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In Arabidopsis (Arabidopsis thaliana) the root apex is protected from aluminum (Al) rhizotoxicity by excretion of malate, an Al chelator,
by ALUMINUM-ACTIVATED MALATE TRANSPORTER1 (AtALMT1). AtALMT1 expression is fundamentally regulated by the
SENSITIVE TO PROTON RHIZOTOXICITY1 (STOP1) zinc finger protein, but other transcription factors have roles that enable Al-
inducible expression with a broad dynamic range. In this study, we characterized multiple cis-elements in the AtALMT1 promoter that
interact with transcription factors. In planta complementation assays of AtALMT1 driven by 59 truncated promoters of different lengths
showed that the promoter region between –540 and 0 (the first ATG) restored the Al-sensitive phenotype of atalm1 and thus contains cis-
elements essential forAtALMT1 expression for Al tolerance. Computation of overrepresented octamers showed that eight regions in this
promoter region contained potential cis-elements involved in Al induction and STOP1 regulation. Mutation in a position around –297
from the first ATG completely inactivated AtALMT1 expression and Al response. In vitro binding assays showed that this region
contained the STOP1 binding site, which accounted for the recognition by four zinc finger domains of the protein. Other positions were
characterized as cis-elements that regulated expression by repressors and activators and a transcription factor that determines root tip
expression of AtALMT1. From the consensus of known cis-elements, we identified CALMODULIN-BINDING TRANSCRIPTION
ACTIVATOR2 to be an activator of AtALMT1 expression. Al-inducible expression of AtALMT1 changed transcription starting sites,
which increased the abundance of transcripts with a shortened 59 untranslated region. The present analyses identified multiple
mechanisms that regulate AtALMT1 expression.

Organic acid (OA) excretion from the roots plays
beneficial roles in stress adaptation processes of plants
(Baetz and Martinoia, 2014). The root-exuded OAs de-
toxify rhizotoxic ions, such as aluminum (Al) and cop-
per (Kochian et al., 2004) and improve availability of
phosphorus (Neumann et al., 1999) and iron (Kobayashi
and Nishizawa, 2012). These roles are associated with

the chemical properties of OAs, which can form chelate
compounds with a variety of metals. For example, Arabi-
dopsis (Arabidopsis thaliana) protects the root tip from Al
toxicity by excreting malate and citrate through different
OA transporters, namely ALUMINUM-ACTIVATED
MALATE TRANSPORTER1 (ALMT1; Hoekenga et al.,
2006) and a citrate-transporting multidrug and toxic
compound extrusion (Liu et al., 2009). In addition, OAs
can recruit beneficial rhizobacteria to the root surface by
chemotaxis (Rudrappa et al., 2008). Certain bacteria form
a biofilm on the root surface, which triggers systemically
induced resistance (Lakshmanan et al., 2012). Excretion of
OAs from the roots functions as a master switch through
their pleiotropic roles in both biotic and abiotic stress
tolerance. A recent molecular physiological study shows
transcriptional regulation of genes for OA transporters
play critical roles in optimization of OA excretion in stress
response (Liu et al., 2014).

The ALMT1 protein was first identified in wheat
(Triticum aestivum; TaALMT1), which regulated a major
Al tolerance mechanism in wheat through Al exclusion
by Al-activated malate excretion (Sasaki et al., 2004).
Functional orthologs regulating Al tolerance have been
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identified in Arabidopsis (AtALMT1; Hoekenga et al.,
2006), Glycine max (GmALMT1; Liang et al., 2013), and
other plant species. The complex transcriptional regu-
lation of these orthologs is consistent with the pleio-
tropic roles of the root-excreted malate. Transcription of
the Arabidopsis ortholog AtALMT1 is activated by Al
(Kobayashi et al., 2007) and by other signal inducers,
including a type of microbe-associated molecular pat-
tern peptide, flagellin22 (Kobayashi et al., 2013a).
GmALMT1 expression is induced by multiple stressors,
namely Al, phosphorus deficiency, and low pH (Liang
et al., 2013). Transcriptional regulation also plays roles
to optimize malate excretion in terms of carbon econ-
omy during malate excretion. For example, Al induces
AtALMT1 expression in the root tips (Kobayashi et al.,
2007), which are the most sensitive target of Al rhizo-
toxicity. Conversely, the expression level in epidermal
cells of mature root tissue is greatly reduced, which
may avoid unnecessary carbon loss in Al detoxification.
Understanding such complex regulatory mechanisms at
the molecular level will clarify the true nature of OA
excretion in plant stress tolerance.

AtALMT1 is among the most highly up-regulated
genes in the roots of Arabidopsis under Al-stressed
conditions (Sawaki et al., 2009). Up-regulation of
AtALMT1 is initiated at an early stage (after 1 h of Al
exposure) and increases continuously over a longer pe-
riod (up to 12 h; Kobayashi et al., 2007). A study that
combined electrostatic modeling and molecular physi-
ology showed that Al activation of AtALMT1 expression
is sufficiently sensitive to alleviate Al toxicity (Kobayashi
et al., 2013b). In addition, histochemical assays using
transgenic plants carrying the GUS reporter gene
showed that AtALMT1 expression was highly induced
by Al in the whole root apex but was limited to central
cells in the Al-tolerant mature root tissue (Kobayashi
et al., 2007). This is likely to optimize protection of sen-
sitive tissue from Al toxicity andminimize carbon loss by
malate excretion. These complex but harmonized regu-
latory mechanisms are achieved by the combined action
of multiple transcription factors that regulate expression
levels and tissue specificity (Birnbaum et al., 2003). Al-
though the mechanism of transcriptional regulation has
not been completely elucidated, previous studies show
that Al activation of AtALMT1 expression is completely
suppressed in the dysfunctional mutant of SENSITIVE
TO PROTON RHIZOTOXICITY1 (AtSTOP1; Iuchi et al.,
2007). The stop1 mutant carries a missense mutation in
which His is substituted with Tyr at the essential Cys-2-
His-2 motif in one of the four zinc finger domains, which
indicates that STOP1 may directly bind to the AtALMT1
promoter and activate transcription. In addition, a recent
study has shown that a type of Al-suppressed repressor
protein is involved in AtALMT1 activation by Al (Ding
et al., 2013). Coordinated regulation by additional tran-
scription factor(s) is reported in the Al-inducible ex-
pression of Al tolerance genes in rice (Oryza sativa) that
are regulated by the AtSTOP1 ortholog ALUMINUM
RESISTANCETRANSCRIPTIONFACTOR1 (ART1; Yamaji
et al., 2009). Expression of SENSITIVE TO ALUMINUM

RHIZOTOXICITY1 (STAR1), which encodes a half-type
ABC transporter (Huang et al., 2009), requires coordina-
tion of the ABSCISIC ACID, STRESS, AND RIPENING5
(ASR5) transcription factor (Arenhart et al., 2014). A
similar complex mechanism is likely to be involved in
Al-inducible expression of AtALMT1.

Identification of cis-elements is a useful approach to
analyze complex regulation of gene expression. In planta
assays using transgenic plants that carry a deleted pro-
moter:reporter gene construct are often used to map the
cis-regulatory elements in the promoter region. In planta
complementation assays, involving transformation of the
functional gene driven by the deleted promoters into the
mutant background, are also useful to evaluate essential

Figure 1. In planta complementation assay of AtALMT1 driven by 59-
deleted promoters of different lengths. AtALMT1 carrying different
lengths of the promoter were transformed into AtALMT1-KO (atalmt1).
The position of the 59 end of the promoter from the open reading frame
(ORF) is shown in A. Root length of transgenic AtALMT1-KO carrying
AtALMT1 driven by 59-deleted promoters, wild-type (WT) Col-0, and
AtALMT1-KO were measured for 5-d plants grown in Al-toxic solution
(4 mM Al, pH 5.0) or control solution (no Al, pH 5.0; B, n = 5, means6
SD). Transcript levels of AtALMT1 were analyzed by real-time quanti-
tative PCR and were normalized with the UBIQUTIN1 (UBQ1) ex-
pression level. Seedlings were precultured in control solution for
10 d, and then the roots were placed in 10 mM AlCl3 (pH 5.0) for
24 h. Fold induction of AtALMT1 (Al treatment/control) was calcu-
lated for three lines (carrying the promoter of length –540, 2317,
or –292 bp), ALMT1-KO, and the wild type. The mean 6 SD fold
induction of three replications for each line is shown in C. Asterisks
in B and C represent a significant difference (P , 0.05) compared
with the wild type.
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promoter function (Kobayashi et al., 2013a). In addition,
several bioinformatic procedures have been developed to
predict cis-elements (Tompa et al., 2005; Zou et al., 2011).
For example, we previously developed a procedure for
cis-element prediction using a microarray dataset that
computed the relative appearance ratio (RAR) of the
octamers (i.e. the frequency of a particular octamer in the
grouped genes relative to that in the genome-wide genes)
as a predictive index (Yamamoto et al., 2011b). Using this
approach to identify overrepresented octamers in the
promoter of salt-inducible genes, which were identified
from microarray analysis, we successfully predicted the
promoter regions containing experimentally validated
cis-elements in the promoter of RESPONSIVE TO
DESSICATION 29A (RD29A). RD29A is among the
best characterized promoters of salt-inducible genes in
Arabidopsis (Narusaka et al., 2003). Combination of in
planta reporter assays and this bioinformatic approach is
useful to identify the important regions of the AtALMT1
promoter that regulate efficient response to Al exposure.
In this study, we analyzed the Al-responsive region

of the AtALMT1 promoter by integrating bioinformatics

and molecular biological approaches. Overrepresented
octamers in gene groups induced or suppressed by Al in
the stop1 mutant enabled identification of several candi-
date regions in the AtALMT1 promoter. Further analyses
of these regions using GUS reporter assays clarified the
complex regulation of AtALMT1, which involves the
STOP1-binding site and interaction with repressors and
activators.

RESULTS

Activity of the AtALMT1 Promoter in Al Tolerance and
AtALMT1 Expression

Activity of the AtALMT1 promoter in Al tolerance
was examined by means of an in planta complemen-
tation growth assay of transgenic AtALMT1-knockout
(KO; atalmt1) lines carrying AtALMT1 driven by a 59-
deleted promoter series (from –1,900 to –200; Fig. 1, A
and B). Growth of the transgenic line carrying AtALMT1
driven by the –1,900 promoter was comparable to that
of the wild-type ecotype Columbia (Col-0), but more

Figure 2. RAR scanning plot for the AtALMT1 pro-
moter based on the relative appearance ratio calcu-
lated from microarray datasets. A, The RAR of each
octamer was plotted to its 39-end position in the
AtALMT1 promoter. The Al-inducible genes (fold
change [Al/control] . 3) at different time points
(treatment for 6 or 24 h with 10 mM Al, pH 5) and the
genes suppressed in the stop1 mutant (stop1 mt) after
24 h of Al treatment (fold change [wild type/stop1]
, 2.5) were grouped from the microarray data set. The
RAR was calculated from the frequency of the octamer
in the promoter of the grouped genes relative to that of
the 24,956 genome-wide genes. The black lines rep-
resent the RAR plots, and yellow-shaded regions rep-
resent significantly overrepresented octamers (P ,
0.05, Fisher’s exact test). Promoter regions detected by
significantly overrepresented octamers (RAR . 3, P ,
0.05) are highlighted with vertical bars (designated
A–G). Closely associated REGs (predicted from the
ppdb), octamers of the A to H regions, and the TSS
predicted from the ppdb are shown below the plots.
Positions of TATA boxes and a Y-patch motif predicted
by the ppdb and by Gibbs sampling using suppressed
genes in the stop1 mutant are shown. B, The position
within the promoter of each peak detected in
A. Octamers used for mutation analysis in Figure 3
(underlined), the corresponding REG (obtained from
the ppdb), and the putative motif of cis-acting ele-
ments are shown.
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extensive deletion of the 59 end of the promoter altered
the degree of growth recovery. Deletion to –1,220
slightly improved growth (but not significantly; Fig. 1B)
compared with that of the –1,900 promoter, which
accounted for previous identified position of the local-
ization of the cis-element binding with the WAKY46
repressor (Ding et al., 2013). Growth of the deletion line
driven by the –540 promoter slightly decreased com-
pared with that of the –1,900 promoter and was com-
parable to that of the wild type. The shorter promoters
(–317, –292, and –200) than the –540 promoter could not
recover Al tolerance in AtALMT1-KO. These results in-
dicated that the promoter region from 0 (ATG) to –540
included critical factors that recover Al tolerance of
AtALMT1-KO.

Expression levels of AtALMT1 in the transgenic
complemented lines were quantified by real-time
quantitative PCR after Al treatment for 24 h using
primer pairs that did not amplify any amplicons in the
AtALMT1-KO lines (Fig. 1C). The AtALMT1 expression
level with the –540 promoter was comparable to that of
the wild type and was decreased in the transgenic plants
carrying the –317 promoter. Expression was negligible in
the transgenic lines carryingAtALMT1 driven by the –292
promoter. Taken together, these findings suggested
that the promoter region between –540 and 0 contained

critical cis-element(s) that determine Al tolerance through
AtALMT1 expression.

Identification of Potential Promoter Regions Involved in
Al-Activated and STOP1-Regulated Expression
of AtALMT1

The RAR of octamers was plotted for the 0 (ATG) to
–540 region of theAtALMT1 promoter. A high RAR value
indicated that the octamer sequence at the plotted po-
sition of the AtALMT1 promoter was overrepresented
in the promoter of Al-responsive gene groups identified
by microarray experiments relative to the genome-wide
promoters (Yamamoto et al., 2011b).

Given that AtALMT1 expression was highly up-
regulated in response to Al treatment and was strictly
regulated by the STOP1 zinc finger transcription factor,
this analysis was carried out using groups of genes up-
regulated by Al (after 6- and 24-h treatment) and sup-
pressed in the stop1 mutant compared with the wild type
(Fig. 2, A and B). In total, eight peaks (A–H; RAR . 3)
were identified from the promoter scanning analysis.
Except for peak G, all other peaks contained octamers
that were detected under at least one condition and with
statistical significance (P , 0.05, Fisher’s exact test;
Supplemental Table S1). These peaks consisted of eight

Figure 3. Changes in activity of AtALMT1 promoters
carrying mutations of nucleotides at the position of
overrepresented octamers. Representative octamers in
the A to H regions were mutated (Fig. 2B), and the
promoter activity was evaluated using transgenic
plants carrying the GUS reporter gene driven by the
mutated promoter. The GUS reporter expression was
quantified in the control (–1,110 from ATG), and the
mutated promoter lines by real-time quantitative PCR.
Relative expression levels (GUS/UBQ1) in the control
(no Al) solution (white bars) and in 10 mM Al solution
(black bars) are shown after treatment for 24 h (A) and
6 h (B). The mean6 SD values of three replications are
shown. Asterisks indicate a significant difference from
the relative expression level of the control transgenic
lines (Student’s t test; * or +, P , 0.05; and ** or ++,
P , 0.01).
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(peak G) to 15 bases (peak F). Some of the peaks (B, E, and
F) contained previously identified octamers, which were
predicted to be octamers related to potential cis-regulatory
elements (regulatory element groups [REGs]; Yamamoto
et al., 2007) based on analysis of the local distribution of
octamers for the genome-wide promoters (Fig. 2A, blue
line). Some of the peaks contained known motifs that
were previously identified as cis-elements, of which some
are targeted by particular transcription factors (Fig. 2B).
Putative cis-elements in the core promoter were not
detected by our method, whereas TATA boxes and a
Y-patch (Y for pyrimidine) motif have been identified
by other methods (Fig. 2A, blue and green lines). Three
transcription start sites (TSSs) were identified by 59 RACE
(Supplemental Fig. S1), which were localized at –84, –138,
and –185 bp from ATG (Fig. 2A, orange line). Two of the
TSSs were associated with putative TATA boxes. Identi-
fication of these multiple factors was consistent with the
wide dynamic range of AtALMT1 expression.

Characterization of the Predicted Promoter Regions for
AtALMT1 Expression

Eight RAR peak regions in the AtALMT1 promoter
(Fig. 2A) were characterized using transgenic plants
carrying the GUS reporter gene driven by the mutated
promoters. To inactivate these detected regions, the
represented octamer (highlighted in bold in Fig. 2B) was
mutated in the –1,110 AtALMT1 promoter (designated
native promoter [NP]).
Activities of the mutated promoters were evaluated

by monitoring GUS expression by real-time quantita-
tive PCR in the transgenic plants after Al treatment for
24 h (Fig. 3A). Mutation caused different expression
patterns compared with the NP other than peak G po-
sition. This suggested that most of predicted positions
contained functional cis-elements that regulate AtALMT1
expression. Transcript levels of the mutated cis-B were
significantly higher than that of the NP in the control
treatment (no Al), whereas its transcript levels in the Al
treatment showed no significant difference. This result
suggested that the region may be a repressor binding
site. The GUS transcript levels of the mutated cis-A,
cis-C, and cis-H were decreased in the Al treatment,
whereas they maintained similar levels of transcription
in the control. This finding suggested that these regions
contained cis-element(s) required for Al activation of the
promoter. Mutation of cis-D, cis-E, and cis-F caused re-
duction of GUS transcript levels in both the control and
Al treatment. This result suggested that these regions
contained cis-binding sites that are essential for main-
taining basal transcription in the control treatment and
Al-activated transcription, although the degree of sup-
pression differed. Among the cis-D, cis-E, and cis-F re-
gions, the cis-D region was indicated to contain the most
critical factor for both transcription in the control and
under Al exposure, and the mutation of this site reduced
transcription of the NP less than 10–3. Thus, the results
indicated that the cis-D region is essential for transcrip-
tion of AtALMT1.

Positions within the promoter associated with Al
activation (i.e. corresponding to the cis-A, cis-C, cis-D,
cis-E, cis-F, and cis-H regions) were further character-
ized by determining the relative expression level of
GUS after 6 h of Al treatment (Fig. 3B). Mutation of the
cis-A and cis-C regions did not cause a significant dif-
ference in GUS transcript levels with the NP, whereas
the mutated cis-H and other lines showed significantly
lower GUS transcript levels than the NP under Al
treatment. These results suggested that the cis-A and
cis-C regions may be associated with a transcription
factor inducible by Al after 6 h of exposure.

Profiling of AtALMT1 Expression by GUS Staining

To further characterize the peak regions other than
peak G to the AtALMT1 expression, root apices were
subjected to histochemical staining for GUS activity (Fig.
4, A and B). After exposure of the root tip to Al for 24 h,
almost all of the transgenic lines carrying GUS driven by
the mutated AtALMT1 promoters (mutation in the cis-A,
cis-B, cis-C, cis-E, and cis-H regions) showed a similar
staining profile to that of NP transgenic plants. Thus,
these mutations did not notably alter the cellular speci-
ficity of GUS expression in the root tip. Mutation in cis-F
caused inactivation of expression in the root tip, which

Figure 4. Histochemical analysis of GUS expression in the transgenic
plants carrying AtALMT1 promoter:GUS. GUS staining was carried out 30
to 60 min after incubation in 10 mM Al solution (pH 5.6) for 24 h (A) or
control solution (no Al, pH 5.6; B). Native and cis-A to cis-H (mutated in
the regions cis-A to cis-H) were identical to the transgenic lines used in
Figure 3. Identical results were confirmed in at least three independent
experiments. Bar = 20 mm.
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indicated that the cis-element in the F region regulated
cellular-specific expression in the root tip. Mutation in
the cis-D region completely inactivated expression in all
root cells and thus induced severe suppression of ex-
pression (Fig. 4A). Mutation in the cis-B region caused
positive GUS staining in the control (Fig. 4B), whereas
the NP did not generate a positive signal. These results
further supported the hypothesis that the cis-B regions
contain cis-elements that interact with a repressor.

In Vitro Binding of STOP1 Protein to the Peak
cis-D Region

The mutation of the cis-D region almost com-
pletely inactivated transcription in the control and Al

treatments, which was very similar to expression levels
of ALMT1 in the stop1 mutant (Iuchi et al., 2007). In
addition, this region contains a target sequence of the rice
STOP1 ortholog ART1 (Tsutsui et al., 2011). This sug-
gests that cis-D may contain STOP1 binding site(s) that
are critical for AtALMT1 expression. To test this possi-
bility, we analyzed the capacity of STOP1 to bind to the
cis-D region using an AlphaScreen system. Four over-
lapping double-stranded DNA (dsDNA) probes (30 bp;
probes 2–5; Fig. 5A) were designed that covered the
cis-C, cis-D, cis-E, and cis-F regions, –252 to 2331 from
ATG, while the probe 1 was designed for the cis-A as the
negative control. When these probes were reacted with
in vitro-translated STOP1 protein, the highest signal was
detected with probe 3 (Fig. 5C). The signal of probe 3

Figure 5. In vitro binding assay of
dsDNA and the STOP1 protein using
an AlphaScreen system. A, In vitro-
translated STOP1 protein labeled with
the accepter beads of the AlphaScreen
system was incubated with the 30-bp
dsDNA. B, Relative AlphaScreen sig-
nals were calculated as the ratio of
AlphaScreen signals of the reactive
probe (biotin labeled) to those of the
nonreactive probe (nonbiotin labeled) in
the presence of the labeled STOP1 pro-
tein and streptavidin-coated donor
beads. Values are the mean6 SD (n = 3).
Different letters above the bars indicate a
significant difference (P , 0.05, Tukey’s
test). C, Competitive assays of the probe
3 region with the single nucleotide
mutagenized probes. The reactive probe
3 (see B) was incubated with the labeled
STOP1 protein in the presence of non-
labeled probe 3 or the probe that carried
a single-nucleotide mutation. Relative
values 6 SD (n . 3) were calculated as
the ratio of the value obtained in the
absence of the competitor (AC). Asterisks
indicate a significant difference larger
than the relative AlphaScreen signals of
nonreactive probe 3 (Student’s t test;
*P , 0.05, **P , 0.01).
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was competitively suppressed by the nonbiotin-labeled
probe 3, but not by the nonreactive negative control
probe (Supplemental Fig. S2). These results indicated
that our assay condition could detect specific binding of
STOP1 to the probe 3 region.
In a competition assay using 5-bp-mutated probe 3,

the STOP1 protein could bind to cis-D (Supplemental
Fig. S3). To localize the STOP1 binding position, the
unique region of probe 3 (7–26 bp from the 59 end) was
analyzed using individual point-mutated probes (des-
ignated M7–M26). Twenty probes were designed that
included 12 probes (M8–M19) corresponding to the
detected octamers at peak D (Supplemental Table S2).
The mutagenized probes (nonlabeled) were mixed with
the biotinylated native probe 3 in a 9:1 ratio, and then the
AlphaScreen signals were compared (Fig. 5C). A point
mutation at 11 positions significantly increased signal
intensity for native probe 3 (black bars in Fig. 5C), in-
cluding six nucleotides in the detected peak D region
(underlined; TAAGGGGAGGGC of the predicted peak
D; Fig. 2B). These results indicated that the STOP1 pro-
tein could bind to the cis-D region, which is essential for
transcription. These results indicated that the STOP1
protein can bind to a wider range of the promoter region
than the cis-D region.

Characterization of Zinc Finger Domains of STOP1

STOP1 carries four Cys-2-His-2 zinc finger domains.
The His-to-Tyr point mutation at the second His residue
of the first domain is the probable cause of the stop1
mutant, which shows complete suppression of AtALMT1
expression (Iuchi et al., 2007). To evaluate the impact of
this mutation on the binding capacity of STOP1, we
performed an AlphaScreen assay using mutagenized
proteins. The second His residues were mutated to Tyr
in each zinc finger domain; the mutated protein was
designated MT_ZF1-4 and used for binding assays with
probe 3 (Fig. 6A). As we inferred, MT_ZF1 (i.e. origi-
nally identified mutated position of stop1 mutant) al-
most completely suppressed the binding capacity of
STOP1 (less than 0.1 of native STOP1; Fig. 6B). MT_ZF2
and MT_ZF4 showed similar levels of suppression of the
STOP1 binding capacity, suggesting that these domains are
critical for binding to the AtALMT1 promoter. Mutation in
ZF3 did not comparably suppress binding, which indicated
that this domain may contribute less than other domains to
the binding of STOP1 to the AtALMT1 promoter.

Involvement of CAMTA in Activation of the cis-C Region

The cis-C region contained the ACGCGT sequence,
which is a consensus of cis-acting elements (CGCG
box; [A/C]CGCG[C/G/T]) for the CALMODULIN-
BINDING TRANSCRIPTION ACTIVATOR (CAMTA)
transcription factor that regulates expression of stress-
responsive genes carrying the CGCG box (Yang and
Poovaiah, 2002). Using a previously reported microarray
dataset (10 mM Al treatment for 24 h; Sawaki et al., 2009),
we showed that among major stress-responsive CAMTA

genes, CAMTA1 to CAMTA3 were likely responsive to
Al (Supplemental Table S3). The CAMTA genes comprise
six homologous genes in Arabidopsis (Finkler et al.,
2007). Time course analysis showed that CAMTA1 and
CAMTA2 were continuously inducible by Al during
treatment for 24 h (Fig. 7A). A transfer DNA (T-DNA)
insertion mutant of CAMTA2 significantly suppressed Al
tolerance in terms of root growth (Fig. 7B). In addition,
the expression level of AtALMT1 decreased by about
15% in the camta2 mutant (Fig. 7C). We also observed
binding activity of CAMTA2 to the CGCG box in the cis-C
region in an AlphaScreen assay (probe 2; Fig. 7, D and E).
Taken together, these results indicated that up-regulation
of CAMTA2 is involved in the activation of AtALMT1
expression, in particular, after 6 h of Al treatment.

Changes in AtALMT1 Transcription of TSSs

The AtALMT1 promoter possesses two putative TATA
boxes. Although mechanisms remain to be clarified, the
average number of TATA boxes is significantly higher in
strongly stress-responsive genes (e.g. fold change . 10;
Yamamoto et al., 2011a). To explore this issue in relation

Figure 6. Characterization of the capacity of zinc finger domains of STOP1
to bind to the AtALMT1 promoter. A, His (H)-to-Tyr (Y) mutations were
introduced to four Cys-2-His-2 zinc finger domains. The capacity to bind to
probe 3 (Fig. 5) was analyzedwith an AlphaScreen system. aa., Amino acid.
B, Relative luminescence intensity of the labeled probe 3 and STOP1 pro-
teins (native STOP1 and mutated proteins, MT_ZF1–MT_ZF4). Values are
the mean 6 SD (n = 3) relative to native STOP1 protein. Different letters
above the bars indicate a significant difference (P , 0.05, Tukey’s test).
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to AtALMT1 transcription, we determined the TSS by 59
RACE and quantified each transcript. The 59 RACE
identified three TSSs in theAtALMT1 promoter. TSS1 and
TSS2 were located in the 39 region of the putative TATA1
and TATA2 with intervals of about 20 bp (Supplemental
Fig. S1). To quantify each transcript transcribed from
the different TSSs (TSS1–TSS3), three primer pairs and a

TaqMan probe were designed (Fig. 8A). Transcripts of
TSS1 were the most abundant among the transcripts of
the three TSSs, which comprised 65% of transcripts in the
control and 70% to 75% after 6 and 24 h of Al treatment
(Fig. 8B). The proportion of TSS2 transcripts was in-
creased by Al treatment to about 20% after 24 h Al
treatment compared with 5% in the control. By contrast,

Figure 7. Characteristics of Al-responsive CAMTAs in AtALMT1 expression and Al tolerance of Arabidopsis. A, Expression of Al-
responsive CAMTA genes (CAMTA1, CAMTA2, and CAMTA3) were quantified by reverse transcription real-time quantitative PCR
after exposure to 10 mM Al solution (pH 5.0). Values are the mean6 SD expression level relative to the control (no Al, pH 5.0). B and
C, Relative root growth (Al/control) in 5-d-old seedlings (with or without 5 mM Al, pH 5.0, n = 10; B) and expression of AtALMT1
quantified after incubation in 10 mM Al (pH 5.0) for 24 h (n = 3; C). Values are the mean6 SE (B) and SD (C), and asterisks indicate a
significant difference relative to Col-0 (Student’s t test, P , 0.05). D and E, AlphaScreen signals in the binding assay for probe 2
(containing CGCG box) and probe 3 (Fig. 5) with the CAMTA2 protein (D) and those in the competitive assay using the mutagenized
probe 2 (E). Different letters above the bars indicate a significant difference (P , 0.05, Tukey’s test).
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the proportion of transcripts of TSS3, which is not asso-
ciated with a TATA consensus, decreased in response to
Al treatment. These results suggested that the increase in
shorter transcripts, which are associated with the TATA
box, was associated with regulation of AtALMT1 tran-
scription under Al treatment.

DISCUSSION

Previous studies revealed that transcriptional regu-
lation of AtALMT1 plays critical roles in the protection
of the sensitive root tips of Arabidopsis from Al toxicity
(Hoekenga et al., 2006). This process is likely optimized to
minimize carbon loss by regulation of expression levels
and tissue-specific expression (Kobayashi et al., 2007,
2013a). In this study, we identified several important re-
gions of the AtALMT1 promoter that control expression
levels based on a promoter scanning analysis. The pro-
moter scanning analysis showed that several octamers
were overrepresented in the promoter region ofAtALMT1
(Fig. 2). Inactivation of seven of the eight octamers altered
AtALMT1 expression under the control condition and Al
treatment (Fig. 3, A and B). This variety of regulatory
mechanisms in the promoter structure is consistent with
the complex regulation of AtALMT1 expression under
Al stress. In addition, these elements likely coordinately
regulate Al tolerance judged by the growth recovery
by the transgenic AtALMT1-KO lines carrying AtALMT1
driven by 59-deleted promoters (Fig. 1).

Expression of AtALMT1 is strongly triggered by Al
exposure and increases continuously during 12- to 24-h
exposure to over 30 times the expression level of the
control (Fig. 1C). The broad dynamic range of AtALMT1
expression may be explained partly by the region (cis-B)
that is likely associated with repressor (Fig. 3). Inactiva-
tion of the region induced expression under control
conditions, which indicated that the region maintains a
low expression level under the control condition. Several
other regions are indicated to regulate Al activation
of AtALMT1 transcription (i.e. increase expression under
Al treatment). In addition, AtALMT1 carried another
character of highly inducible genes in possessing multiple
TATA boxes, which was identified by genome-wide
analysis of the promoter structure in the stress-responsive
genes (Yamamoto et al., 2011a). The combination of these
factors would account for the broad dynamic range of
up-regulation of AtALMT1.

Some of these regions may regulate AtALMT1 tran-
scription in a time-dependent manner, suggesting that
repression of the repressor proteins or induction of acti-
vator proteins occurred during Al treatment. WRKY46
was recently identified as a repressor of AtALMT1,
whereas WRKY46 itself is repressive to Al. Thus, nega-
tively regulated activation plays a role in Al-inducible
AtALMT1 expression (Ding et al., 2013). Conversely, in
this study, we found that some cis-acting elements in-
teract with transcription factors inducible/activated by
Al (Fig. 3). These elements coordinately regulate the Al-
responsive expression of AtALMT1 and Al tolerance.
We observed that deletion of the 59 end containing cis-A
(i.e. the –317 AtALMT1 promoter:GUS transgenic plant)
resulted in decreased AtALMT1 expression after 24 h
exposure to Al (Fig. 1C). However, at 6 h, no change in
the GUS expression level was observed in the transgenic
line carrying the –1,110 AtALMT1 promoter:GUS con-
struct (Fig. 4; Kobayashi et al., 2013a). Conversely, some
of the cis-acting elements showed no difference in Al
response at both 6 and 24 h (e.g. cis-D, cis-F, and cis-H;
Fig. 3, A and B). These factors may be activated rapidly
by protein phosphorylation/dephosphorylation, which
has previously been shown to be a regulatory mecha-
nism of AtALMT1 expression (Kobayashi et al., 2007).
Combination of these mechanisms may minimize ex-
pression in the control and enhance expression in a
continuously wide range.

One of the cis-acting elements cis-C contained a CGCG
box, which is a binding site for the stress-inducible tran-
scription activator CAMTA (Yang and Poovaiah, 2002).
Previous studies of CAMTAs indicate that stress-
inducible expression of specific CAMTAs regulates ex-
pression of stress tolerance genes, such as response to
pathogen attack (Galon et al., 2008), cold stress (Kim
et al., 2013), and drought (Pandey et al., 2013).
Combination of in planta promoter:reporter assays and
an in vitro protein-DNA binding assay suggested that the
Al-inducible CAMTA2 activates AtALMT1 expression by
binding to the cis-C region (Fig. 7, D and E). The ex-
pression pattern of CAMTA2 under Al treatment was
consistent with the AtALMT1 expression response.

Figure 8. Relative amounts of AtALMT1 transcripts that carried dif-
ferent lengths of the 59 untranslated region. A, Transcripts of AtALMT1
were quantified by quantitative reverse transcription PCR using dif-
ferent primer pairs and the TaqMan probe to quantify TSS1-3 (TSS1
primer pair), TSS2 and TSS3 (TSS2 primer pair), and TSS3 (TSS3 primer
pair). CDS, Coding DNA sequence. B, Relative proportions of TSS1,
TSS2, and TSS3 transcripts at different time points during treatment
with 10 mM Al (pH 5.0) for 24 h.
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Expression of CAMTA2 was induced by Al within 6 h
(Fig. 7A), while inactivation of cis-C (binding site of
CAMTA) decreased expression after 24 h, but not 6 h
(Fig. 3, A and B). Further research on Al-inducible and

Al-repressive transcription factors may identify other
Al-responsive transcription factors that regulateAtALMT1
expression.

Among the predicted cis-elements, mutation of the
cis-D, cis-E, and cis-F suppressed AtALMT1 expression to
control levels in the promoter:GUS transgenic plants (Fig.
3, A and B). In particular, inactivation of cis-D decreased
the expression level to less than 10–3, which was similar
to theAtALMT1 expression level in the stop1mutant under
the control condition. An in vitro binding assay indicated
that STOP1 binds to cis-D and surrounding regions of the
AtALMT1 promoter (Fig. 5). The cis-D sequence con-
tained a previously identified minimum consensus of
ART1 in rice (GGNVS; Tsutsui et al., 2011). However, our
in vitro analysis with the AtALMT1 promoter indicated
that a wider region of the promoter interacted with
STOP1, as 11 nucleotides affected the binding capacity of
STOP1. Cys-2-His-2 zinc finger domains often recognize
two to four nucleotides for binding (Pavletich and Pabo,
1991; Segal et al., 1999), whereas STOP1 contains four
zinc finger domains (Iuchi et al., 2007). The binding assay
with mutated STOP1 showed that all four zinc finger
domains, including ZF1, which carries the His-to-Tyr
substitution of the stop1 mutant, were functional for
binding with the dsDNA of the cis-D region (Fig. 6).
Although ZF3 showed less functionality for binding,
these results strongly suggested that a broader region is
required for STOP1 binding. Inactivation of the cis-acting

Figure 9. Promoter scanning analysis of the ALMT1 promoter of wheat
(TaALMT1) near-isogenic lines that carried different levels of ALMT1
expression (Al tolerant ET8 and Al sensitive ES8). RAR values calcu-
lated from the Arabidopsis data (suppressed genes in the stop1 mutant
in response to Al treatment) were plotted for the promoters of ET8 and
ES8. Putative STOP1-binding (green), peak cis-C-like (CGCG box, or-
ange), and peak cis-F-like (GCCCA, gray) sequences are indicated.

Figure 10. Schematic representation of Al-inducible
expression of AtALMT1. Black rectangles indicate
cis-acting elements predicted by promoter scanning
in Figure 2 and confirmed by mutated promoter-reporter
assays (Fig. 3). Putative functions of transcription fac-
tors (e.g. suppressor or activator) are indicated for the
experimentally validated transcription factors (STOP1
and CAMTA2, this study; WRKY46, Ding et al., 2013).

1000 Plant Physiol. Vol. 167, 2015

Tokizawa et al.



elements severely repressed expression of AtALMT1,
suggesting that STOP1 binding is critical for AtALMT1
expression. In addition, the fold change (Al/control)
was decreased to 5.0 from 22.3, which indicated that
STOP1 binding is one factor that regulates AtALMT1
expression in response to Al exposure.
Inactivation of cis-F altered the tissue-specific expres-

sion profile of AtALMT1 (Fig. 4A). GUS staining assays
showed that inactivation of cis-F completely repressed
expression of AtALMT1 in the root tips and outer tissues
(cortex and epidermis) of the mature root. This finding
suggested that transcription factor(s) binding to cis-F play
critical roles in tissue-specific expression of AtALMT1.
In the tissues altered by mutation in cis-F tissues, an
unknown factor is required for STOP1-dependent ex-
pression of AtALMT1. It is reported that ART1-regulating
Al-responsive expression of STAR1 in rice requires the
ASR5 transcription factor, which is associated with
tissue-specific expression in the root tips for binding
to the GCCCA sequence in the STAR1 promoter
(Arenhart et al., 2014).
Although the Arabidopsis genome does not contain an

ASR homolog (Carrari et al., 2004), the same sequence
was identified in the cis-F region (GCCCA; Fig. 2B). In-
terestingly, the GCCCA sequence is known to be the
target cis-acting element of members of the TEOSINTE
BRANCHED1, CYCLOIDEA, AND PROLIFERATING
CELL FACTOR (TCP) transcription factor family, which
coregulates expression of various genes in meriste-
matic tissues together with other transcription factors
(Trémousaygue et al., 2003). Although ASR5 and TCP
transcription factors do not show overall similarity,
a TCP-type transcription factor may play a role in
tissue-specific AtALMT1 expression in Arabidopsis. Inter-
estingly, promoter scanning analysis using an Arabidopsis
dataset (i.e. overrepresented octamers in the promoter of
suppressed genes in the stop1 mutant) showed that the
TaALMT1 promoter of wheat contained a set of STOP1-
binding motifs and cis-acting elements for CAMTAs and
was associated with cis-acting elements for TCP domain
transcription factor(s)/ASR5 (Fig. 9). An Al-tolerant wheat
near-isogenic line (ET8) contained three sets of STOP1/
CAMTA binding sites and expressed greater levels of
TaALMT1, whereas an Al-sensitive near-isogenic line (ES8)
carried a single set (Sasaki et al., 2006). This suggested that
a similar regulatory mechanism, namely combination of
STOP1-like protein/root-specific transcription factors,
may be conserved in various plant species. Similar events,
namely an increase in the number of STOP1/ART1
binding sites, was observed in Holcus lanatus, which is
naturally adapted to acidic soils (Chen et al., 2013).
In this study, we efficiently identified a series of cis-

elements of AtALMT1 using RAR-based prediction of
cis-elements. In planta assay of GUS expression vali-
dated the accuracy of prediction and indicated that
regulation consisted of suppression and activation and
that STOP1 binding regulates both the expression level
and Al response (Fig. 10). In addition, we identified
one of the activating transcription factors, CAMTA2,
by integration of reverse genetics using T-DNA

insertion lines and in vitro protein-DNA binding assays.
Further molecular-level research is required to identify
other transcription factors that regulate AtALMT1 ex-
pression by the interaction with the remaining predicted
cis-elements.

MATERIALS AND METHODS

Plant Materials

Arabidopsis (Arabidopsis thaliana) accession Col-0 (JA58) was obtained from
the RIKEN BioResource Center (http://en.brc.riken.jp/index.shtml). The T-DNA
insertion mutant of AtALMT1, designated AtALMT1-KO (SALK_009629), was
obtained from the Arabidopsis Biological Resource Center (https://abrc.osu.
edu). T-DNA insertion lines of CAMTA1 (SALK_008187), CAMTA2 (SALK_007027),
and CAMTA3 (SALK_001152) were also obtained from the Arabidopsis Bio-
logical Resource Center (Supplemental Fig. S4). Transgenic Arabidopsis lines
carrying AtALMT1 in the AtALMT1-KO background used in the in planta
complementation assay, and those carrying GUS in the Col-0 background for
the promoter GUS-reporter assay, were generated using the Agrobacterium
tumefaciens-mediated floral dip method (Clough and Bent, 1998). AtALMT1
driven by the AtALMT1 promoter of different lengths (–1,900, –1,200, –540,
–317, –292, and –200 bp from ATG) were transformed into AtALMT1-KO, and
GUS regulated by the mutated promoter of AtALMT1 (Fig. 2A) was trans-
formed into Col-0. All vectors were constructed by insertion of the DNA
fragments obtained by overlap extension PCR (Horton et al., 1989) into the
T-DNA of pBE2113. The fragments consisted of the AtALMT1 promoter (de-
leted or mutated), the coding DNA sequence of the GUS or AtALMT1 open
reading frame, and 980 bp at the 39 end of AtALMT1. The sequences of the
primers used are shown in Supplemental Table S4. The overlapping extension
PCR was carried out using PrimeSTAR Max high-fidelity Taq polymerase
(Takara Bio). A hypervirulent strain of A. tumefaciens (GV3101) was used for
transformation. The T2 generation of each line was used for the assays.

Growth Conditions for in Planta Complementation and
Reporter Expression Assays

Arabidopsis seedlings were grown hydroponically in accordance with the
method described by Kobayashi et al. (2007) in modified MGRL nutrient solution
(Fujiwara et al., 1992) supplemented with 200 mM CaCl2 and one-fiftieth strength
of other nutrients except inorganic phosphorus (excluded) in the presence or
absence of 5 mM AlCl3 at an initial pH of 5.0 adjusted with HCl. For the in planta
complementation assay of Al tolerance, about 20 seedlings were grown in the
control (0 Al) and Al-toxic (5 mM Al) solutions. The solutions were refreshed every
2 d. Root length was measured on day 5, and the 10 highest values (to exclude
uncontrollable late-germinated seedlings) were used for evaluation of Al toler-
ance. For GUS reporter expression analyses with Al treatment, seedlings were
pregrown in the control solution for 10 d, and then the roots were placed in Al-
toxic solution containing 10 mM AlCl3 (pH 5.0) for 6 or 24 h. The seedlings were
incubated at 22°C 6 2°C under a 12-h-light/12-h-dark photoperiod, with light
supplied at a photosynthetic photon flux density of 37 mmol m–2 s–1. Staining of
GUS was carried out with hydroponically grown seedlings as described previ-
ously (Kobayashi et al., 2013a). Briefly, 5-d-old seedlings were treated with or
without Al in MGRL solution (pH 5.0) for 24 h and then stained with staining
solution (1.0 mM X-glucuronide, 0.1 M sodium phosphate buffer [pH 7.0], 10 mM

EDTA [pH 8.0], 0.5 mM potassium ferricyanide [pH 7.0], 0.5 mM potassium fer-
rocyanide [pH 7.0], 0.3% [v/v] Triton X-100, and 20% [v/v] methanol) for 30 min
(Al; Fig. 3A) or 60 min (no Al; Fig. 3B) at 37°C.

Prediction of cis-Acting Elements in the
AtALMT1 Promoter

The RAR of the octamer unit of the AtALMT1 promoter was calculated using
the method described by Yamamoto et al. (2011b). Briefly, Al-inducible and
-suppressible genes in the stop1 mutant were identified from microarray datasets.
Each of the 222 and 266 genes, respectively, were grouped as Al-inducible genes
on the basis of the fold change (+Al/no Al,.3) of microarray data obtained after
treatment with 10 mM Al for 6 or 24 h. Two hundred forty-nine genes were
grouped as suppressed genes in the stop1 mutant on the basis of the fold change
of microarray data (Col-0/stop1) after 10 mM Al treatment for 24 h. All microarray
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experiments were carried out using the Agilent Arabidopsis oligoDNA chip
(Agilent Technologies) as described previously (Sawaki et al., 2009). The RARwas
calculated as the ratio of the frequency of each octamer unit in the promoter of the
grouped genes to that in the promoters of genome-wide genes. The promoter was
defined as –1,000 bp from the TSS reported in the Plant Promoter Database
(ppdb; http://ppdb.agr.gifu-u.ac.jp; Hieno et al., 2014). The RAR value of each
octamer unit was plotted on the 0- to –540-bp region of the AtALMT1 promoter
and statistical significance (P , 0.05) was assessed with Fisher’s exact test.

The significantly overrepresented octamer units (RAR . 3, P , 0.05) were
defined as cis-A to cis-H with collocated (.5-bp interval) octamer units with
RAR greater than 3. The position of the REGs, TSS, and core promoter ele-
ments in ALMT1 were determined from the ppdb. A consensus sequence for
the same gene groups was independently computed with the Melina II tool
using the Gibbs sampler method (Okumura et al., 2007). These data are shown
in Figure 2A.

RNA Extraction, Real-Time Quantitative Reverse
Transcription-PCR, and 59 RACE

Total RNA was isolated using Sepasol-RNA I Super G (Nacalai Tesque) in
accordance with the manufacturer’s instructions. Total RNA was reverse tran-
scribed with ReverTra Ace (Toyobo, Osaka). Real-time reverse transcription-PCR
(except the experiment shown in Fig. 8) was performed with SYBR Premix Ex
Taq II (Takara Bio) and the Thermal Cycler Dice Real Time System II (Takara Bio)
following the manufacturer’s instructions using gene-specific primer pairs
(Supplemental Table S4). The transcript levels were quantified with the standard
curve method using a complementary DNA dilution series as described by
Bustin et al. (2009). Quantification of AtALMT1 transcripts with a different TSS
(Fig. 8) was carried out by the standard curve method using Taqman probe with
Premix Ex Taq (Probe qPCR; Takara Bio). The standard curve was developed
with accurately quantified plasmid DNA (subcloned promoter in the pMD20
vector). The copy number of transcripts of each TSS was calculated arithmeti-
cally. In all experiments, transcript levels ofAtALMT1 and GUSwere normalized
against UBQ1 (At3g52590). Contamination of genomic DNA in the sample was
checked by performing the same reactions without reverse transcription, and the
amplification efficiency of primers was checked for all primers. The 59 RACE of
AtALMT1 was carried out as previously described by Kihara et al. (2003). Re-
verse transcription was carried out with SuperScript III Reverse Transcriptase
(Life Technologies) using gene-specific primers (Supplemental Table S4).
Amplicons derived from 59 RACE were subcloned into pMD20 (Takara Bio) and
then sequenced using the BigDye Terminator v3.1 Cycle Sequencing Kit with an
ABI PRISM 3100 Genetic Analyzer (Applied Biosystems) in accordance with the
manufacturer’s recommended protocols.

In Vitro Protein-dsDNA Interaction Assay

The amplified luminescence proximity homogeneous assay was used to deter-
mine the interaction of AtSTOP1 and dsDNAs designed from the AtALMT1 pro-
moter. The FLAG (DYKDDDDK)-tagged AtSTOP1 proteins were synthesized using
an in vitro transcription/translation system (BioSieg). The protein quality (i.e. effi-
cient synthesis with the expected molecular mass) was confirmed by a western-
blotting analysis using anti-FLAG (Wako Pure Chemical Industries) in accordance
with the manufacturer’s recommended protocols. Both biotinylated and control
(nonbiotinylated) DNA oligos were obtained from supplier and used to synthesize
dsDNAs. The donor and acceptor beads for the AlphaScreen detection were coated
with the anti-FLAG antibody and with streptavidin, respectively. The beads were
labeled with the STOP1 FLAG-tagged proteins or the biotinylated dsDNA-oligo(s)
using the AlphaScreen FLAG (M2) Detection Kit (PerkinElmer) in accordance with
the recommended protocols. The labeled beads were mixed in reaction buffer
comprising 25 mM HEPES-KOH (pH 7.6), 40 mM KCl, 0.01% (w/v) Tween 20, and
0.1% (w/v) bovine serum albumin and incubated for 3 h at 22°C. Competitive
assays to characterize the STOP1 binding sites were performed by adding mutated
dsDNA-oligos to the reaction buffer containing the biotinylated dsDNA-oligo-
labeled acceptor beads. The AlphaScreen signals (chemiluminescence between the
donor and the acceptor beads conjugated by the binding of labeled STOP1
and dsDNA-oligo) were determined with the Enspire Multimode plate reader
(PerkinElmer). The AlphaScreen signals for the control (nonbiotinylated) dsDNA-
oligos in the labeling step were used for estimation of the background lumines-
cence. Relative AlphaScreen signals were defined as the ratio of luminescence of
the biotinylated dsDNA-oligos to the background.

Sequence data from this article can be found in the Arabidopsis Genome Ini-
tiative database under accession numbers At1g08430 (AtALMT1), At1g34370

(STOP1), At5g09410 (CAMTA1), At5g64220 (CAMTA2), and At2g22300 (CAMTA3).
Microarray data are available through the ArrayExpress database with accession
code E-MEXP-1908 and the Gene Expression Omnibus database with accession
number GSE62238.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. The 59 end of AtALMT1 transcripts determined
by 59 RACE. 59 RACE analyses were performed RNA samples isolated
from Al-treated roots.

Supplemental Figure S2. In vitro binding assay of STOP1 protein to the
dsDNA probe 3 containing putative STOP1 binding sites of AtALMT1
promoter.

Supplemental Figure S3. In vitro binding assay of STOP1 protein to the
mutated dsDNA probe 3 (see Fig. 5).

Supplemental Figure S4. Position of T-DNA insertion in the knockout
lines of CAMTAs and expression levels of CAMTAs in the mutants.

Supplemental Table S1. List of overrepresented octamer units in the
AtALMT1 promoter based on the relative appearance rate calculated
from microarray datasets.

Supplemental Table S2. Sequence of mutated probes used for in vitro
binding assay of STOP1 protein to the AtALMT1 promoter region.

Supplemental Table S3. Fold change (10 mM Al/control; pH 5, 24 h) of
CAMTA families in Al-treated roots.

Supplemental Table S4. Sequence information of PCR primers.
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