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Al3+ and H+ toxicities predicted to occur at moderately acidic conditions (pH [water] = 5–5.5) in low-Ca soils were characterized
by the combined approaches of computational modeling of electrostatic interactions of ions at the root plasma membrane (PM)
surface and molecular/physiological analyses in Arabidopsis (Arabidopsis thaliana). Root growth inhibition in known
hypersensitive mutants was correlated with computed {Al3+} at the PM surface ({Al3+}PM); inhibition was alleviated by
increased Ca, which also reduced {Al3+}PM and correlated with cellular Al responses based on expression analysis of genes that
are markers for Al stress. The Al-inducible Al tolerance genes ALUMINUM-ACTIVATED MALATE TRANSPORTER1 and
ALUMINUM SENSITIVE3 were induced by levels of {Al3+}PM too low to inhibit root growth in tolerant genotypes, indicating
that protective responses are triggered when {Al3+}PM was below levels that can initiate injury. Modeling of the H+ sensitivity of
the SENSITIVE TO PROTON RHIZOTOXICITY1 knockout mutant identified a Ca alleviation mechanism of H+ rhizotoxicity,
possibly involving stabilization of the cell wall. The phosphatidate phosphohydrolase1 (pah1) pah2 double mutant showed enhanced
Al susceptibility under low-P conditions, where greater levels of negatively charged phospholipids in the PM occur, which
increases {Al3+}PM through increased PM surface negativity compared with wild-type plants. Finally, we found that the
nonalkalinizing Ca fertilizer gypsum improved the tolerance of the sensitive genotypes in moderately acidic soils. These
findings fit our modeling predictions that root toxicity to Al3+ and H+ in moderately acidic soils involves interactions
between both toxic ions in relation to Ca alleviation.

Aluminum (Al), principally in the form of Al3+ re-
leased from soil clay minerals, is one of the most im-
portant rhizotoxic ions in acidic soils and is abundant
in soil solutions at pH (water) of less than 5.0. Many
forest and grass land species naturally adapted to acid
soils are very tolerant of H+ and Al3+ and thrive in soils
where the pH is less than 4.0. However, most crop
plants used for agriculture show inhibitory growth
effects, even when the soil pH is neutralized by liming
to moderately acidic pH values in the range of pH 5 to
5.5. For example, crops sensitive to Al3+ and H+ such as
turnip (Brassica rapa; Kinraide and Parker, 1990) and
alfalfa (Medicago sativa; Yokota and Ojima, 1995) show

growth inhibition at these soil pH values. Field re-
search and soil experiments have shown that inhibi-
tory effects of moderately acidic soils (pH . 5) can be
ameliorated by the application of Ca fertilizers, even
if they are nonalkalinizing, such as gypsum, and this
leads to improvement in crop productivity (Carvalho
and Van Raij, 1997; Mora et al., 1999). This indicates
that the soil Ca status is an important factor in deter-
mining crop yield at moderately low soil pH values
with regard to Al3+ and H+ rhizotoxicity occurring in
these soils. An understanding of the complex situation
of acid soil stress in soil pH in the range of pH (water) 5
to 5.5 is important for designing efficient soil acidity
management and breeding programs for resistant crop
use in low-input agricultural systems.

The complex rhizotoxicities at moderately acidic
conditions that can be alleviated by Ca have been pre-
dicted by modeling studies in wheat (Triticum aestivum;
Kinraide, 2003). The model first computes the activity of
the rhizotoxicants and alleviants at the plasma mem-
brane (PM) surface, for example {Al3+}PM and {H+}PM,
and {Ca2+}PM, using a speciation-based Gouy-Chapman-
Stern electrostatic (SGCS) model (Kinraide and Wang,
2010). The mechanisms of toxicity and alleviation are then
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modeled by regression analyses for root growth inhi-
bition fitted to the nonlinear equations (Kinraide, 2003;
Kinraide et al., 2004). The modeling studies well de-
scribe the complicated events in the Al-toxic solutions
near the PM surface under moderately acidic condi-
tions. For example, the elevation of pH from 4.5 to be-
tween 5 and 5.5 decreases the activity of the most
rhizotoxic Al species, Al3+ in the solution ({Al3+}bulk),
while it increases the negativity of the PM surface be-
cause of dissociation of H+ from potentially negative
ligands such as phospholipids. As a result, {Al3+}PM re-
mains at moderately high levels at the PM surface at pH
greater than 5 due to the attraction to negative charges
on the PM surface, but it can be alleviated by coexisting
cations such as Ca2+ and even by another rhizotoxic
cation, H+. These modeling studies have proposed dif-
ferent mechanisms of Ca alleviation in this complex
situation (Kinraide, 1998; Kinraide et al., 2004). Mech-
anisms I (the electrostatic displacement of toxicant at
the PM surface) and II (the restoration at the PM surface
of Ca2+ electrostatically displaced by the toxicant) are
events at the PM surface, but mechanism III, which
explains the remaining portion of the Ca alleviation,
may involve other physiological responses, including
unknown mechanisms. These predictions, derived from
the modeling study, likely explain the complex nature
of moderately acidic soils but may require further val-
idation because they were developed using root growth
as the sole criterion for rhizotoxicity.
Although these types of modeling approaches have

not been performed using Arabidopsis (Arabidopsis
thaliana) plants, clear symptoms of Al3+ and H+ rhi-
zotoxicity at moderately acidic conditions (pH $ 5)
has been identified in Arabidopsis (Kobayashi and
Koyama, 2002; Iuchi et al., 2007). A quantitative trait
locus study of Al tolerance at moderately acidic condi-
tions (4 mM Al, pH 5; Kobayashi and Koyama, 2002)
identified a very similar genetic architecture of Al tol-
erance to that derived from a study that employed a
lower pH value but with a greater level of Al (50 mM Al,
pH 4.2; Hoekenga et al., 2003). The former conditions
employed a lower Ca concentration (200 mM) than the
latter (3 mM), which accounted for the predictions of
{Al3+}PM in relation to {Ca2+}PM by electrostatics. On the
other hand, several Al3+- and H+-sensitive transfer DNA
insertion knockout (KO) mutant genotypes have been
identified using the lower ionic-strength moderately
acidic media (Sawaki et al., 2009). These lines exhibit
different degrees of hypersensitivity to moderately
acidic conditions because of the dysfunction of dif-
ferent tolerance genes, suggesting the involvement
of different mechanisms. In Arabidopsis, ALUMINUM-
ACTIVATED MALATE TRANSPORTER1 (AtALMT1)
regulates Al-activated root malate excretion that protects
the root tip from acute Al toxicity by Al exclusion
(Hoekenga et al., 2006), and ALUMINUM SENSITIVE3
(ALS3) regulates internal Al sequestration involved in
long term Al tolerance (Larsen et al., 1997, 2005). The KO
mutants for these genes display Al hypersensitivity. In
addition, SENSITIVE TO PROTON RHIZOTOXICITY1

(STOP1)-KO, a suppressor of multiple genes for Al
and H+ tolerance, shows sensitivity to Al3+ and H+ (Iuchi
et al., 2007; Sawaki et al., 2009). These sensitive geno-
types are useful tools for evaluating Al3+ and H+ toxicity
in the pH range 5 to 5.5. On the other hand, several
cellular responses, such as the induction of gene ex-
pression, have been identified in Arabidopsis that could
be useful in the estimation of the attraction of {Al3+} to
the PM, which is computed by our electrostatic-based
model. Therefore, Arabidopsis appears to be a useful
model system for the validation of modeling based on
the SGCS model and to further our understanding of
Al3+ and H+ rhizotoxicities at moderately acidic con-
ditions in relation to Ca2+ alleviation.

Computation of {Al3+}PM requires accurate specia-
tion of Al and other solutes in the bulk solution. The
original SGCS program is suitable for relatively simple
solutions (Kinraide and Wang, 2010). However, the
rooting medium used for the Arabidopsis assays ex-
ceeds the number of solutes that can be accurately
assessed by the SGCS program (Kobayashi et al.,
2007). Consequently, we updated the modeling meth-
odology using the speciation program GEOCHEM-EZ,
which is suitable for complex media (Famoso et al.,
2010; Shaff et al., 2010). This improved model, used in
conjunction with molecular biological assays such as
biomarker analysis of Al-inducible gene expression,
has allowed us in this study to validate the predicted
{Al3+}PM rhizotoxicity in relation to {Ca2+}PM alleviation
from the wheat modeling studies. The updated mod-
eling of Ca alleviation in mutants uncovered one of the
mechanisms of Ca alleviation in the H+-sensitive mu-
tant and identified an Al-sensitive double mutant
genotype, phosphatidate phosphohydrolase1 (pah1) and
pah2 (Nakamura et al., 2009), that fitted previous pre-
dictions. Finally, we demonstrate the ability of gypsum
to ameliorate the sensitive phenotype of selected geno-
types, when they were grown in moderately acidic soil
culture. Taken together, we present here experimental
validation of the SGCS-based modeling, and its com-
bination with molecular physiology provides a deeper
understanding of plant Al3+ and H+ toxicity in relation
to Ca2+ alleviation at pΗ of at least 5.0.

RESULTS

Al and H+ toxicity in Al-Hypersensitive Mutants at
Relatively High pH in Complex Solutions, and
Computation of {Al3+}PM in Complex Mediums Using
SGCS and GEOCHEM-EZ

To validate the predictions obtained from the SGCS
modeling studies in wheat, where {Al3+}PM determines Al
rhizotoxicity at moderately acidic conditions, we were
required to use a sensitive phenotype at pH greater than
5 that could provide sufficient data sets. Ecotype Co-
lumbia (Col-0) is one of the most Al-tolerant natural ac-
cessions, and it did not show Al sensitivity in moderately
acidic conditions (Fig. 1). The Al-hypersensitive mutants
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derived from Col-0, AtALMT1-KO, and ALS3-KO and
the Al3+- and H+-hypersensitive mutant STOP1-KO
showed sensitivity in the moderately acidic conditions
(pH 5–5.5, up to 2 mM Al; Fig. 1). Thus, these mutants
were deemed adequate to evaluate rhizotoxicities at pH
greater than 5 and for obtaining sufficient data sets for
growth modeling in relation to Ca presented subse-
quently in this study.

In preliminary experiments, we found that accurate
speciation is critical to simulate Al rhizotoxicity in the
complex nutrient solution used to grow Arabidopsis
(Supplemental Fig. S1), whereas the previous specia-
tion program in the SGCS program was based on more
simple nutrient solutions (e.g. CaCl2 plus AlCl3).
Consequently, we updated the computational model-
ing of electrostatic ion interactions by SGCS using the
comprehensive speciation program GEOCHEM-EZ to
compute values for {Al3+}bulk. Figure 1 shows differ-
ences in root growth inhibition in relation to different
indices of Al in the solutions (AlCl3 concentration in
the bulk solution, Al3+ activity in the bulk solution, and
Al3+ activity at the PM surface). Root growth inhibition

of the hypersensitive mutants (AtALMT1-KO, ALS3-KO,
and STOP1-KO) was affected by the concentration of the
chelator EDTA, used here to reduce the Al concentration
in solution, as seen in the plots of root length (RL) versus
the concentration of total Al (Fig. 1, left). When RL was
plotted against {Al3+}bulk determined by speciation of the
EDTA-containing media using GEOCHEM-EZ (Fig. 1,
center), the apparent effect of EDTA disappeared (ob-
serve the positions of the white and black symbols, and
note that the drawn curves now pertain to pH). The
effect of EDTA was to bind the rhizotoxic Al3+ and
reduce its free concentration in the medium. All three
Al-hypersensitive mutants showed steeper declines in
root growth at pH 5.5 than at pH of 5.0 for RL versus
{Al3+}bulk (Fig. 1, center). This greater sensitivity at pH 5.5
occurs because incremental increases in {Al3+}bulk at pH
5.5 cause greater increases in {Al3+}PM than do similar
increases in {Al3+}bulk at pH 5.0. Finally, responses to Al3+

coalesced into a single function for the Al-sensitive
mutants (AtALMT1-KO and ALS3-KO) when RL was
plotted against {Al3+}PM computed by the SGCS program
(Fig. 1, right). This indicates that the model correctly

Figure 1. Al inhibition of root growth of Arabi-
dopsis seedlings in hydroponic culture with dif-
ferent concentrations of EDTA. Seedlings were
grown for 7 d in basal media containing different
concentrations of AlCl3 (0, 0.5, 1, or 2 mM) at pH
5.0 or 5.5. Root lengths were plotted against AlCl3
concentration (left), Al3+ activity in bulk phase
media (middle), and Al3+ activity at the PM sur-
face (right) were calculated using GEOCHEM-EZ
and SGCS. Values are means 6 SE (n = 10; SE bars
are not shown if they overlap the symbols). Curves
were fitted according to the nonlinear regression
model RL = a + bexp(c[AlCl3] or {Al

3+}bulk or {Al
3+}PM).

[AlCl3], Concentration of [AlCl3]; {Al
3+}bulk, activity

of Al3+ in solution; {Al3+}PM, activity of Al3+ at the
plasma membrane surface. Note the high sensi-
tivity of STOP1-KO to pH 5.0 at zero Al.
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predicts that {Al3+}PM, rather than {Al3+}bulk, is the deter-
minant of Al toxicity in Arabidopsis growing in complex
media (the same was found for wheat grown in a simple
CaCl2 solution). In addition, we found a distinct pattern
in the H+-hypersensitive STOP1-KO mutant (Fig. 1,
bottom right), where H+ toxicity in moderately acidic
conditions was observed in the sensitive genotype (pH
5–5.5). These results presented in Figure 1 indicated
the improved model was sufficient to model H+ and
Al3+ toxicity in relation to Ca2+ alleviation at moderate
acidity.

Ca2+ Alleviation of Al Toxicity in Al-Hypersensitive
Mutants at pH Greater Than 5 in Relation to {Al3+}PM

To evaluate Ca2+ alleviation of Al toxicity at pH
greater than 5, AtALMT1-KO and ALS3-KO were grown
in solutions containing 1 or 2 mM Al at pH 5.0 and 5.5
with varying concentrations of Ca2+. Figure 2 shows that
root elongation increased with increasing Ca2+. Fur-
thermore, Ca2+ induced large reductions in {Al3+}PM but
only small reductions in {Al3+}bulk. In 1 mM Al solutions
at pH 5.5, {Al3+}PM decreased from 8.70 to 0.38 mM (22.9-
fold decrease) as the concentration of Ca2+ increased
from 0.2 to 5 mM, whereas the {Al3+}bulk only de-
creased from 0.07 to 0.06 mM. Under those conditions,

plots of RL versus {Al3+}bulk yielded two separate re-
gression curves for each genotype, but the plots fit a
single nonlinear curve for each genotype for RL ver-
sus {Al3+}PM (Fig. 2). These findings indicate that Ca2+

alleviates Al toxicity at pH greater than 5 by mainly
reducing {Al3+}PM, and it also supports the concept that
{Al3+}PM determines Al rhizotoxicity, as predicted by
previous wheat modeling studies. This pattern of a
single curve fit to {Al3+}PM that is not affected by {Ca2+}PM
suggested that {Ca2+}PM alleviates {Al3+}PM toxicity
mainly by electrostatic displacement (mechanism I of Ca
alleviation) and/or restoration of {Ca2+}PM (mechanism
II of Ca alleviation).

Expression of Al-Inducible Genes in Response to {Al3+}PM

The above results suggested that {Al3+}PM is the de-
terminant of Al toxicity in Arabidopsis growing at
moderately low pH and that it is alleviated by {Ca2+}PM.
However, this is based on root elongation being the
single criteria of toxicity, which was similar to that of
the previous modeling studies in wheat. To further
evaluate {Al3+}PM toxicity in relation to Ca2+ alleviation
at pH greater than 5, the expression levels of Al-
inducible genes not having an Al tolerance function,
but associated with Al3+ damage, were quantified for
use as Al biomarkers to evaluate Al3+ attraction to the
PM surface. Al-inducible genes with the most enhanced
expression levels under severe conditions (25 mM; Zhao
et al., 2009) compared with milder toxicity conditions
(10 mM; Sawaki et al., 2009) were selected from previ-
ously obtained microarray data (Supplemental Tables
S1 and S2). Levels of {Al3+}PM toxic to hypersensitive
mutants were expected to trigger the expression of these
sensitive biomarker genes, even if in the tolerant geno-
type Col-0 showed no root growth inhibition.

When Col-0 seedlings were exposed to solutions
containing 1 mM Al at pH 5.5 (nontoxic levels to this
genotype), the expression levels of the Al biomarker
genes were sharply induced in the presence of 0.5 mM

Ca2+, with {Al3+}PM reaching 5.08 mM (Fig. 3A). At this
level of {Al3+}PM, root growth of both Al-hypersensitive
KO lines (AtALMT1-KO and ALS3-KO) was com-
pletely inhibited, indicating that the solution contained
toxic levels of Al3+ to these mutants. Elevation of Ca2+

to 5 mM reduced expression levels of the biomarker
genes in Col-0 to levels similar to those seen in zero-Al
solutions at 0.5 mM Ca2+ (Fig. 3A), where growth of the
KO mutants was not inhibited. Clearly, the expression
of biomarker genes was well correlated with growth
inhibition of hypersensitive mutants by {Al3+}PM as con-
trolled by Ca2+. According to the SGCSmodel, Mg2+ can
reduce {Al3+}PM similarly to Ca2+. In fact, for most of the
tested genes, repression by the combination of 0.5 mM

Ca2+ and 4.5 mM Mg2+ was nearly equal to that observed
at 5 mM Ca2+. This indicates that {Al3+}PM determines
growth responses in relation to Ca2+ alleviation and
validates the {Al3+}PM rhizotoxicity computed from
the SGCS electrostatics model.

Figure 2. Ca alleviation of Al toxicity in ALS3-KO and AtALMT1-KO
under weakly acidic conditions. Seedlings were grown in Al-toxic
solutions containing various levels of CaCl2, AlCl3, EDTA, and pH as
shown. Circle size represents CaCl2 concentration. Values are
means 6 SE (n = 10; SE bars are not shown if they overlap the symbols).
White arrows and black arrows indicate points at which 2 mM and
5 mM CaCl2 (in 1 mM AlCl3 at pH 5.5) induced 50% to 70% root growth
inhibition or nearly no inhibition, respectively. The drawn curves were
fitted to the nonlinear regression model RL = a + bexp(c{Al3+}PM).
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Expression of Al-Inducible Al Tolerance Genes AtALMT1
and ALS3

Expression patterns of the sensitive biomarker genes
indicated that {Al3+}PM was correlated to the cellular
response of gene expression to Al. This suggested that
expression of bona fide Al tolerance genes would also
be regulated by {Al3+}PM, as this fitted the computed
{Al3+}PM by the SGCS electrostatic model. To examine
this possibility, we analyzed the expression levels of
AtALMT1 and ALS3 in the same plant samples used
for the previous biomarker analysis. The expression

levels of AtALMT1 and ALS3 for plants grown on 1 mM

Al were 4.2 and 2.5 times greater, respectively, than
those grown on zero Al (Fig. 3B). These genes were
gradually repressed when {Al3+}PM toxicity was alle-
viated by {Ca2+}PM in the KO mutants for each gene. In
the presence of 2.0 mM CaCl2, {Al3+}PM reached 1.27 mM,
and this induced 70% growth inhibition in the
AtALMT1-KO and 50% growth inhibition in the
ALS3-KO (Fig. 2, white arrows). Under these conditions,
the expression levels of AtALMT1 and ALS3 were 3.4
and 1.9 times greater, respectively, than those of the
control plants (Fig. 3B). This suggests that these tolerance
genes are induced by {Al3+}PM in the tolerant genotype,
Col-0 (no growth inhibition), at concentrations that
initiate growth inhibition in the KO mutant for each
gene. At 5 mM CaCl2, where growth of neither KO
mutant was inhibited (Fig. 2, black arrows), AtALMT1
expression was maintained at a 2.4-fold higher rate
than measured in the control (zero Al), while ALS3
expression was similar to that of the control (Fig. 3B).
This may be due to the different functions of these
genes; the former is critical in acute Al toxicity conditions
for protecting the root tip via Al exclusion (Hoekenga
et al., 2006), whereas the latter protects the root by Al
sequestration for long-term Al tolerance (Larsen et al.,
1997, 2005). These results strongly suggest that these
Al-tolerant genes are induced when {Al3+}PM is too
low to initiate injury in the wild type.

Effect of Ca2+ on the Hypersensitivity of AtALMT1-KO,
ALS3-KO, and STOP1-KO; Modeling of the Ca
Alleviation Mechanism

Three mechanisms of Ca alleviation of Al3+ and H+

toxicities were proposed in previous modeling studies
(Kinraide, 1998). Applying the same concepts to this
study can help to identify the Ca alleviation mecha-
nism at moderately acidic conditions, and it may
identify the genotypic differences for the Ca alleviation
response among the mutants. This can be estimated
from coefficient in the equations that describe the Ca
toxicants interactions (Eq. 1). Equation 1 can be further
expanded to Equation 2 (where a = RL at initial
transfer [set to zero because ungerminated seeds were
used in this research] and b = maximal RL predicted
for the nontoxicants = 24.3] and used for the analysis.

RL¼ aþ bexp
h
c1
�
1þc2=10000

�
Ca2þ

�
PM

��
Al3þ

�
PM

þd1=100
�
1þd2=10000

�
Ca2þ

�
PM

�fHþgPM
�

ðEq:  1Þ

RL¼ 24:3 exp
�
c1
�
1þc2=10000

�
Ca2þ

�
PM

��
Al3þ

�
PM

þd1=100
�
1þd2=10000

�
Ca2þ

�
PM

�fHþgPM
�

ðEq:  2Þ
The growth data showed multidimensional expo-

nential patterns when plotted against ionic activities

Figure 3. Expression levels of Al biomarker genes in Al-toxic solutions
with different levels of CaCl2 and MgCl2. Roots of wild-type Col-0
seedlings, grown for 10 d in control solutions, were incubated for 6 h
in 1 mM Al at pH 5.5. A, Al-responsive genes that are sharply up-
regulated by Al stress in a dose-dependent manner (i.e. greater in 25 mM

than in 10 mM) and are highly up-regulated in Al compared with other
stressors in agreement with the above selection criterion (Supplemental
Tables S1 and S2). Transcripts were determined by semiquantitative
RT-PCR. UBQ1 transcript was used as the internal control. B,
Means 6 SE of expression levels of AtALMT1 and ALS3 relative to
those in plants in zero Al (n = 3). Different letters indicate significant
difference (Tukey’s test, P , 0.05).

184 Plant Physiol. Vol. 163, 2013

Kobayashi et al.

http://www.plantphysiol.org/cgi/content/full/pp.113.222893/DC1
http://www.plantphysiol.org/cgi/content/full/pp.113.222893/DC1


computed by the SGCS model (Fig. 4; see Kinraide,
2003 and Kinraide et al., 2004 for further discussion
of nonlinear equations). The coefficients in Equation
2 were derived by the conditions that identify the
largest r2 by the regression analysis. The coefficients
c1 and d1 describe tolerance to the toxicants (c1 for Al
tolerance and d1 for H+ tolerance), while c2 and d2
show the degree of Ca alleviation. Because we re-
moved all data when Ca2+ was less than 1 mM to
avoid growth inhibition by Ca deficiency at the PM
surface, c2 and d2 describe mechanism III for Ca
alleviation.
Negative values of coefficients c1 and d1 indicate

the exponential decline of root growth to {Al3+}PM and
{H+}PM, respectively. The largest negative value of d1
occurred in STOP1-KO, indicating that H+ sensitivity
appeared in various conditions at moderately acidic
conditions (Table I). Negative values for c2 or d2 would
reduce the negative values of the extended toxicant
strength coefficients c1(1 + c2/10,000{Ca

2+}PM) or d1(1 +
d2/10,000{Ca

2+}PM). Thus, negative values for c2 or d2
would signify the reduction of toxicities by {Ca2+}PM.
The coefficient c2 was not significantly different from
zero for any of the mutants, indicating that mecha-
nism III did not contribute to the alleviation of {Al3+}PM
toxicity. By contrast, d2 was significantly negative for
each of the KO mutants, indicating that {Ca2+}PM
contributed to the alleviation of {H+}PM toxicity by mech-
anism III. The smaller negative value for d2 for STOP1-KO
suggested that Ca2+ alleviation by mechanism III
made a smaller contribution to alleviation in this
genotype.

Ca2+ Alleviation of H+-Induced Root Tip Damage in the
STOP1 Mutant

In low-Ca2+ solutions, H+ toxicity induces irreversi-
ble damage in the growing root tips of Arabidopsis.
Ca2+ (and borate) will alleviate this damage, perhaps
reflecting stabilization of pectic polysaccharides in cell
walls (Koyama et al., 2001). This alleviation, based on
stabilizing the cell wall, is an example of Ca2+ allevi-
ation by mechanism III in the STOP1-KO mutant. To
test this possibility, we compared root tip damage in
STOP1-KO and Col-0. Both genotypes exhibited root
tip damage within 90 min of exposure to a pH 4.7
solution containing 200 mM CaCl2; the damaged cells
were stained by propidium iodide that penetrated the
damaged PM and monitored by red fluorescence (Fig. 5).
Most of the root tips from both genotypes showed
damage in 200 mM CaCl2, but the degree of damage in
the STOP1-KO was greater than in Col-0. In addition,
alleviation of the damage in the STOP1-KO in 400 mM

CaCl2 was much less than in Col-0. This indicates that
STOP1-KO is likely to be defective in the mechanism of
proton tolerance that alleviated proton stress in Col-0
by mechanism III, which involves Ca alleviation of the
proton toxicity in the cell wall, but not at the PM
surface.

Al3+ Sensitivity of a Mutant with a More Negatively
Charged PM

The above experiments validate the reliability of the
SGCS electrostatic model to simulate Al toxicity in
moderately acidic conditions. It suggested that we could
use this model to find new genotypes with altered Al
sensitivity. Based on the SGCS electrostatics model, a
greater intrinsic negative charge at the PM surface
should enhance Al3+ sensitivity; this proposal has been
previously supported experimentally (Wagatsuma and
Akiba, 1989; Yermiyahu et al., 1997; Khan et al., 2009).

Figure 4. Three-dimensional scatterplots of RLs of AL3S-KO,
AtALMT1-KO, and STOP1-KO in various Al3+- and H+-rhizotoxic so-
lutions containing various concentration of CaCl2. RL was plotted
against computed {Al3+}PM and {H+}PM combinations at different {Ca2+}PM.
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To evaluate this hypothesis further, we compared the Al
tolerance of Col-0 with the Al tolerance of a mutant with
a more negatively charged PM. The pah1pah2 double
mutant has a defective phosphatidate phosphohy-
drolase and has been reported to maintain PM phos-
pholipids (the major negatively charged ligand in the
PM) under phosphate (Pi) starvation conditions
(Nakamura et al., 2009). By contrast, the Pi-starved Col-0
ecotype replaces phospholipids with other, less nega-
tively charged lipids, thereby recycling the now-limiting
Pi. This would make the pah1pah2 double mutant sen-
sitive to Al because of enhanced Al accumulation caused
by increasing PM surface negativity.

Col-0 and the pah1pah2 mutants were grown in so-
lution containing the same level of {Al3+}bulk with dif-
ferent levels of Pi. The pah1pah2 was more sensitive to
Al3+ than Col-0 in the absence of Pi (Fig. 6A). By
contrast, the two genotypes showed no significant
differences in Al tolerance when they were grown in a
solution containing 35 mM Pi, in which the PM surface
negativity and {Al3+}PM would be equal for the two
genotypes (Fig. 6A). These conditions (+P and –P)
produced differences in the P nutrient status, as judged
by the induction of typical Pi deprivation-inducible
biomarker genes (Fig. 6B). Additionally, root Al accu-
mulation determined via inductively coupled plasma
mass spectrometry (ICP-MS) was greater in pah1pah2
than in Col-0 in zero-Pi conditions (Fig. 6C). After in-
cubation in Al-rhizotoxic conditions, the root tips of
pah1pah2 showed brighter fluorescence than that of
Col-0 when stained with morin (an Al-detecting fluo-
rescent probe), while the pattern of Al accumulation
was different than that seen in the AtALMT1-KO that
lacks the malate exudation-based Al exclusion mech-
anism protecting the root apex (Fig. 6D). The pah1pah2
mutant should retain Al exclusion capacity depending
on AtALMT1, while it exhibited enhanced Al accu-
mulation in some parts of root tip. These characteris-
tics fit well to the expected phenotype of the pah1pah2
mutant.

In addition, the pah1pah2 mutant showed Al3+ sen-
sitivity that could be alleviated by nonalkalinizing Ca2+

in moderately acidic soil (Fig. 6E). It also showed evi-
dence for the involvement of Al rhizotoxicity under
moderate acidity, which could be determined by {Al3+}PM
and was alleviated by Ca. Taken together, these re-
sults support the claim that {Al3+}PM is the determi-
nant for Al3+ rhizotoxicity at the moderate acidity,
which was predicted by the calculations conducted

using the SGCS model and the molecular/physiological
experiments demonstrating that the sensitive phenotype
caused by increased PM surface negativity appears in
Ca-insufficient conditions.

Ameliorative Effect of Ca2+ in H+-Sensitive Accessions of
Arabidopsis Grown in Moderately Acidic Soil

Although sensitivity to Al and H+ toxicities was ob-
served in the sensitive mutant genotypes described above,
we felt it would be informative to survey the natural
variation for Al and H+ sensitivity. Also, it is known that
many of the problems on acidic soils in agriculture arise
from the introduction of sensitive species (and varieties) to
acidic soil environments. This can be mimicked by testing
the response of sensitive Arabidopsis accessions adapted
to nonacidic soil environments. Therefore, we compared
Al3+ and H+ sensitivity among 16 Arabidopsis accessions
from a group of 20 accessions for which full genomic se-
quences have been determined (Clark et al., 2007) to ex-
amine the occurrence of sensitivity when they are
introduced to the moderately acidic soil conditions used
in this study. We first screened these accessions on nu-
trient solution and identified accessions sensitive to 2 mM

Al at pH 5.2 (relative to 0 mM Al at pH 5.2; Fig. 7A, top)

Table I. Summary of statistics from regression analysis according to
Equation 2

ns, Coefficient in all genotypes were not significantly different from
zero at the 5% level.

Genotype r2 n c1 c2 d1 d2

ALS3-KO 0.814 99 20.158 ns 21.737 20.928
AtALMT1-KO 0.901 99 20.307 ns 21.136 20.635
STOP1-KO 0.882 99 20.203 ns 23.002 20.381

Figure 5. Ca2+ alleviation of H+ damage in root tips of wild-type Col-0
and STOP1-KO. Seedlings grown for 5 d in a control solution (pH 5.5)
were soaked in a solution containing 200 or 400 mM CaCl2 (pH 4.7) for
90 min and then stained with propidium iodide. Damaged cells show
red fluorescence.

186 Plant Physiol. Vol. 163, 2013

Kobayashi et al.



and accessions sensitive to zero Al at pH 5.0 (relative to
zero Al at pH 5.5; Fig. 7A, bottom). These findings suggest
that some of the accessions carry sensitivity to Al and H+

levels expected in moderately acidic soils. The two most
sensitive accessions, Lowkin-5 (Lov-5) and Bayreuth-0
(Bay-0), were then grown on moderately acidic soil (Fig.
7B). These H+-sensitive accessions showed growth sup-
pression in soil culture at moderate acidity (0.15 g CaCO3
per 100 g soil; pH 5.1). The accessions Lov-5 and Bay-0
were comparable in Al sensitivity, but Lov-5 was much
more sensitive to low pH. When both accessions were
grown on soil of moderate acidity, growth of Lov-5 was
more suppressed than Bay-0. This H+ sensitivity of Lov-5
wasmostly alleviated by the addition of 0.20 g CaSO4 (soil
pH 5.0; Fig. 7B); the Al sensitivity of Bay-0 (Al-sensitive
accession) was also alleviated. This indicates that soil at
pH 5.1 was intoxicating to sensitive genotypes because of
the toxic levels of both Al3+ and H+ in the soil and that Ca
fertilizer in the form of gypsum alleviated both stresses in
soils without elevating pH. Similar events are expected to
occur in sensitive crop genotypes if they are introduced
into moderately acidic soils with low Ca levels.

DISCUSSION

Prior to discussing these results, we will briefly ex-
plain why Al and H+ rhizotoxicities of moderately
acidic soils were predicted by the SGCS modeling in
wheat (Kinraide et al., 2004) and particularly in low-Ca
soils. The pH adjustment of soils or Al-containing

solution culture media has multiple chemical and
physiological effects. Figure 8 illustrates the multiple
effects of pH adjustment in solutions containing con-
stant CaCl2 (200 mM) and AlCl3 (0.5 mM). Elevating pH
decreases {Al3+}bulk (Al3+ activity in solution) but in-
creases the negativity of PM surface electrical potential
(cPM; Fig. 8A). This combination produced {Al3+}PM at
pH greater than 5 comparable to that seen at a lower
pH. The attraction of {Al3+}PM is reduced by {Ca2+}PM
(Fig. 8B), which induces an alleviating effect of Ca; this
means that low Ca levels increase toxicity. Growth
inhibition is regulated by these factors (Fig. 8C). Re-
actions of H+ are more complicated (as it can alleviate
Al toxicity), but we can simulate root growth using our
new model (Fig. 8C) that includes the growth sup-
pression in moderately acid pH values (pH. 5). These
Al and H+ toxicities are enhanced in Ca-insufficient
conditions.

As expected from the above analyses, we clearly
found Al and H+ toxicities in dilute (low Ca levels)
nutrient solutions at higher pH values (pH $ 5.0). All
of the sensitive KO mutant genotypes showed clear
sensitivity to Al and H+ at pH greater than 5 at low Ca
levels, despite being derived from Col-0, one of the
most Al-tolerant natural accessions (Kobayashi et al.,
2007; Fig. 7). In addition, by updating the SGCS
modeling method using the GEOCHEM-EZ speciation
software, we could successfully predict the {Al3+}PM of
Arabidopsis plants grown in medium containing
multiple nutrients. This allowed for the validation of
predictions (i.e. Al3+ and H+ toxicities at pH . 5)

Figure 6. Al resistance of Col-0 and pah1pah2
double mutant in Al-toxic solution in the pres-
ence or absence of Pi. A, Seedlings were grown
for 7 d in Al-toxic solutions ({Al3+}bulk, 0.54 or
1.08 mM) in zero (total Al added, 2 or 4 mM) or
35 mM Pi (total Al added, 5 and 9.7 mM) at pH 5.0.
Means of relative RL 6 SE are shown (n = 10).
Asterisks indicate the significance of difference
from Col-0 by Student’s t test (P , 0.05). B, Ex-
pression of Pi starvation-responsive genes in roots
of Col-0 grown for 7 d in solution in the presence
or absence of Pi, as used in root growth experi-
ments. Transcripts were determined by semi-
quantitative RT-PCR. UBQ1 transcript was used
as the internal control. C, Al content of roots of
Col-0 and pah1pah2 with Al stress treatment.
Seedlings were grown for 10 d in Al-toxic solu-
tions ({Al3+}bulk of 0.54 mM, total added Al, 2 mM)
with zero Pi at pH 5.0. Al concentration in the
roots was quantified using ICP-MS. Means 6 SE

(n = 4) are shown. Asterisks indicate the signifi-
cance of difference from Col-0 by Student’s t test
(P , 0.05). D, Morin staining of Col-0 and
pah1pah2 after incubation in Al-toxic solution for
24 h. Bar = 20 mm. E, Seedlings of Col-0 and
pah1pah2 were grown for 4 weeks on acidic
andosol fertilized with CaCO3 and a combination
of CaCO3 and CaSO4. Soil pH was determined.
Bar = 1 cm.
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derived from the wheat modeling studies, which were
generated using root growth inhibition as a sole cri-
terion of toxicity. The inhibition by Al in the sensitive
genotypes at pH greater than 5 was correlated with the
attraction of {Al3+} to the PM calculated by the SGCS
electrostatics model (Fig. 1) and was not affected by
the {Al3+} in bulk solution. This attraction was well
correlated with the induction of the Al-inducible bio-
marker genes, which again supports the concept that

the attraction of Al3+ to the PM surface and {Al3+} at the
PM surface are key aspects of Al toxicity (Fig. 3). The
induction of these genes was suppressed by increasing
{Ca2+}PM (reducing damage and {Al3+} attraction to the
PM) and was well correlated with growth recovery in
sensitive genotypes (Figs. 2 and 3). On the other hand,
H+ sensitivity appeared in H+-hypersensitive genotypes
at pH greater than 5 in low-Ca systems (Figs. 1 and 7).
These results validated the prediction of the modeling
method, which can explain Al and H+ toxicity of mod-
erately acidic soils in relation to Ca alleviation.

Toxicity at moderately acidic conditions occurred in
some of the naturally occurring Arabidopsis accessions,

Figure 8. Computed wheat seedling responses to pH adjustment of a
growth medium composed of 200 mM CaCl2 and 0.5 mM AlCl3. Pub-
lished models (Kinraide et al., 2004; Kinraide and Wang, 2010) were
used to compute solution species, PM surface electrical potential
(cPM), PM surface ion activities ({Al3+}PM, {Ca

2+}PM, and {H+}PM), and
growth responses. Total relative root elongation (RRE; on a scale of 0
to 100) was computed as 100 times the product of partial relative
root elongations (on a scale of 0 to 1) in response to individual ions
[RRETotal = 100(RRE{Ca2+}PM 3 RRE{H+}PM

3 RRE{Al3+}PM]. RRE{Ca2+}PM, RRE{H+}PM,

and RRE{Al3+}PM indicate relative root elongation in response to {Ca2+}PM,

{H+}PM and {Al3+}PM. The H+-induced reduction in the negativity of cPM

reduced the attraction of cations. Ca2+ activity in the solution was nearly
constant at 178 6 1 mM, but at lower pH values, {Ca2+}PM became
marginally insufficient. Despite the decline in {Al3+}bulk as pH increased,
the increasing negativity of cPM caused an increase in {Al3+}PM until it
reached a maximum at pH 5.0.

Figure 7. Comparison of sensitivity of Arabidopsis accessions to Al3+

and H+ rhizotoxicities at pH of at least 5.0. A, Seedlings were grown
hydroponically for 7 d in slightly H+-toxic (pH 5.0) and Al3+-toxic
(2 mM AlCl3 at pH 5.2) solutions and were compared with seedlings
grown in the control solutions (Al control: pH 5.2 and zero Al; pH
control: pH 5.5 and zero Al). Means of relative values 6 SE (n = 6) are
indicated. Asterisks denote a significant difference between the RL of
seedlings grown in the toxic solutions compared with those grown in
the control solutions (*P , 0.05, Student’s t test). B, Lov-5 and Bay-0
accessions grown for 4 weeks on acidic andosol fertilized with CaCO3

or combinations of CaCO3 and CaSO4. Soil pH (water) was also in-
dicated. Bar = 1 cm.
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which are naturally adapted to different environments.
The sensitive accessions displayed growth inhibition in
both hydroponic growth conditions and moderately
acidic soil (Fig. 7). This indicates that moderate soil
acidity could be a serious stress factor for sensitive crop
genotypes such as the introduction of accessions from
nonacidic soils into acid soil agriculture. The observed
sensitivity of these Arabidopsis accessions was explained
by {Al3+}PM, which remained at levels sufficiently high to
be intoxicating at pH greater than 5 (Figs. 7 and 8). This
can explain why a pH of 5.5 is commonly a target for the
pH amendment of acidic soils: pH 5.5 will eliminate acid
soil toxicity for all but a few hypersensitive cultivars.
This toxicity can be removed by increasing the Ca2+

concentration in soil solutions. This accounts for the ef-
fectiveness of the application of a nonalkalinizing Ca
fertilizer, such as gypsum, which is more soluble and
more penetrating than limestone, even though it does
not increase soil pH.
Modeling approaches help to uncover the mechanisms

of Ca alleviation (Fig. 4; Table I), which are different be-
tween toxicants or genotypes. We found that Al toxicity
can be alleviated by Ca2+ through electrostatic displace-
ment of Al3+ and restoration of Ca-required ligands, as
both of these processes occur at the PM surface (Fig. 2;
mechanisms I and II for Ca2+ alleviation; Kinraide, 1998).
Mechanism III alleviation (other unknown mechanisms)
did not seem to alleviate Al toxicity in any of the KO
mutants, which accounts for the previous modeling in
wheat (Kinraide, 2003). By contrast, mechanism III
appeared to alleviate H+ toxicity, but the effectiveness
appears to be small in the case of STOP1-KO (Table I).
This finding suggests that the hypersensitivity of STOP1-
KO reflects the absence of a strong mechanism III alle-
viation of H+ toxicity in this genotype. Where it does
occur, mechanism III alleviation of H+ may include Ca2+

stabilization of the cell wall (Koyama et al., 2001), which
involves stabilizing pectic residues in the rhamnoga-
lacturonan II (O’Neill et al., 2004) and polygalacturonic
acid (Carpita and Gibeaut, 1993) structures that require
Ca2+ for cross linking. These cross-linking processes are
pH dependent, and the Ca2+ demand increases greatly at
pH less than 5.0 (Koyama et al., 2001). The stop1 mutant
shows repressed expression of several genes that encode
proteins related to stabilization of pectic polysaccharides
such as polygalacturonase inhibitor protein1 that stabilize
polygalacturonic acid (Spadoni et al., 2006) and borate
transporter II that is critical for borate mediating pectin
stabilization (Sawaki et al., 2009). This suggests that the
STOP1-KO possesses a lower capacity for mechanisms of
cell wall stabilization that reduce damage in the root tips
under H+ toxicity (Fig. 5), which fits with the mechanism
III of Ca alleviation of proton toxicity (Kinraide, 1998).
These results were successfully predicted by our electro-
static modeling and regression analysis. Similar analyses
may be useful for the quantitative characterization of
additional genotypes with different types of Al3+ and H+

sensitivities.
Recent findings on Al sensitivity suggest that other

endogenous organic cations might play a similar role

to Ca in ameliorating Al toxicity. Nezames et al. (2012)
recently cloned an Al-sensitive Arabidopsis mutant
that has a defect in Al exclusion from the root and
found the gene encodes a putative nuclear localized
ribosomal biogenesis factor. The relevance of this find-
ing is that this Al-sensitive mutant has reduced levels
of polyamines and exogenous application of a cationic
polyamine, spermidine, restored Arabidopsis Al tol-
erance. Hence, it is possible that at least in Arabidopsis,
cationic polyamines synthesized in the symplasm and
released into the cell wall could also play a similar role
to Ca2+ in electrostatically reducing {Al3+}PM.

We identified a new Al-sensitive genotype that was
predicted by SGCS modeling of Al toxicity. Based on
the SGCS electrostatic model, we could expect enhanced
susceptibility in genotypes exhibiting increased nega-
tivity at the PM surface. This occurs in the pah1pah2
double mutant, which has greater amounts of phos-
pholipids in cell membranes under P-deficient condi-
tions; the mole percentage of phosphatidylcholine in
pah1pah2 is 23%, whereas it is 6% in Col-0 (Nakamura
et al., 2009). Phosphatidate phosphohydrolases release

Figure 9. Model for Al rhizotoxicity and Ca2+ alleviation in weakly
acidic conditions. Increased pH causes increased PM surface negativity
because of dissociation of H+ from acidic ligands such as phospholipids.
These effects increase {Al3+}PM despite reduced {Al3+}bulk. Ca

2+ additions
have little effect upon {Al3+}bulk but have large effects upon {Al3+}PM be-
cause of Ca-induced reductions of PM negativity.

Plant Physiol. Vol. 163, 2013 189

Al and H+ Toxicities in Moderate Acidity



Pi from PM phospholipids as one of the adaptive strat-
egies of plants to P deficiency. The lack of this capacity
in the mutant increased the negative charge at the PM
surface under P deficiency and, in turn, increased sen-
sitivity to increased {Al3+}PM. Similar Al sensitivity was
identified in rice (Oryza sativa) containing greater
amounts of phospholipid in the PM (Khan et al., 2009).
Although PM lipid composition may affect Al toler-
ance via other mechanisms such as Al permeability
(Wagatsuma et al., 2005; Ryan et al., 2007), PM surface
negativity associated with P recycling is a factor that in-
fluences Al tolerance in some plant species and varieties.

Use of the SGCS model in conjunction with molec-
ular physiology approaches has been shown here to be
useful for improving our knowledge of Al stress re-
sponses (tolerance and injury) in plants. For example,
{Al3+}PM-inducible gene expression was reduced by Ca2+

and was comparably reduced by Mg2+, which mimics
the electrostatic functions of Ca2+ (Fig. 3; Kinraide and
Wang, 2010). This suggests that PM ligands specific to
Al (possibly Al3+ sensors at the PM or Al3+-permeable
ligands that transport Al to the internal sensing mol-
ecule) may be involved in the processes required for
gene induction. This sensing system for the activation
of tolerance genes is likely sensitive enough to protect
the sensitive root tips at levels of {Al3+}PM too low
to initiate injury. In fact, at pH of at least 5.0, 2 mM

Al did not inhibit root growth of Col-0, but two
major genes for Al tolerance were induced by values
of {Al3+}PM (Fig. 3) that were comparable to, or lower
than, those causing growth inhibition in the KO mu-
tant of each gene (Fig. 2). Differential response of the
tolerance genes (AtALMT1 and ALS3) to {Al3+}PM
suggests that different pathways of Al3+ activation
trigger these genes. AtALMT1 is part of the Al exclusion
mechanisms that protect the roots from acute Al toxicity
(Hoekenga et al., 2006; Kobayashi et al., 2007), whereas
ALS3 is involved in the process of Al sequestration,
contributing to long-term Al tolerance (Larsen et al.,
1997, 2005). Further research that is integrated with
other factors, such as quantification of cellular Al con-
centrations, would be useful to clarify this possibility.

In conclusion, we present here experimental evidence
that reveals the existence of Al3+ and H+ toxicities in
moderately acid soils at pH of at least 5 andmechanisms
for Ca2+ alleviation of these toxicities. This was originally
predicted by a modeling approach using root growth
inhibition as the sole criteria of toxicity but is now
supported by additional data obtained by molecular
physiological analysis of these toxicities, which include
the use of Al-responsive biomarker genes. Our results
indicate that Al toxicity depends on ion activities at the
PM surface (Fig. 9). At pH greater than 5, {Al3+}bulk is
very small, but Al3+ is concentrated at the PM sur-
face because of attraction of the trivalent Al cation by
the negative charges of ligands such as phospholipids.
{Al3+}PM is the primary factor determining Al rhizotoxicity,
but it also regulates expression of Al-responsive genes,
thus suggesting that some receptor proteins, and/or Al-
permeable transporters that deliver Al to the cytosol and

localize at the PM surface, play roles in Al sensing. Both
Al3+ and H+ toxicities can be alleviated by Ca2+, but there
would likely be insufficient Ca2+ in many low-fertility
acid soils for effective alleviation (,200 mM Ca2+ at pH
5.05–5.14 and ,500 mM Ca2+ at pH 4.6; Adams and
Moore, 1983; Wright and Wright, 1987). Based on these
findings, we suggest that the application of gypsum,
which is much more soluble and more penetrating than
limestone, would have a positive, low-cost impact on
crop productivity in infertile, low-Ca2+ acid soils. This
fertilizer also can alleviate Al toxicity by forming the
Al(SO4)

+ complex that should be considerably less toxic
than Al3+ (Kinraide, 1997). In addition, breeding pro-
grams of acid soil-tolerant crops need to consider that
tolerant phenotypes may be affected by the Ca status in
the soils.

MATERIALS AND METHODS

Plant Materials

Arabidopsis (Arabidopsis thaliana) accession Col-0 (JA58) was obtained from
the RIKEN BioResource Center. The following 16 accessions were obtained
from the Arabidopsis Biological Resource Center: Bay-0 (CS22676), Borky-4
(Bor-4; CS22677), Burren-0 (Bur-0; CS22678), C24 (CS22680), Col-0 (CS22681),
Estland-1 (Est-1; CS22683), St. Maria d. Feria-0 (Fei-0; CS22684), Goettingen-7
(Got-7; CS22685), Landsberg erecta-1 (Ler-1; CS22686), Lov-5 (CS22695), Nfa-8
(CS22687), Shakdara (Sha; CS22690), Tammisari-2 (Tamm-2; CS22691), Tossa
de Mar-1 (Ts-1; CS22692), Tsushima-1 (Tsu-1; CS22693), and Vancouver-0 (Van-0;
CS22694). The SALK Arabidopsis transfer DNA insertion mutants of AtALMT1-KO
(SALK_009629), ALS3-KO (SALK_061074), and STOP1-KO (SALK_114108) were
also obtained from the Arabidopsis Biological Resource Center. AtALMT1-KO and
ALS3-KO were Al-sensitive mutants, while STOP1-KO was Al and H+ sensitive.
All gene KO lines were homozygous and identical to those used in the study
by Sawaki et al. (2009). The pah1pah2 double mutant, which shows increased
phospholipid content in PMs because of dysfunction of AtPAH1 and AtPAH2
under P-deficient conditions, was identical to that used in Nakamura et al. (2009).

Growth Tests in Hydroponic and Soil Cultures

Root growth tests in hydroponic culture were carried out as described
by Kobayashi et al. (2007). The medium was adjusted according to each
experiment. The basic test solution contained one-fiftieth-strength MGRL
nutrients without P (Fujiwara et al., 1992), while the CaCl2 concentration was
increased to 200 mM. The medium contained 1.34 mM Na-EDTA and 0.172 mM

FeSO4$7H2O. For the low-EDTA medium, Na-EDTA was reduced to 0.172 mM,
but FeSO4$7H2O remained at 0.172 mM. Al- and H+-rhizotoxic solutions were
prepared by adding 10 mM AlCl3$6H2O to give final concentrations of 0 to
6 mM Al at pH values 4.5, 4.7, 5.0, 5.2, or 5.5 adjusted with 0.1 N HCl and 0.1 N

NaOH. In experiments on Ca2+ and Mg2+ alleviation of Al and H+ toxicities,
CaCl2 and MgCl2 were added to the solution to give appropriate concentra-
tions. For comparing growth response of Col-0 and pah1pah2 double mutant in
relation to Pi, both seedlings were grown for 7 d in the Al-toxic solutions
containing same levels of {Al3+}bulk (0.54 or 1.08 mM), which were calculated
using GEOCHEM-EZ in the presence of 35 mM Pi (total Al added, 5 and 9.7
mM) or absence of Pi (total Al added, 2 or 4 mM) at pH 5.0. In all growth tests,
solutions were renewed every 2 d, and seedlings were grown for 7 d at 24°C6
2°C under a 12-h-light/12-h-dark photoperiod, with light supplied at a pho-
tosynthetic photon flux density of 37 mmol m–2 s–1. Fifteen seedlings of each
line (the wild type and mutants) were grown in each pot. We used the 10
longest roots from 15 seedlings for data analysis (this eliminated seedlings
from the experiment that failed to grow normally because of late germination).
RL measurements were used for analysis of phenotypes and nonlinear re-
gression analysis.

For soil culture, seedlings were grown for 4 weeks on an acidic andosol
containing large amounts of organic matter and phytotoxic Al; this was obtained
from the Kawatabi experimental farm at Tohoku University. The properties of
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these soils are well characterized and are frequently used in physiological ex-
periments of Al and proton toxicities (Ikka et al., 2007). The soil was fertilized with
both macro- and micronutrients as described by Kobayashi et al. (2005). CaCO3
was added at 0.15 and 0.4 g per 100 g dry soil, and CaSO4 was added at 0.20 g per
100 g dry soil. The soil pH (water) was measured as described by Ikka et al.
(2007).

Computation of Al3+ and H+ Rhizotoxicities

The free Al3+ concentration in complex culture solutions was calculated
using GEOCHEM-EZ (Shaff et al., 2010). Free ions in the bulk solution and
at the PM surface were calculated by a SGCS electrostatic model (Kinraide
and Wang, 2010). Growth data of the wild type and mutants (AtALMT1-KO,
ALS3-KO, and STOP1-KO) were obtained from experiments using more than
30 different combinations of Al, pH, and Ca. Data (obtained from the five longest
seedlings from 15 seedlings) were analyzed by nonlinear regression analysis
using MYSTAT12 (SYSTAT) to obtain coefficients for the equations (Eqs. 1 and 2)
used to fit curves to the data. The estimated value of a coefficient was con-
sidered significant if the 95% confidence interval did not encompass zero.

Expression Analysis of Al-Responsive Genes

Arabidopsis Col-0 was grown for 10 d in basal medium in the presence of
35 mM Pi as described previously (Kobayashi et al., 2007). The roots were
immersed in low-EDTA test solutions with or without 1 mM AlCl3 at pH 5.5
containing various final concentrations of CaCl2 and MgCl2. After 6-h incu-
bation, roots were collected and total RNA was extracted as described by
Suzuki et al. (2003). Total RNA was reverse transcribed to complementary
DNA using ReverTra Ace (Toyobo) with oligo(dT) primer, and then the ex-
pression levels of genes were determined by real-time PCR. Quantitative real-
time PCR was performed with Power SYBR Green PCR master mix and an
ABI PRISM 7000 instrument (Applied Biosystems). Data were analyzed using
the GeneAmp 7000 Sequence Detection System version 1.2 (Applied Biosys-
tems) according to the manufacturer’s protocol. Expression levels of each gene
were normalized to the expression level of UBIQUITIN1 (UBQ1). The expressions
of major Al-inducible Al tolerance genes, namely AtALMT1 and ALS3, were
quantified using specific primer pairs as follows: AtALMT1, 59-CACAGTTTTA-
CATGACGTTGATAATGAT-39 (forward) and 59-TCTTCATGTTTTTCATGGT-
TTGAGTT-39 (reverse); ALS3, 59-TATCGATCCTTGCCGGGACTTCA-39 (forward)
and 59-GCTTGTCTTGGCGTTGCTCCTA-39 (reverse); and UBQ1, 59-TCGTAAG-
TACAATCAGGATAAGATG-39 (forward) and 59-CACTGAAACAAGAAAAA-
CAAACCCT-39 (reverse). Transcript levels of Al-responsive genes were analyzed by
semiquantitative reverse transcription (RT)-PCR using gene-specific primers
(Supplemental Table S3). The amplified fragments from the early exponential phase
were stained with SYBR Green I (Molecular Probes) and visualized using a Ty-
phoon 9410 imager (Amersham Biosciences).

Morin Staining

Morin staining was performed following the method described by Tice et al.
(1992) using morin (Sigma). Briefly, Col-0, AtALMT1-KO, and pah1pah2 seedlings
that were grown for 5 d in basal media in the absence of Pi after 5 d of pregrowing
in 35 mM Pi-containing media were incubated in Al-toxic solution ({Al3+}bulk = 1.08
mM) for 24 h. The roots were stained with 100 mM morin for 15 min, rinsed by
distilled water, and then observed with a fluorescence microscope (Olympus BX51).

Quantification of Root Al Concentrations sing ICP-MS

Three sets of both Col-0 and pah1pah2 double mutants seedlings (about 150
seedlings each) were grown for 7 d under –P and +Al conditions (–P, 2 mM Al,
pH 5.0), and then the roots were excised and rinsed in distilled water. The root
samples were digested with concentrated HNO3 (2 mL; electronic chemical
grade; Kanto Chemical) and concentrated H2O2 (0.5 mL; semiconductor grade;
Santoku Chemical), and then digestate was dried using a DigiPREP digestion
apparatus (SCP Science). The samples were then solubilized in 3 mL of 2%
(v/v) HNO3 in ultrapure water. The root Al concentrations were analyzed
using ICP-MS according to manufacturer’s manual (ELAN DRC-e; Perkin Elmer).

Root Tip Viability

The viability of growing root tips after exposure to H+ stress was analyzed
as described by Koyama et al. (2001). Briefly, seedlings of STOP1-KO and

wild-type Col-0 were grown in stress-free culture solution (pH 5.5) for 5 d. The
roots of seedlings were then immersed in solutions with low pH (pH 4.7)
containing 200 or 400 mM CaCl2. After 90 min of treatment, roots were stained
with propidium iodide (3 mg mL–1) for 15 s and then observed under a fluo-
rescent microscope (IMT-2-21-RFL; Olympus) using a dichroic mirror unit
(IMT-2-DG; Olympus) and a density reduction filter (ND6; Olympus).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Al inhibition of root growth of Arabidopsis seed-
lings in hydroponic culture with different concentrations of EDTA.

Supplemental Table S1. List of Al-responsive genes expressing greater
induction in Col-0 treated with 25 mM Al than with 10 mM Al.

Supplemental Table S2. List of genes identified as being uniquely induced
by Al using a comparative microarray (Zhao et al., 2009) in which in-
duction in the wild-type lines treated with 25 mM Al was greater than in
wild-type lines treated with 10 mM Al.

Supplemental Table S3. Sequences of primers used for semiquantitative
RT-PCR.
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