitive) SbMATE alleles as well as for the 
entire 24.6 Kb region defined by high resolution mapping, 
showed that the SbMATE coding region is identical between 
the parental alleles, with polymorphisms only found within 
one of the introns (FIG. 1d). There were only 4 sets of poly 
morphisms found in the entire 24.6 Kb region with the most 
divergent being a large, 728 bp indel in the SbMATE pro 
moter region at ~1.4Kb upstream of the predicted TATA box. 

Example 4 

Determination of Gene Expression Via 
Semi-Quantitative Reverse Transcription PCR 

Sorghum seedlings were grown as described above and in 
Caniato et al., supra in nutrient solution with {27} uMAl" or 
without Al (control solution) for 3 days. Each experimental 
unit consisted of 10 root apices (1 cm) and 3 replications were 
used for each treatment. Root apices were collected, frozen in 
liquid nitrogen, and total RNA was extracted using the RNe 
asy Plant Mini Kit (Qiagen, Valencia, Calif.). First strand 
cDNA was synthesized using 300 ng of DNase I-treated 
RNA, 500 ng of anchored oligo(dT) 12-18 mers and 100 
umoles of each dNTP in a total volume of 12 u.L. Samples 
were heated at 65° C. for 5 min and transferred to ice. Sub 
sequently, 4 LL of 5x reaction buffer (Invitrogen, Carlsbad, 
Calif.), 2 ul. DTT 0.1M and 1 uL DEPC water were added to 
the mix. The mix was incubated at 42°C. for 2 min followed 
by the addition of 1 uL of SuperScript II RT (Invitrogen) and 
final incubation at 42° C. for 90 min. first strand cDNA 
samples were then subjected to 70° C. for 15 min and stored 
at -20°C. A 800 bp cDNA fragment, spanning the 3' to 5' 
exons of the SbMATE transcript, was amplified from the 1 
strand cDNA samples using the primers JL57 (5'-GTGCTG 
GAT CCGATCCTGAT-3'; SEQ ID NO:26) and JL58 (5'- 
CACTGCCGAAGAAACTTCCA-3'; SEQ ID NO:27). A 
~500 bp fragment of the Actin gene amplified with primers 
ActF (5'-TGATGAAGATTCTCACTGAG-3'; SEQ ID 
NO:28) and ActR (5'-GATCCACMTCTGTT GGMCG-3'; 
SEQID NO:29), was used as an internal control. PCR reac 
tions were run with 2 ul of the cDNA mix; 20 mM Tris-HCl 
(pH 8.4): 50 mM KC1; 2 mM MgCl: 0.125 mM dNTP: 10 
pmoles of each primer and 0.5 U of Taq DNA polymerase 
(Invitrogen) in a 20 LL reaction volume. PCR reactions were 
undertaken with an initial denaturation step at 94° C. for 1 
min followed by 30 cycles at 94° C. for 30s, at 60° C. for 40 
sand 72°C. for 90s, with a final step at 72° C. for 5 min. The 
PCR reactions for SbMATE and the Actingene were found to 
be in the linear phase at 30PCR cycles, which was the number 
of cycles chosen for the semi-quantitative RT-PCR assays. 

Quantitative RT-PCR analysis showed that SbMATE is 
expressed only in roots of the Al-tolerant NIL (FIG. 3a) and 
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that the root tip expression is Al-inducible (FIG.3c); expres 
sion is not detectable in the root tip of the sensitive NIL. 
Sorghum Altolerance is also Al-inducible overtime (FIG.3b, 
left panel). 
SbMATE expression was also examined in a 12 member 

Sorghum diversity panel from diverse geographical origins 
and included BR007, the Al sensitive parent and SC283, the 
Al tolerant parent. The wide range of Al tolerance and sensi 
tivity exhibited by this panel is due to an allelic series at the 
Alts locus (Caniato et al., supra). Differences in SbMATE 
expression explained most, i.e., 96%, of the phenotypic varia 
tion for Al tolerance in this panel (r’=0.96, FIG. 4a). These 
results provide further evidence that SbMATE underlies Alts 
and strongly suggests that differences in gene expression 
constitute the basis for allelic variation at Alts. Significant 
correlation was similarly found between SbMATE expres 
sion and Al-activated root tip citrate release (FIG. 4b), and 
between citrate release and Al tolerance (FIG. 4c), indicating 
that differences in gene expression condition the Altolerance 
phenotype primarily by modulating root citrate exudation. 
The large polymorphic region upstream of the SbMATE 

start codon (see FIG. 1d) was amplified via PCR in an 
expanded Sorghum panel and the size variation for this poly 
morphic region was found to be significantly and positively 
correlated with Al tolerance (FIG. 4d). This variable region 
was sequenced from genotypes representing the four size 
classes for this region (FIG. 4d) and analysis of the sequence 
data indicated this region was highly structured and repeated. 
As shown in FIG. 4e, this region is composed of an initial 100 
bp Sorghum sequence (unita in FIG. 4e), followed by a larger, 
243 bp sequence (unit b), that is a Tourist-like miniature 
inverted repeat transposable element or MITE (Bureau and 
Wessler, 1992 Plant Cell 4: 1283-1294; Wessler et al. 1995. 
Curr. Opin. Genet. Dev. 5: 814-821). The MITE insert is 
followed by a Subsequent 21 bp Sorghum sequence (unit c). 
This a-b-c structure is a singlet in the Smallest, least Al toler 
ant example (Tx430) and is repeated between 3, 4, and 5 times 
in representatives from the next three size classes. The DNA 
sequence for this region in the representative Sorghum lines 
for the 4 size classes is shown in FIG. 5. 

Example 5 

Determination of Gene Expression Via Quantitative 
Real-Time Reverse Transcription PCR 

Sorghum seedlings were grown as described above and in 
Caniato et al., supra in nutrient solution with {27} uMAl" or 
without Al (control solution). Root and shoot tissues were 
collected 1, 3, and 6 days after +/-Al treatment. Three repli 
cations were employed for each treatment. 

Total RNA was extracted from individual tissue samples 
using the RNeasy Plant Mini Kit (Qiagen, Valencia, Calif.). 
First-strand cDNA was synthesized using 7.5ug of total RNA 
using the High-Capacity Archive Kit (Applied Biosystem). 
SbMATE transcripts were quantified using the ABI Prism 

7900 Sequence Detection System (Applied Biosystems). A 
series of cDNA dilutions were used for making standard 
curves both for SbMATE transcripts and for 18S RNA which 
was used as the internal reference. Then, the selected dilution 
for specific cDNA samples (100 ng for SbMATE transcripts, 
1 ng for 18S RNA) were used as real-time PCR templates to 
quantify relative transcript levels using the conditions recom 
mended by the manufacturer. The forward and reverse prim 
ers, as well as the probe specific to SbMATE, are ORF7-F 
(5'-CAGCCATTGCCCATGTTCTTT-3'; SEQ ID NO:30), 
ORF7-R(5'-ACCAGCTTGCTCAGCATTATCA-3'; SEQID 
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NO:31) and Probe (6FAM-CCCAGTACCTGATAACGC 
TRMRA; ZSEQ ID NO:32), respectively. Levels of endog 
enous 18S RNAs were determined using Taqman Ribosomal 
RNA Control Reagents (Applied Biosystems). Distilled 
water or products of room temperature reactions without 
reverse transcriptase were used as negative controls. The lev 
els of the SbMATE transcripts were normalized to endog 
enous 18S RNA. Each set of experiments was replicated three 
times. 
As seen in the left panel of FIG. 3b, Sorghum Al tolerance 

is also Al-inducible over time. Al-induced inhibition of root 
growth decreases significantly in the tolerant NIL as root 
exposure time to Al increases, with inhibition of root growth 
decreasing from an initial inhibition of 40-50% observed on 
days 1 and 2 in the presence of Al, to no inhibition of root 
growth on days 5 and 6. This response correlates closely with 
the increase in Al-activated root tip citrate exudation over 
time of exposure to A1 (FIG.3b; right panel) and Al-induction 
of SbMATE expression (FIG. 3c). Exposure to Al increased 
SbMATE expression by 20% after one day in Al; Al induc 
ibility increased to 40% by day 3 in Al, and by 120% by day 
6. Altogether, the parallel behavior betweenSbMATE expres 
Sion, Al tolerance and root citrate release Supports our con 
tention that the transporter is the Al tolerance locus, Alts. 

Example 6 

Confirmation of the Identity of the SbMATE Gene 
by Phenotypic Complementation WT Col and 

At ALMT1-KO 

A genetic complementation test was carried out in the 
Arabidopsis thaliana ecotype Columbia (WT Col) and in the 
highly Al sensitive T-DNA knockout mutant, AtALMT1-KO, 
in which an Arabidopsis homolog of the wheat ALMT1 gene 
is disrupted in the first exon. We screened 10 T-DNA Arabi 
dopsis insertion lines in which the 6 Arabidopsis genes that 
are the most closely related to SbMATE homologs were dis 
rupted, and observed no reduction of Altolerance in compari 
son to the Col-0 WT. This indicates that functional MATE 
alleles are either rare in Arabidopsis or not present in the 
Columbia ecotype. Conversely, the disruption of AtALMT1 
caused a strong reduction in Al tolerance compared to WT 
(FIG. 6a), as the result of a lack of AtALMT1 function that 
leads to a nearly complete loss of Al-activated root malate 
efflux (Hoekenga et al., supra). Therefore, we conclude that 
the extremely Al sensitive AtALMT1-KO is a highly appro 
priate genetic background for Al tolerance complementation 
tests in Arabidopsis. Homozygous T3 lines expressing 
SbMATE driven by the CaMV 35S promoter were signifi 
cantly more Al tolerant than control seedlings in both back 
grounds (FIG. 6a). Four transgenic lines in the WT back 
ground (TG-WT) significantly outperformed the WT 
Columbia with regard to Altolerance, with an average RNRG 
of 88+4% compared to a RNRG of 65+5% for the WT line. 
Expression of SbMATE in the highly Al sensitive AtALMT1 
background increased the sensitivity of the complementation 
test, as eight transgenic lines in the KO background (TG-KO) 
exhibited a significant increase in Al tolerance compared to 
the parental line (FIG. 6b). In a separate experiment, we 
selected the best performing as well as a mediocre performing 
transgenic line in both backgrounds and found that Al toler 
ance increased proportionally with the level of SbMATE 
expression (FIG. 6c). The most tolerant transgenic lines in 
both backgrounds, Col-TG4 and KO-TG8, exhibited the 
greatest SbMATE expression and Al-activated root citrate 
release, but no increase in malate exudation was observed 
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(FIG. 6d). We are generating transgenic wheat lines in the 
Al-sensitive cultivar, Bobwhite, where SbMATE driven by 
the maize ubiquitin promoter is stably expressed. In FIG. 7, 
the results of an experiment with T1 transgenic wheat lines 
shows that we have identified four transgenic lines with sub 
stantially increased Al tolerance compared to non-transgenic 
Bobwhite. These results with Arabidopsis and wheat provide 
experimental support that a member of the MATE family 
from Sorghum bicolor, SbMATE, is an Al-activated citrate 
efflux transporter that confers Altolerance via the Alts locus. 

Example 7 

Subcellular Localization of SbMATE 

The membrane localization of SbMATE was determined 
by examining the transient expression of the SbMATE coding 
region tagged with GFP in onion (Allium cepa) epidermal 
cells. 35S: Alts:GFP constructs were generated by amplifi 
cation of the SbMATE coding region using adaptor primers 
that incorporated Spel restriction site linkers for sub-cloning 
into the plant transformation vector, pCAMBIA 1302. The 
latter contains a CaMV 35S promoter driving the expression 
ofan mGFP5 gene. Insertion of SbMATE between the CaMV 
35S promoter and the GFP coding region of the opened 
pCAMBIA vector generated the translational in-frame fusion 
of the SbMATE::GFP chimera driven by the CaMV 35S 
promoter. The resulting construct was fully sequenced and 
checked for sequence accuracy. Transient expression of the 
SbMATE::GFP chimera was achieved by particle bombard 
ment of epidermal onion cells. Briefly, M10 tungsten par 
ticles (1.1 um) were coated with one microgram of the 
SbMATE::GFP (or empty pCAMBIA 1302 vector as a nega 
tive control) plasmid DNA in 2.5 M CaCl and 1M spermi 
dine (Sigma, USA). Epidermal onion peels were bombarded 
at a helium pressure of 27 MPa (rupture disks 1300 p.s.i.; 
Biolistic PDS-2000/He BioRad Laboratories, Hercules, 
Calif.) with the DNA-coated particles, and the tissue was 
incubated on filter paper immersed in tap water in the dark at 
room temperature for 24hr. Imaging of GFP fluorescence was 
carried out using confocal microscopy (Leica TCS SP2 sys 
tem, Leica, Germany). 

The subcellular localization of SbMATE was determined 
via transient expression of a SbMATE::GFP translational 
fusion protein in onion epidermal cells (See Example 7). The 
SbMATE protein appears to be localized to the plasma mem 
brane (FIG. 3d), which is consistent with its proposed role in 
citrate efflux from root cells. Thus, these findings indicate that 
our candidate MATE gene for the Alts locus encodes a root 
citrate efflux transporter that is Al-inducible at the level of 
gene transcription and is also Al-activated at the level of 
protein function. 

Example 8 

Determination of Al-Activated Root Citrate 
Exudation in Sorghum Near-Isogenic Lines 

Seeds for the Al-tolerant (ATF 10B) and Al-sensitive 
(ATF8B) near-isogenic lines (NILs) were surface-sterilized 
with 0.5 (w/v) NaOCl for 15 min, rinsed with ultrapure water 
and allowed to germinate for 3 days at 26°C. Seedlings were 
then transplanted to 8 L tubs containing complete nutrient 
Solution lacking Al (Magnavaca et al., Supra) at pH 4.0. After 
24 hr the solution was changed to either control nutrient 
solution (—Al) or nutrient solution containing {27} uMAl" 
and root exudates were collected after 1, 3, and 6 days of 
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34 
treatment with {0} or {27} uMAl". Six seedlings were used 
for each determination of organic acids in the root exudates; 
root exudate collection began by transferring the six seedlings 
to a 50 ml plastic centrifuge tube containing 4.3 mM 
CaCl2.6H2O with or without Aladded as AlC1.6HO with 
the same free Al" activity of {27 uM Al" (pH 4.5) as was 
used when seedlings were grown in the Magnavaca nutrient 
solution prior to collection of root exudates. Each root exu 
date determination was replicated four times. Root exudates 
were collected for 6 hr, and then the exudate solution was 
passed through anionic and cationic chromatography col 
umns to remove Al and inorganic anions that interfere with 
the determination of organic acids. Subsequently, 1 mL Sub 
samples were lyophilized and resuspended in 0.2 mL of ultra 
pure water. Analysis of organic acids in root exudates was 
performed using a capillary electrophoresis system as 
described in Pineros et al. (2002. Plant Physiol. 129: 1194 
1206). 

Example 9 

SbMATE Orthologs in Divergent Plant Species 

Possible homologs of the sorghum SbMATE in maize were 
identified using recursive searches. Sorghum SbMATE was 
used to query the rice genome using TBLASTN at Gramene 
and seven putative homologs to SbMATE were identified. 
The maize MAGI GSS database was then queried with the 
sorghum SbMATE and also with sequences from the seven 
rice SbMATE-like genes. The maize MATE with the closest 
sequence similarity to or Sorghum MATE, designated 
ZmASL49968 (for Zea mays Alts-like gene) was chosen for 
further analysis. This gene shared 64% identity and 73% 
similarity with the sorghum SbMATE gene at the amino acid 
level. Two lines of investigation are utilized to identify genes 
and processes important for Al tolerance. The first, utilizing 
association analysis, a statistical genetic approach, to corre 
late particular nucleotide polymorphisms with significant dif 
ferences in Altolerance between inbred lines. This analysis is 
subsequently followed by linkage analysis in selected F2 
populations in order to further verify associations found with 
Al tolerance. Three datasets are required for association 
analysis: 1) trait data, 2) genotype data, and 3) Sufficient 
marker data from across the genome of the study population, 
in order to evaluate true positive from false positive results 
(those due to population structure or kinship). We have phe 
notyped the 288 inbred line association panel assembled Dr. 
Ed Buckler, USDA-ARS, Cornell University, using our stan 
dard hydroponic methodologies for quantifying root growth 
under +/-Al conditions. Based on five repeated experiments, 
the estimate for the heritability of net seminal root growth (the 
amount of root growth that occurs during a 2-day stress treat 
ment) is 0.65. We are using the latest form of mixed model 
ANOVA; this model was developed by Dr. Ed Buckler and 
colleagues and has been recently published in Nature Genet 
ics (2006. 38:203-208). We are employing a set of 500 SNP 
from across the maize genome to empirically calculate the 
significance threshold for Al tolerance. 
We then sequenced the region of ZmASL-49968 depicted 

in FIG. 8a in all 288 of the inbred lines in the maize associa 
tion panel. Statistical analysis indicates that polymorphisms 
in this gene are significantly associated with maize Al toler 
ance, strongly suggesting this is a candidate Al tolerance 
gene. The details of the association analysis for this gene are 
depicted in FIG. 8b. The significance of this gene in maize Al 
tolerance was then Verified with a linkage population, using 
an F2 cross between parents known to differ in the alleles 
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detected for ZMASL-49968 (B73xCML247). As seen in 
FIG. 9, the superior allele of ZmASL-49968 carried by the 
B73 variety is completely dominant to the sensitive allele 
carried by CML247. 

Microarray analysis was used to examine global gene 
expression profiling in the maize root tip of Al tolerant and 
sensitive maize genotypes. We identified a second candidate 
maize Al tolerance gene as a homolog of SbMATE in sor 
ghum. As seen in FIG. 10, we found three genes in the maize 
root tip whose expression were strongly induced by Al only in 
the root tip of the tolerant maize lien and also showed higher 
constitutive (—Al) expression in the tolerant line. One of 
these, MZ000025698 in FIG. 10, was derived from EST 
NP667103 and is closest in sequence to the sorghum 
SbMATE for the 3 Al-inducible MATE genes in maize (53% 
identical at the amino acid level) and was chosen for further 
study. Markers were derived for a region of this gene and 
mapped on the Embrapa Recombinant Inbred line population 
derived from the cross between an Al tolerantxsensitive par 
ent. As seen in FIG. 11, this gene maps to a major Altolerance 
QTL previously identified by Embrapa Maize and Sorghum 
using this population. Finally, we confirmed the microarray 
results with RT-PCR analysis of expression of this gene in the 
root tips of two Al tolerant maize lines, A1237 and Cat100-6 
and the Al sensitive line, L53. Al237 and L53 are the parents 
of the Embrapa RIL mapping population. As seen in FIG. 12, 
the gene is expressed much more strongly in the root tips of 
the 2 tolerant lines, both in the absence and presence of Al. 

The results with Arabidopsis and wheat discussed above 
provide experimental support that a member of the MATE 
family from Sorghum bicolor, SbMATE, is an Al-activated 
citrate efflux transporter that confers Al tolerance via the 
Alts locus. 

In addition, orthologs with a high degree of sequence iden 
tity were found in other plants including Arabidopsis and rice 
(FIG. 2). 

Example 10 

Expression of Sorghum SbMATE in Transgenic 
Arabidopsis Seedlings and Analysis of Arabidopsis 
Al Tolerance and Root Organic Acid Exudation 

An SbMATE cDNA fragment spanning from the start 
codon to the termination codon of Alts was amplified by 
PCR with the primers JL115 (5'-AATATCTAGACGATC 
GACACGAGACTGTACGT-3'; SEQID NO:33; underlined 
bases denote the Xbal site) and JL116 (5'-AATA 
CCCGGGAAGGTTTGTAGCTAGGCCGA-3'; SEQ ID 
NO:34; underlined bases denote the Xmal site) from the 
Al-tolerant NIL, ATF10B. Restriction-digested PCR prod 
ucts were cloned into the pBAR2 vector between the corre 
sponding restriction sites, which are located after the CaMV 
35S promoter. 

Both the empty vector and the vector plus SbMATE were 
individually electroporated into the Agrobacterium tumefa 
ciens strain GV3101 (Invitrogen) and used for Arabidopsis 
thaliana transformation (in both the Columbia-0 and 
AtALMT knockout backgrounds). The presence of the trans 
gene was confirmed by Basta herbicide resistance of the 
transgenic plants and by PCR confirmation of T-DNA inser 
tions. 

About 60 independent T2 lines transformed with the 35S:: 
SbMATE construct were tested for root growth in hydroponic 
solution as described by Hoekenga et al., Supra. Three T2 
lines transformed with the empty vector in each of the wild 
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36 
type (Col-0) and AtALMT knockout backgrounds were also 
included as controls for the root growth experiments. 

Individual T2 lines with enhanced root growth rate in the 
presence of Al indicating increased Al tolerance as compared 
to corresponding controls were selfed and the segregating T3 
progeny analyzed to identify transgenic and non-transgenic 
homozygous T3 progenies, which were confirmed by prog 
eny testing. Corresponding transgenic and non-transgenic 
homozygous T3 lines were then paired and used for determi 
nation of Altolerance (root growth) as described in Hoekenga 
et al., Supra. 

For determination of root organic acid exudation, ~2-3 mg 
of surface sterilized and stratified seeds for each Arabidopsis 
transgenic and non-transgenic line were germinated in 
Magenta boxes containing sterile hydroponic growth solution 
for six days (see Hoekenga et al., Supra, for details). Subse 
quently, seedlings of individual transgenic lines were trans 
ferred to 20 mL of the filter-sterilized exudation solution (pH 
4.2) with or without a total Al concentration of 13.6 uMAlCl 
(Al" activity of 1.5uM) in a sterile Petridish for 2 days. The 
exudation solutions were collected at the end of the second 
day of treatment, and passed through anionic and cationic 
chromatography columns to remove Al" and inorganic 
anions that interfere with the determination of organic acid 
anions. Subsequently, 1 mL Sub-samples were analyzed for 
organic acids in the root exudate using the capillary electro 
phoresis system as described in Pineros et al., Supra. 
Homozygous T3 lines expressing SbMATE driven by the 

CaMV 35S promoter were significantly more Altolerant than 
control seedlings in both backgrounds (FIG. 6a). Four trans 
genic lines in the WT background (TG-WT) significantly 
outperformed the WT Columbia with regard to Al tolerance, 
with an average RNRG of 88+4% compared to a RNRG of 
65+5% for the WT line. Expression of SbMATE in the highly 
Al sensitive AtALMT1 background increased the sensitivity 
of the complementation test, as eight transgenic lines in the 
KO background (TG-KO) exhibited a significant increase in 
Al tolerance compared to the parental line (FIG. 6b). In a 
separate experiment, we selected the best performing as well 
as a mediocre performing transgenic line in both backgrounds 
and found that Al tolerance increased proportionally with the 
level of SbMATE expression (FIG. 6c). The most tolerant 
transgenic lines in both backgrounds, Col-TG4 and KO-TG8, 
exhibited the greatest SbMATE expression and Al-activated 
root citrate release, but no increase in malate exudation was 
observed (FIG. 6d). The successful phenotypic complemen 
tation of SbMATE in the Arabidopsis mutant provides strong 
evidence that SbMATE can work across species to enhance Al 
tolerance. 

All publications and patents mentioned in this specification 
are herein incorporated by reference to the same extent as if 
each individual publication or patent was specifically and 
individually indicated to be incorporated by reference. 
The foregoing description and certain representative 

embodiments and details of the invention have been presented 
for purposes of illustration and description of the invention. It 
is not intended to be exhaustive or to limit the invention to the 
precise forms disclosed. It will be apparent to practitioners 
skilled in this art that modifications and variations may be 
made therein without departing from the scope of the inven 
tion. 























Met 

Pro 

Asp 

Glu 

Ala 
65 

Pro 

Phe 

Ala 

Ala 

Ala 
145 

Wall 

Glu 

Asp 

Gly 
225 

Ile 

Ala 

Met 

Pro 
3. OS 

Lys 

Glu 

Pro 

Wall 

Asn 
SO 

Ser 

Arg 

Ser 

Phe 
13 O 

Ile 

Ser 

Gly 

Ala 

Pro 
21 O 

Gly 

Wall 

Gly 

Wall 
29 O 

Ala 

Asp 

Glu 

Glin 

Ala 
35 

Gly 

Ala 

Trp 

Luell 

Luell 
115 

Ile 

Ala 

Wall 

Gly 

Gly 
195 

Glu 

Glu 

Ser 

Gly 

Lys 
27s 

Met 

Wall 

His Arg 

Glin Glin 
2O 

Ala Pro 

Asp Val 

Ala Asn 

Thr Gly 
85 

Asp Glu 
1OO 

Ala Lieu. 

Gly Arg 

Wall Phe 

Th Thir 
1.65 

Ala Lys 
18O 

Glin Wall 

Lys Glin 

Gly Cys 

Gly Asn 
245 

Ala Lieu. 
26 O 

Pro Leu. 

Pro Ala 

Lieu. Luell 

<210 SEQ ID NO 5 
<211 LENGTH: 45.5 
&212> TYPE: DNA 

<213> ORGANISM: Sorghum bicolor 

<4 OO SEQUENCE: 5 

57 

Ser Pro Ala 

Wall Pro Ala 

Ala Ala Lieu. 
4 O 

Ala Ala Ala 
55 

Gly Asp Gly 
70 

Lieu. His Lieu. 

Lieu. Gly Ala 

Thir Ala Asp 
12 O 

Lieu. Gly Ser 
135 

ASn Glin Wall 
150 

Ser Phe Wall 

Val Ile Asp 

Gly Pro Glu 
2OO 

Glin Glin Pro 
215 

Ala Pro Ala 
23 O 

Arg Arg Phe 

Lieu. Gly Lieu. 

Lieu. Arg Lieu. 
28O 

Lieu. Arg Tyr 
295 

Ser Lieu Ala 
310 

ggat.ccagtg agctaccggit galaggtgctic 

ggcatctago 

aattittgcaa 

tgaactaatt 

tittattitt cq 

taggagtact c ctacagact 

aataggaata gtag cattitt 

agacitcaaaa gatt.cgt.ctic 

tctatattta atact tcatg 

His Ala Lys 
1O 

Ala Met Ala 
25 

Glin Asn. Ser 

Gly Ala Ala 

Gly Gly Ser 

Phe Wal Met 
90 

Glu Wall Lieu. 
105 

Pro Lieu Ala 

Wall Glu Ile 

Met Llys Val 
155 

Ala Glu Glu 
17O 

Asin Gly Glu 
185 

Llys His Thr 

Ala Asp Glu 

Wal Wall Ala 
235 

Wall Pro Ser 
250 

Phe Glin. Thir 
265 

Met Gly Val 

Lieu. Thir Lieu 

Met Glin Gly 
315 

gttatgcgtt 

attaaagttg 

cgtttgtatt 

gttaattitcg 

catgcgt.cta 
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Pro Glu Ala 

Wall 

Thir 

Glu 
6 O 

Glu 

Asn 

Gly 

Ser 

Ala 
14 O 

Asp 

Glu 

Ala 

Glu 

Gly 

Wall 

Wall 

Arg 
3 OO 

Wall 

Ala 

Ala 
45 

Asn 

Lell 

Ile 

Ile 

Lell 
125 

Arg 

Thir 

Phe 

Pro 
285 

Ala 

Phe 

Wall 

Ala 

Gly 

Luell 

Arg 

Ala 
11 O 

Ile 

Wall 

Wall 

Glu 
19 O 

Ala 

Ala 

Ser 

Ser 

Luell 
27 O 

Gly 

Luell 

Arg 

taalacattgt 

ggccttgttt 

tgacaaatat 

accaaactgt 

aagatttgat 

Glu Glin 
15 

Ala Wall 

Pro Ala 

Thir Ala 

Gly Gly 

Ser Wall 
95 

Wall Pro 

Asp Thr 

Gly Val 

Pro Leu 
160 

Luell Ser 
17s 

Glu Lieu. 

Gly Ala 

Lys Asn 

Ser Gly 
24 O 

Ala Lieu 
255 

Wall Ala 

Ser Pro 

Gly Ala 

Gly Phe 
32O 

tcc.gtc.cggc 

agttccaaat 

tgtccaatca 

gaaattagtt 

gtgacggaga 

6 O 

12 O 

18O 

24 O 

3OO 

58 







gatgatgttg gatccagtga 

ccgt.ccggcg gCatctagot 

gttccaaata attittgcaaa 

gtccaatcat gaactaatta 

aaattagttt ttattitt.cgt. 

tgacggagaa tictaaaaaat 

tgcgatgatgttggat.ccag 

gttc.cgt.ccg gcggcatcta 

ttagttccaa ataattittgc 

attgtc. caat catgaactaa 

gtgaaattag tttittattitt 

atgtgacgga gaatctaaaa 

tggtgcgatg atgttggatc 

attgttc.cgt CC9gcggcat 

<210 SEQ ID NO 9 
<211 LENGTH: 23 
&212> TYPE: DNA 

63 

gct accggtg 

aggagtactic 

ataggaatag 

gactcaaaag 

Citat atttala 

tittgcaaaac 

tgagctaccg 

gctaggagta 

aaaataggaa 

ttagacticaa 

cgt.ctatatt 

aattittgcaa 

Cagtgagcta 

citat actic ct 

alaggtgctcg 

ctacagacita 

tag catttitc 

att cqtctcq 

tactt catgc 

tttittgggaa 

gtgaaggtgc 

ctic ctacaga 

tag tagcatt 

aagatt.cgt.c 

taatact tca 

aactttittgg 

CC9gtgaagg 

acagactatt 

<213> ORGANISM: Artificial Sequence 
&220s FEATURE: 
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titatgcgttt aaa cattgtt 

ttaaagttgg gcc ttgttta 

gtttgtattt gacaaatatt 

ttaattt cqa ccaaactgtg 

atgcgt.ctaa agatttgatg 

Ctaaacaagg ccttggttgg 

tcqttatgcg tittaaac att 

ctattaaagt tdggc cittgt 

titcgtttgta tittgacaaat 

tcqttaattt cqaccaaact 

tgcatgcgt.c taaagatttg 

galactaalaca aggccttggit 

tgct cqttat gcgtttaaac 

aaagttg 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 9 

stgcagtatic togcagtatica 

<210 SEQ ID NO 10 
<211 LENGTH: 2O 
&212> TYPE: DNA 

titt 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 10 

aatc.cgtcag gtcagdaatc 

<210 SEQ ID NO 11 
<211 LENGTH: 2O 
&212> TYPE: DNA 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 11 

aaggcaacaa Ctgaggcact 

<210 SEQ ID NO 12 
<211 LENGTH: 2O 
&212> TYPE: DNA 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 12 

tcgctagagt ggtgcaagaa 

<210 SEQ ID NO 13 

14 O 

2OO 

26 O 

32O 

44 O 

SOO 

560 

74 O 

86 O 

9. Of 

23 

64 
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<211 LENGTH: 36 
&212> TYPE: DNA 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 13 

gctgtcaacg atacgctacg taacggcatg acagtg 

<210 SEQ ID NO 14 
<211 LENGTH: 23 
&212> TYPE: DNA 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 14 

cgactggagc acgaggacac ta 

<210 SEQ ID NO 15 
<211 LENGTH: 21 
&212> TYPE: DNA 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 15 

at accgagga agcgc.cggaa t 

<210 SEQ ID NO 16 
<211 LENGTH: 27 
&212> TYPE: DNA 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 16 

ggacactgac atggactgaa ggaggta 

<210 SEQ ID NO 17 
<211 LENGTH: 2O 
&212> TYPE: DNA 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 17 

CCttgaac cc acggalagact 

<210 SEQ ID NO 18 
<211 LENGTH: 25 
&212> TYPE: DNA 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 18 

gctgtcaacg atacgctacg taacg 

<210 SEQ ID NO 19 
<211 LENGTH: 2O 
&212> TYPE: DNA 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 19 

36 

23 

21 

27 

25 

66 
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- Continued 

gccc.gc.gctg cgctacctga 

<210 SEQ ID NO 2 O 
<211 LENGTH: 23 
&212> TYPE: DNA 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 2O 

cgctacgitaa C9g catgaca gtg 

<210 SEQ ID NO 21 
<211 LENGTH: 24 
&212> TYPE: DNA 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 21 

acgctgataa totgagcaa gCtg 

<210 SEQ ID NO 22 
<211 LENGTH: 27 
&212> TYPE: DNA 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 22 

gtacgatcga cacgagaact gtacgta 

<210 SEQ ID NO 23 
<211 LENGTH: 27 
&212> TYPE: DNA 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 23 

tgcttgcaag gtttgtagct aggc.cga 

<210 SEQ ID NO 24 
<211 LENGTH: 296 
&212> TYPE: PRT 

<213> ORGANISM: Arabidopsis sp. 

<4 OO SEQUENCE: 24 

Arg Asn. Ile Pro Ser Ala Ser Ser Ala Lieu. Ile Ile Gly Gly Val Lieu 
1. 5 1O 15 

Gly Lieu. Phe Glin Ala Val Phe Lieu. Ile Ser Ala Ala Lys Pro Lieu. Lieu. 
2O 25 3O 

Ser Phe Met Gly Val Lys His Asp Ser Pro Met Met Arg Pro Ser Glin 
35 4 O 45 

Arg Tyr Lieu. Ser Lieu. Arg Ser Lieu. Gly Ala Pro Ala Val Lieu. Lieu. Ser 
SO 55 6 O 

Lieu Ala Ala Glin Gly Val Phe Arg Gly Phe Lys Asp Thr Thr Thr Pro 
65 70 7s 8O 

Lieu. Phe Ala Thr Val Ile Gly Asp Val Thir Asn. Ile Ile Lieu. Asp Pro 
85 90 95 

Ile Phe Ile Phe Val Phe Arg Lieu. Gly Val Thr Gly Ala Ala Thr Ala 
1OO 105 11 O 



His 

Met 

Cys 
145 

Wall 

Ser 

Thir 

Ala 

Ser 
225 

Ile 

Asp 

Thir 

Gly 

Wall 

Gly 
13 O 

Arg 

Thir 

Thir 

Ser 

Ser 
21 O 

Arg 

Luell 

Glin 

Ala 
29 O 

Ile 
115 

Glin 

Phe 

Phe 

Ser 

Luell 
195 

Ala 

Wall 

Gly 

Wall 

Pro 
27s 

Ser 

Ser 

Wall 

Met 

Met 
18O 

Luell 

Phe 

Luell 

Ala 

Luell 
26 O 

Ile 

Asp 

PRT 

SEQUENCE: 

Arg Phe Val Pro 
1. 

Gly 

Arg 

Arg 

Lell 
65 

Lell 

Ile 

His 

Wall 

Arg 
145 

Wall 

Ala 

Luell 

Ile 

Tyr 
SO 

Ala 

Tyr 

Luell 

Wall 

Arg 
13 O 

Arg 

Thir 

Thir 

Luell 

Met 
35 

Luell 

Met 

Ala 

Ile 

Ile 
115 

Phe 

Phe 

Ala 

Glin 

Gly 

Wall 

Glin 

Thir 

Phe 

Ser 

Wall 

Luell 

Met 

Glin 

Asp 

Lys 

Wall 
1.65 

Ala 

Ala 

Ala 

Glin 

Gly 
245 

His 

Asn 

Phe 

SEO ID NO 25 
LENGTH: 
TYPE : 

ORGANISM: Oryza sp. 

296 

25 

Ser 
5 

Ala 

Wall 

Wall 

Gly 

Wall 
85 

Thir 

Glin 

Asp 

Gly 

Wall 
1.65 

Ala 

Tyr 

Ile 

Asn 
150 

Thir 

Ala 

Asp 

Lell 
23 O 

Lell 

Lell 

Ala 

Gly 

Wall 

Wall 

Arg 

Wall 
70 

Thir 

Tyr 

Wall 

Cys 
150 

Thir 

Ala 

69 

Lell 

Phe 
135 

Gly 

Lell 

Phe 

Gly 

Lys 
215 

Gly 

His 

Ile 

Lell 

Tyr 
295 

Thir 

Phe 

Pro 

Ser 
55 

Phe 

Gly 

Arg 

Lell 

Ile 
135 

Gly 

Lell 

Phe 

Met 
12 O 

Asn 

Phe 

Ser 

Glin 

Tyr 

Asp 

Luell 

Phe 

Ser 

Ala 

Ala 

Ser 

Luell 

Gly 
4 O 

Luell 

Arg 

Asp 

Phe 

Ile 
12 O 

Pro 

Phe 

Ala 

Glin 

Met 

Luell 

Ala 

Wall 
185 

Ala 

Wall 

Gly 

Ile 
265 

Phe 

Ala 

Wall 
25 

Ser 

Gly 

Gly 

Luell 

Gly 
105 

Thir 

Ser 

Luell 

Ala 

Ile 

Gly 

Ser 

Luell 

Ser 
17O 

Cys 

Wall 

Luell 

Ala 
250 

Gly 

Wall 

Luell 

Ala 

Pro 

Ala 

Phe 

Ala 
90 

Wall 

Luell 

Ser 

Luell 

Ser 
17O 

Ile 

Thir 

Luell 
155 

Luell 

Luell 

Ala 

Arg 

Gly 
235 

Arg 

Luell 

Phe 

Ile 

Ala 

Met 

Pro 

Lys 

ASn 

Wall 

Ile 

Luell 

Luell 
155 

Luell 

Ala 
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Lell 

Lys 
14 O 

Met 

Ala 

Glin 

Gly 

Ala 

Phe 

Wall 

Pro 

Asp 

Wall 

Gly 

Met 

Ala 
6 O 

Asp 

Ile 

Gly 

Met 

Lys 
14 O 

Ala 

Ala 

Glin 

Lieu. Trp Llys 
125 

His 

Arg 

Ala 

Wall 

Glin 

Ala 

Wall 

Phe 

Phe 

Gly 
285 

Gly 

Ile 
45 

Wall 

Thir 

Ala 

Ala 

Lell 
125 

Ser 

Arg 

Ala 

Wall 

Luell 

Wall 

Arg 

Trp 
19 O 

Ala 

Ala 

Luell 

Thir 

Wall 
27 O 

Wall 

Ala 

Pro 
3O 

Pro 

Luell 

Luell 

Ala 
11 O 

Luell 

Wall 

Arg 

Trp 

Glin 

Ile 

Glu 
17s 

Luell 

Ile 

Thir 

Ala 

Lys 
255 

Ala 

Asn 

Phe 
15 

Luell 

Ala 

Luell 

Thir 

Asp 
95 

Ile 

Wall 

His 
17s 

Luell 

Luell 

Phe 

Ala 
160 

Gly 

Ala 

Luell 

Ala 

Wall 
24 O 

Asp 

Gly 

Phe 

Ile 

Luell 

Luell 

Ser 

Pro 

Pro 

Ala 

Luell 

Phe 

Ala 
160 

Gly 

Ala 

70 
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18O 185 19 O 

Ser Ser Lieu. Lieu Ala Asp Gly Lieu Ala Val Ala Gly Glin Ala Lieu. Lieu. 
195 2OO 2O5 

Ala Ser Ala Phe Ala Lys Lys Asp His Tyr Llys Val Ala Val Thir Thr 
21 O 215 22O 

Ala Arg Val Lieu Gln Lieu Ala Val Val Lieu. Gly Val Gly Lieu. Thir Ala 
225 23 O 235 24 O 

Phe Leu Ala Ala Gly Met Trp Phe Gly Ala Gly Val Phe Thr Ser Asp 
245 250 255 

Ala Ala Val Ile Ser Thr Ile His Arg Gly Val Pro Phe Val Ala Gly 
26 O 265 27 O 

Thr Glin Thr Ile Asn Thr Lieu Ala Phe Val Phe Asp Gly Val Asn Phe 
27s 28O 285 

Gly Ala Ser Asp Tyr Ala Phe Ala 
29 O 295 

<210 SEQ ID NO 26 
<211 LENGTH: 2O 
&212> TYPE: DNA 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 26 

gtgctggat.c cgatcCtgat 

<210 SEQ ID NO 27 
<211 LENGTH: 2O 
&212> TYPE: DNA 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 27 

cactg.ccgaa gaaact tcca 

<210 SEQ ID NO 28 
<211 LENGTH: 2O 
&212> TYPE: DNA 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 28 

tgatgaagat t ct cactgag 

<210 SEQ ID NO 29 
<211 LENGTH: 21 
&212> TYPE: DNA 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 29 

gatccacaat Ctgttggaac g 

<210 SEQ ID NO 3 O 
<211 LENGTH: 21 
&212> TYPE: DNA 

<213> ORGANISM: Artifical Sequence 
&220s FEATURE: 

<223> OTHER INFORMATION: Chemically Synthesized 
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<4 OO SEQUENCE: 30 

cago cattgc ccatgttctt t 

SEQ ID NO 31 
LENGTH: 22 
TYPE: DNA 

ORGANISM: Artifical Sequence 
FEATURE: 
OTHER INFORMATION: Chemically Synthesized 

<4 OO> SEQUENCE: 31 

accagottgc ticago attat ca 

SEQ ID NO 32 
LENGTH: 18 
TYPE: DNA 

ORGANISM: Artifical Sequence 
FEATURE: 

OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 32 

cc.cagtacct gataacgc 

SEQ ID NO 33 
LENGTH: 32 
TYPE: DNA 

ORGANISM: Artifical Sequence 
FEATURE: 

OTHER INFORMATION: Chemically Synthesized 

<4 OO> SEQUENCE: 33 

aat atctaga catcgacac gagactgtac git 

SEQ ID NO 34 
LENGTH: 30 
TYPE: DNA 

ORGANISM: Artifical Sequence 
FEATURE: 
OTHER INFORMATION: Chemically Synthesized 

<4 OO SEQUENCE: 34 

aatacccggg aaggtttgta gct aggc.cga 

We claim: 

1. A method of producing a genetically transformed plant 
wherein the method comprises: 

(a) cloning or synthesizing a nucleic acid molecule encod 
inga Al-inducible citrate efflux transporter polypeptide, 
wherein said nucleic acid molecule is selected from the 
group consisting of: (i) the nucleic acid molecule shown 
in SEQID NO:1; (ii) a nucleic acid molecule encoding 
SEQID NO:4; and (iii) a nucleic acid molecule encod 
ing an amino acid sequence at least 95% identical to the 
amino acid sequence shown in SEQID NO:4, wherein 
said nucleic acid molecule encodes a polypeptide 
capable of providing tolerance to aluminum to a plant; 

(b) inserting the nucleic acid molecule in a vector so that 
the nucleic acid molecule is operably linked to a pro 
moter, 

(c) insert the vector into a plant cell or plant seed; 
(d) expressing said nucleic acid molecule in said plant cell 

or seed; and 

50 

55 

60 

65 

21 

22 

18 

32 

3 O 

(e) regenerating a plant from the plant cell or plant seed, 
wherein tolerance to aluminum in the plant is increased 
compared to a wild type plant. 

2. An isolated or recombinant DNA molecule comprising a 
nucleotide sequence encoding a polypeptide having the 
amino acid sequence as set forth in SEQID NO:4 or the full 
complement of said nucleotide sequence. 

3. The isolated or recombinant DNA molecule of claim 2 
further comprising a second nucleotide sequence encoding a 
regulatory element wherein said element is a constitutive 
promoter, operatively linked so that the promoter enhances 
transcription of the nucleotide sequence encoding the 
polypeptide having the amino acid sequence set forth in SEQ 
ID NO:4 in root tissue in response to the presence of alumi 
num Al". 

4. The isolated or recombinant DNA molecule of claim 2 
further comprising a second nucleotide sequence encoding a 
regulatory element wherein said element is a tissue-specific 
and aluminum-inducible promoter, operatively linked so that 
the promoter enhances transcription of the nucleotide 
sequence encoding the polypeptide having the amino acid 
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sequence set forth in SEQID NO:4 in root tissue in response 
to the presence of aluminum Al". 

5. The isolated DNA molecule of claim 2 further compris 
ing a polymorphic nucleotide sequence as set forth in SEQID 
NO: 5. 

6. The isolated or recombinant DNA molecule according to 
any one of claims 2-5 wherein said nucleotide sequence is the 
genomic nucleotide sequence as set forth in SEQID NO:1. 

7. The isolated or recombinant DNA molecule according to 
any one of claims 2-5 wherein said nucleotide sequence is 
cDNA 

8. The isolated or recombinant DNA molecule according to 
claim 2 wherein said nucleotide sequence is cDNA having the 
sequence as set forth in SEQID NO:3. 

9. An isolated or recombinant nucleic acid molecule com 
prising a nucleotide sequence selected from the group con 
sisting of: 

(a) a nucleotide sequence having at least 95% sequence 
identity to a nucleotide sequence that encodes SEQ ID 
NO:4 wherein said nucleotide sequence encodes a 
polypeptide having aluminum-inducible citrate efflux 
transporter activity resulting intolerance to Al" in plant 
cells; and 

(b) a nucleotide sequence that comprises the full comple 
ment of (a). 

10. A recombinant construct comprising (i)the DNA mol 
ecule of claim 2 wherein said DNA is cDNA and (ii) one or 
more regulatory elements operatively linked to said nucle 
otide sequence wherein aluminum-induced expression of 
said clNA results in production of an aluminum-inducible 
citrate efflux transporter polypeptide, SbMATE (Sorghum 
bicolor Multidrug and Toxin Efflux) which imparts tolerance 
to Al" in plant cells. 

11. The recombinant construct of claim 10 wherein said 
regulatory element is a constitutive, inducible, or tissue-spe 
cific promoter operably linked to said nucleotide sequence. 

12. The recombinant construct of claim 10 wherein said 
regulatory element is the CaMV 35S promoter. 

13. A recombinant construct comprising the DNA mol 
ecule of claim 4 wherein said DNA is cDNA and wherein 
aluminum-induced expression of said cDNA is specifically 
expressed in plant root cells and results in production of an 
aluminum-inducible citrate efflux transporter polypeptide, 
SbMATE(Sorghum bicolor Multidrug and Toxin Efflux), in 
the plant root cells resulting in tolerance to Al" in said plant 
root cells. 

14. A recombinant construct comprising the DNA mol 
ecule of claim 5 wherein said DNA is cDNA and wherein 
aluminum-induced expression of said cDNA is specifically 
expressed in roots and results in production of an aluminum 
inducible citrate efflux transporter polypeptide as set forth in 
SEQID NO:4. 

15. A vector comprising the recombinant DNA molecule of 
claim 2. 

16. A host cell comprising the vector of claim 15. 
17. The host cell of claim 16, wherein said host cell is a 

single-celled or multi-celled organism into which the con 
struct is introduced. 

10 

15 

25 

30 

35 

40 

45 

50 

55 

76 
18. The host cell of claim 16, wherein said host cell is a 

plant cell. 
19. The host cell of claim 18, wherein the plant cell is from 

a plant selected from the group consisting of Arabidopsis, 
wheat, maize, Sorghum, or rice. 

20. A transgenic plant in which the cDNA according to 
claim 10 has been introduced or a progeny of said plant, 
wherein said progeny also contains the cDNA and wherein 
expression of said cDNA in said plant and progeny of, said 
plant results in production of an aluminum-inducible citrate 
efflux transporter polypeptide resulting in Al-induced toler 
ance to A1" in said plant and progeny of said plant. 

21. The transgenic plant of claim 20 wherein expression of 
said cDNA in said plant and progeny of said plant results in 
increase of citrate exudation which facilitates the ability of 
said plant to acquire phosphorous from acid soil. 

22. A plant cell, a plant part, or a plant tissue of the plant of 
claim 20, wherein said plant cell, plant part or plant tissue 
comprises the cDNA. 

23. The plant part of claim 22 wherein said plant part is a 
rOOt. 

24. A transgenic seed of the transgenic plant according to 
claim 20, wherein said seed comprises the cDNA. 

25. A transgenic plant comprising plant cells containing the 
recombinant construct of claim 14. 

26. A plant part from the transgenic plant according to 
claim 25, wherein the plant part contains the recombinant 
COnStruct. 

27. A transgenic seed of the transgenic plant according to 
claim 26. 

28. The seed of claim 27, wherein the seed is true breeding 
for an increased tolerance to aluminum as compared to a wild 
type variety of the seed. 

29. A transgenic plant produced according to a method 
wherein the method comprises: 

(a) cloning or synthesizing a nucleic acid molecule encod 
inga Al-inducible citrate efflux transporter polypeptide, 
wherein said nucleic acid molecule is selected from the 
group consisting of: (i) the nucleic acid molecule shown 
in SEQID NO:1; (ii) a nucleic acid molecule encoding 
SEQID NO:4; and (iii) a nucleic acid molecule encod 
ing an amino acid sequence at least 95% identical to the 
amino acid sequence shown in SEQID NO:4, wherein 
said nucleic acid molecule encodes a polypeptide 
capable of providing tolerance to aluminum to a plant; 

(b) inserting the nucleic acid molecule in a vector so that 
the nucleic acid molecule is operably linked to a pro 
moter, 

(c) insert the vector into a plant cell or plant seed; 
(d) expressing said nucleic acid molecule in said plant cell 

or seed; and 
(e) regenerating a plant from the plant cell or plant seed, 

wherein tolerance to aluminum in the plant is increased 
compared to a wild type plant. 


