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To date, a number of studies have documented the toxic impacts of 
Al ions on roots,1 hypocotyls2 and germinating pollens.3 It has been 
proposed that early effects of Al toxicity at the root apex, such as 
those on cell division, cell extension or nutrient transport, involve 
the direct intervention of Al on cell function.4 In addition to intact 
plants, the cell suspension cultures derived from model plant spe-
cies such as tobacco (Nicotiana tabacum) have been frequently 
employed for elucdating the molecular component involved in the 
mechanism of metal toxicity5,6 and Al phytotoxicity.7,8

One key factor required for Al cytotoxicity is the generation 
of reactive oxygen species as observed in various materials.9 We 
found that Al3+ and other trivalent cations added to tobacco cells 
trigger the apoplastic generation of cytotoxic superoxide (O

2
•-).5,10 

While earlier studies suggested the involvement of mitochon-
drial oxidative burst as the source of Al-induced ROS,11 our data 
were indicative of the involvement of NADPH oxidases (plant 
respiratory burst oxidase homologs, rbohs), since the Al-induced 
O

2
•- has been shown to be sensitive to an inhibitor of NADPH 

oxidase.10,12 Therefore, involvement of the rbohs in acute O
2

•- gen-
eration induced by Al3+ has been suggested10 by analogy to pre-
viously reported phenomena with various trivalent cations such 
as lanthanide ions (Ln3+).5 Despite pharmocological implications, 

to date, a number of studies have documented the toxic impacts of al ions in plant cells. one of the key factors required 
for al cytotoxicity is the generation of reactive oxygen species (roS). here we observed that al treatments of suspension-
cultured Arabidopsis thaliana cells resulted in biphasic superoxide generation monitored with chemiluminescence. 
among six respiratory burst oxidase homologs (Atrbohs) coding for plant naDPh oxidase, AtrbohD was shown to be 
the only gene responsive to al. as the expression of AtrbohD was rapid and long-lasting (1 min to 24 h). al-induced 
superoxide generation, AtrbohD expression and cell death were all inhibited by naDPh oxidase inhibitor and superoxide 
dismutase. interestingly, al-induced AtrbohD expression and cell death were inhibited in the mutant and transgenic cell 
lines lacking salicylic acid biosyhthesis and accumulation (sid2 and nahG). involvements of salicylic acid signaling in al-
induced AtrbohD expression and cell death development were also confirmed by the use of npr1 mutant cells and NPR1-
overexpressing cells. taken together, there would be a loop of Sa signaling and Sa-dependent expression of AtrbohD 
gene leading to prolonged roS production and cell death development in the al-exposed arabidopsis cells.
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no molecular biological data on Al-responsive rbohs has been 
reported to date.

In many occasions in plant responses to biotic and abiotic 
stresses including plant-microbe interactions, the involvement 
of rbohs in burst of ROS production has been documented.13 It 
has been suggested that plant cells naturally respond to a defense-
related hormonal molecule, salicylic acid (SA), by inducing the 
rboh-dependent oxidative burst.14 Such rboh-dependent bursts in 
ROS production induced by SA is likely a late response that fol-
lows the earlier events involving apoplastic peroxidase-dependent 
acute O

2
•- generation.15,16

Here we show the molecular genetic evidence that Al treatment 
results in expression of an NADPH oxidase-coding gene known as 
AtrbohD, through SA signal transduction pathways, by employing 
the cell lines derived from Arabidopsis thaliana mutants lacking SA 
synthesis or SA-dependent signaling factors.

Suspension-cultured cells of Arabidopsis thaliana with ecotype 
Columbia backgroud namely wildtype (cell line, Col-0), mutants 
(cell lines, sid2 and npr1) and transgenic cell lines (cell lines, 
NahG, overexpressing bacterial SA hydroxylase; NPR-Ox, over-
expressing NPR1 gene) were used for assessing the impact of Al 
treatement.
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TE baffer (10 mM Tris-HCl [pH 8.0], 1 mM EDTA [pH 8]) and 
added with phenol and CIA (each 0.2 ml). The sample was then 
centrifuged at 14,000x g for 10 min at 4°C. To the upper phase 
collected in a new tube, 0.2 ml of CIA was added and centrifuged 
at 14,000x g for 10 min at 4°C. To the upper phase collected in 
a new tube, 1/10 volume of 3 M sodium acetate (pH 5.2) and 2 
volume 100% EtOH were added and mixed. The sample was 
then centrifuged at 14,000x g for 10 min at 4°C. The obtained 
pellet was washed with 50 μl of 70% EtOH and centrifuged at 
14,000x g for 10 min at 4°C. The pellet was dried and dissolved 
by 10 μl of diethylpyrocarbonate (DEPC)-treated water.

For RT-PCR, the genomic DNA concomitantly present in 
the total RNA preparation was digested with Cloned DNase I 
(RNase-free; TaKaRa BIO). Briefly, digestion was performed 
for 10 μg of total RNA dissolved in DEPC-treated water 
(with 5 μl of 10x DNase buffer, 20 units of RNaes Inhibitor, 10 
units of DNase I; total vol., 50 μl), by incubating for 30 min at 
37°C. Onto the solution, further DEPC-treated water (50 μl) 
and phenol/chloroform (1:1; 100 μl) were added and mixed. 
Following centrifugation at 14,000x g for 10 min at 4°C, the 
upper phase was collected in a new 1.5 ml tube and added with 
10 μl of 3 M sodium acetate and 250 μl of 100% EtOH. The 
sample was again centrifuged at 14,000x g for 10 min at 4°C to 
collect the pellet (which was washed with 50 μl of 70% EtOH 
and centrifuged at the same condition). Lastly, the obtained pel-
let was dried and dissolved in 10 μl of DEPC-treated water.

Prior to RT-PCR, the first-strand cDNA synthesis was per-
formed using 2 μg of total RNA and SuperScriptTM III Reverse 
Transcriptase (Invitrogen, Carlsbad, CA). The reaction mixture 
in each PCR tube contained 1 μl of 50 mM oligo(dT)20, 4 μl 
of 10 mM dNTP mix and 2 μg of total RNA in 13 μl of dis-
tilled water. The tube was heated at 65°C for 5 min and cooled 
down at 4°C for 1 min using Program Temp control System 
PC-320 (ASTEC, Fukuoka, Japan). The solution was added with 
4 μl of 5x First-strand synthesis buffer, 1 μl of 0.1 M DTT, 1 
μl of RNaseOUT Recombinant RNase Inhibitor and 1 μl of 
SuperScript II RT (200 units/μl) and heated to 50°C and kept 
for 60 min. The reaction was terminated by heating at 70°C for 
15 min and 4°C for 15 min. The obtaiend cDNA solution was 
used for subsequent PCR.

PCR was performed by using 60 ng of first-strand cDNA and 
Takara Ex TaqTM (TAKARA BIO INC.). The primers used were 
listed in Table 1. For each sample, 30 cycles of PCR were per-
formed with denaturing at 94°C for 1 min, annealing for 1 min 
and elongation at 72°C for 1 min.

These cell lines were propagated in MS liquid medium 
(pH- 5.8) containing 30 mg/ml sucrose, 400 μg/ml myo-inosi-
tol, 4 μg/ml nicotinic acid, 4 μg/ml pyridoxine-HCl, 40 μg/ml 
thiamine-HCl and 0.2 μg/ml of 2,4-dichlorophenoxyacetic acid 
at 23°C with shaking on a gyratory shaker in darkness and sub-
cultured once a week with a 5% (v/v) inoculum. The cells har-
vested three days after subculturing were used for experiments.

For Al treatment, AlCl
3
 was first dissolved in water and diluted 

with the same volume of 2x culture medium supplemented with 
40 mM K-phosphate buffer (pH 5.8). To compare the effect of 
metal salts at the physiologically normal pH, the cells were sus-
pended in the culture medium supplemented with K-phosphate 
buffer (pH 5.8) and incubated for at least half an hour prior to 
addition of AlCl

3
. Then the cell suspension (0.2 ml) was added 

with solutions (0.2 ml) of AlCl
3
.

Generation of O
2

•- in cell suspension culture was monitored 
by chemiluminescence of Cypridina luciferin analog as described 
previously in reference 15. The O

2
•--specific chemilumines-

cence was measured with a luminometer (Luminescensor PSN 
AB-2200-R, Atto, Tokyo) and expressed as “rlu.”

Al-induced cell death in the cell suspension culture was deter-
mined by staining the dead cells with Evans blue (0.1%, w/v) by 
mixing and incubating the cells and the dye for 30 min. Unless 
indicated, 1 h of post-Al incubation was employed prior to addi-
tion of the dye to the cells. Then stained cells were observed 
under microscopes (SMZ800 and Labophoto, Nikon, Tokyo, 
Japan; VHX-100, Keyence, Tokyo, Japan). For statistic analysis, 
3–4 different digital images of cells under the microscope (each 
covering 50–100 cells to be counted) were acquired and stained 
cells were counted.

RNA extraction was generally performed by using phenol/
SDS and LiCl. The treated cell (0.1 g) was frozen in liquid N

2
 and 

ground using pestle and mortar. The ground cell was transfered 
to a 1.5 ml plastic tube and added with 0.3 ml of extraction buf-
fer (100 mM Tris-HCl, pH 8, 100 mM EDTA, 100 mM LiCl, 
1% SDS), 0.3 ml of phenol and 0.3 ml CIA (chloroform:isoamyl 
alcohol at 24:1). The sample was centrifuged at 14,000x g for 
10 min at 4°C. Supernatant was transfered to a new 1.5 ml tube 
and added with 0.3 ml of phenol and 0.3 ml of CIA. Then the 
sample was centrifuged at 14,000x g for 10 min at 4°C. The upper 
phase was again transfered to a new 1.5 ml tube and added with 
1/3 volume 10 M LiCl. Then the sample was incubated for 2 h at 
-30°C and centrifuged at 14,000x g for 30 min at 4°C. The pellet 
was dissolved in 0.8 ml of 2 M LiCl and centrifuged at 14,000x g 
for 10 min at 4°C. The resultant pellet was dissolved in 0.4 ml of 

Table 1. List of primers used for rt-PCr

Gene studied Forward primers Reverse primers

Actin2 Ctt aCa att tCC CGC tCt GC Gtt GGG atG aaC CaG aaG Ga

AtrbohA CCa GGa Gat GaC taC CtC GaC aCG tGt tCC tGa CaC

AtrbohB GGa Cta CGt CGa Gat CaC Gat aCG atG tCa atG CCG

AtrbohC att GGa CaC GaG CtC tCa aaG G GCG aCt tCG ttC att atG ttC

AtrbohD atG aaa atG aGa CGa GGC aat tC GGa taC tGa tCa taG GCG tGG CtC Ca

AtrbohE Gtt aCt GaG GtC GGa atC GtC ttG atG Gta aGC aGC

AtrbohF Ctt CCG ata tCC tCC aaC Caa CtC GaG att GCC ttt ata Cta taa GtG
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In order to examine the involvement of SA signaling pathways 
in the cells of Arabidopsis thaliana, the cell lines lacking SA syn-
thesis (transgenic NahG cell line and sid2 mutant cell line) and 
the cell lines with altered SA-dependent signaling factors (npr1 
mutant cell line and transgenic NPR1-overexpressing cell line, 
NPR-Ox) were used for comparison. No expression of Atrboh 
genes could be observed in sid2, NahG and npr1 cells regardless 
of the presence of  Al (Fig. 2A). In contrast, in the NPR-Ox cells, 

Following addition of Al3+, an acute genera-
tion of O

2
•- was observed in wild-type cell line 

(Col-0). As previously reported for tobacco 
cells, an increase in chemiluminescence 
reflecting an acute Al-induced generation of 
O

2
•- was also confirmed in Arabidopsis cells. 

The yield of chemiluminescence was shown to 
be sensitive to the presence of two O

2
•- scav-

engers, Fe(III)-EDTA and Cu, Zn-superoxide 
dismutase (SOD) and an inhibitor of NADPH 
oxidase, diphenyleneiodonium chloride (DPI), 
suggesting the involvement of Al-activated 
O

2
•- generating reaction catalyzed by NADPH 

oxidase (Fig. 1A and B). Since the reaction 
observed here was immediate following Al 
treatment, no involvement of gene expression 
is likely required but pre-existing NADPH 
oxidase may take place. Interestingly, follow-
ing above rapid response, the cells showed 
gradual increase in O

2
•- generating capacity 

spending a few hours (Fig. 1C and D). Effect 
of high Al dose (1 mM) could be observed only 
in the rapid phase since this concentration 
of Al was shown to be highly toxic and cell 
death was induced with time. Therefore we 
examined the induced expression of NADPH 
oxidase-coding genes in response to 0.1 mM 
Al treatment.

In Arabidopsis thaliana, six NADPH oxi-
dase-coding genes (designated as AtrbohA-F) 
are known.17 Among Atrbohs, AtrbohA, B and 
C are known to be expressed only in the roots, 
especially in the elongating regions. AtrbohE 
is reportedly expressed in seeds and roots. 
AtrbohD and F are known to be expressed sys-
temically in the plants.

Here, expression of Atrbohs was examined 
in the presence and absence of Al (Fig. 2). 
Among Atrboh isoforms, only AtrbohD was 
shown to be responsive to Al treatment. In 
addition, the expression of AtrbohD was shown 
to be both rapid (Fig. 2B, upper) and long-last-
ing (Fig. 2B, lower). It is noteworthy that the 
Al-induced expression of AtrbohD was shown 
to be sensitive to treatments with DPI and 
SOD (Fig. 2C), thus supporting our view that 
initial immediate oxidative burst catalyzed 
by Al-activated pre-existing NADPH oxidase 
triggers the subsequent induction of AtrbohD 
expression further contributing to the prolonged oxidative burst. 
Furthermore, timing of inhibitor addition is also important. 
Addition of DPI at 10 min after Al addition resulted in partial 
expression of AtrbohD (data not shown), suggesting the impor-
tance of the early phase oxidative burst catalyzed by preexisting 
NADPH oxidase.

Figure 1. induction of o2
•- generation in Arabidopsis thaliana cell suspension culture by alCl3. 

(a,B) typical traces of alCl3-induced immediate o2
•- generation and effect of inhibitor and 

scavengers, namely 1 mM diphenyleneiodonium chloride (DPi), 0.2 mM Fe(iii)-EDta and 
5,000 units/ml SoD. (C,D) typical traces of alCl3-induced increase in CLa-chemiluminescence 
reflecting the prolonged production of o2

•- in Arabidopsis thaliana cells. Error bars reflect the 
mean and SD, (n = 3).
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One of the likely consequences of Al-induced oxidative burst 
is induction of cell death. Following Al treatment, increase in 
cell death was observed (Fig. 3). Addition of NADPH oxidase 
inhibitor (DPI; Fig. 3A) and O

2
•--scavenger (SOD, Fig. 3B) 

5 min prior to Al treatment resulted in partial inhibition of 
Al-induced cell death. However, addition of these chemicals 10 

Al-induced expression of AtrbohD was shown to be enhanced 
while no expression of other Atrboh isoforms were observed. 
Above data clearly demonstrated that Al-induced AtrbohD 
expression requires the presence of SA biosynthesis and SA sig-
naling. Taken together, there would be a loop of SA signaling 
and SA-dependent expression of AtrbohD gene leading to pro-
longed ROS production in the Al-exposed cells.

Figure 2. rt-PCr analysis of al-responsive gene expressions in cell 
suspension. typical rt-PCr profile of gene expressions in al-treated cell 
suspension is shown. total rna was isolated from cell suspension and 
then rt-PCr was performed. Actin was used as an internal control. (a) 
Suspension-cultured cells of Arabidopsis thaliana with ecotype Colum-
bia backgroud namely wildtype (cell line, Col-0), mutants (cell lines, sid2 
and npr1) and transgenic cell lines (cell lines, NahG, overexpressing bac-
terial Sa hydroxylase; NPR-Ox, overexpressing NPR1 gene) were treated 
with 0.1 mM alCl3 for 3 h. (B) Cell suspension was treated with 0.1 mM 
alCl3 for assessing the rapid and long-lasting gene expression. upper, 
treated with 0.1 mM alCl3 for 0, 1, 5, 15, 30, 60 min. Lower, treated with 
0.1 mM alCl3 for 0, 1, 2, 3, 6, 12, 24 h. (C) Cell suspension were treated 
with 1 mM DPi and 5,000 units/ml SoD for 5 min before treatment with 
0.1 mM alCl3 for 3 h.

Figure 3. al-induced cell death in suspension cultured cells. (a) Effect of 
DPi treatment on the al-induced cell death. Cell suspension was treated 
with 1 mM DPi for 5 min before and 5, 10 min after addition of 0.1 mM 
alCl3. (B) Effect of SoD treatment on the al-induced cell death. Cell sus-
pension was treated with 5,000 units/ml SoD for 5 min before and 10 
min after addition of 5 and 10 mM alCl3. (C) Dose-dependent progress 
of cells death after the al treatment. Cells suspension were treated with 
0.01, 0.1, 1 mM alCl3 for 6 h. Cell death after 6 h of al treatment was 
judged by Evans blue staining under microscopes. Each data point and 
error bar reflect the mean and SD, respectively (n = 3).
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the cell death and other downstream responses, to be mediated 
through SA biosynthesis and signaling by inducing the expres-
sion of rbohD. The SA-dependently activated or induced rbohD 
may further contribute to the oxidative burst (SA/rboh loop).
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min after Al treatment showed no inhibitory 
effect (Fig. 3A and B), suggesting that ROS 
production in the early phase of Al response 
plays a key role in the Al-dependent induction 
of cell death.

Furthermore, in the sid2 mutant cells and 
NahG transgenic cells both lacking the accu-
mulation of SA, the level of Al-induced cell 
death was partially but significantly lower 
than that in wild-type cells (Fig. 3C), con-
firming that, at least partially, SA is involved 
in Al-induced cell death mechanism.

There are number of classical studies sug-
gesting that NADPH oxidase from human 
neutrophils can be directly activated by metal 
cations. For instance, binding of monovalent 
and divalent cations reportedly results in spon-
taneous increase in the O

2
•- generating activity 

of the membrane-bound enzyme.18,19 There is 
a possibility that cation treatment of plant cells 
directly activates the O

2
•--producing activity 

of pre-existing NADPH oxidase via similar 
manners that proposed for human neutrophil 
enzyme. In the case of Al response, the action 
of Al could be also indirect, possibly through 
the action of cytosolic Ca2+ since activation of 
AtrbohD by Ca2+ has been recently reported in 
reference 17. In fact, addition of Al to tobacco 
cells reportedly results in transient increase in 
cytosolic Ca2+ concentrations via activation of 
TPC1-type calcium channel.7,10,12 However, 
alternative mechanisms independent from calcium action are also 
likely to be involved since the Al-induced oxidative burst (CLA 
chemiluminescence) apparently precedes the changes in cytosolic 
Ca2+ concentrations (monitored with aequorin luminescence).10 
Thus, the mechanism for immediate action of cations including 
Al3+,10 and Ln3+,5 on O

2
•- production can be both direct and indi-

rect. These points must be critically discussed in the future study 
based on further data.

Lastly, we wish to propose a model for Al-dependent signal-
ing path (Fig. 4). The series of signaling events is initiated by 
acute ROS production stimulated by Al, subsequently leading to 

Figure 4. a model for mechanism of al action in Arabidopsis thaliana cell suspension culture. 
Sa signaling is activated in downstream of roS. atrbohD expression requires the naDPh 
oxidase-mediated oxidative burst and Sa-dependent signaling.
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