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Stabilization of the levels of active oxygen species (AOS) is important to the survival of organisms.
To clarify the system controlling levels of AOS in plants, this study used an electron spin resonance
(ESR) method to directly measure superoxide radical (O2

•-) scavenging activities in the wild-type
Arabidopsis thaliana (Col and Ler ecotypes), two anthocyanin mutants (tt3 and ttg1), and an ascorbic
acid mutant (vtc1). Under ordinary growth conditions, Arabidopsis contained superoxide-scavenging
activity (SOSA) of ∼300-500 SOD units/g of fresh weight. The ESR pattern indicated that most
(40-50%) of this activity was due to ascorbic acid. For the analysis of SOSA under conditions of
oxidative stress, synthesis of AOS was induced by γ-irradiation. The radical scavenging activity in
irradiated plants increased ∼10-fold following an associated increase in the accumulation of ascorbic
acid and anthocyanin. The accumulation of ascorbic acid and anthocyanin was suppressed by
treatment with an antioxidant before irradiation and was induced by treatment with a radical-generating
reagent. The contributions of ascorbic acid and anthocyanin to the total superoxide radical scavenging
activity differed among ecotypes. In the Ler ecotype, ascorbic acid accumulated at twice the level of
that in the Col ecotype, and induction of anthocyanin was half that in Col. To confirm the activity of
ascorbic acid and anthocyanin against AOS stress, the viability of the wild type and mutants (tt2, tt3,
tt5, ttg1, and vtc1) was examined after γ-irradiation. Only the plants in which ascorbic acid and
anthocyanin were induced had the ability to grow and flower.
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INTRODUCTION

Active oxygen species (AOS) (O2•-, H2O2, OH, LOO•, L•,
LOOH, LO•, etc.) are generated by autoxidation, enzymatic
oxidation, photosensitization, and the reaction of metallo-
enzymes with oxygen, ozone, water, unsaturated fatty acids, and
many other materials in vivo. The highly reactive AOS exert
various effects on organisms by oxidizing biological materials.
In animals, AOS have been shown to cause aging, cancer,
Alzheimer’s disease, cataracts, and blood circulation disorders
(1-5). AOS are induced by stress (UV, radioactive irradiation,
etc.) and produced by the electron transport system of mito-
chondria and can damage cells and tissues. There are two kinds
of antioxidative systems: (1) systems such as Mn-SOD, Cu/
Zn-SOD, Fe-SOD, glutathione peroxidase, and catalase and (2)

systems that produce antioxidants (ascorbic acid, ubiquinone,
cysteine,â-carotene,R-tocopherol, etc.) (6-10). Although these
systems exist to eliminate AOS, organisms also have AOS-
generating systems. Active oxygen-evolving systems include
the enzymes NADH dehydrogenase, NADPH-cytochromec
reductase P-450, and NADPH oxidase, which are, respectively,
used as a transmitter in signal transduction, an oxidative
substance for energy production, and a bactericidal substance
in defenses against pathogens (11, 12). Therefore, controlling
the levels of AOS is important to maintain homeostasis. In
plants, various defense systems are also needed to eliminate
the AOS generated in chloroplasts and tissues by the photo-
synthesis process and by environmental stresses. Because it is
impossible for plants to escape from an environmental stress,
they have developed ways to synthesize and store various
antioxidants to adjust the concentrations of AOS (in particular,
to remove excessive AOS). Various stresses (strong light,
drought, wounding, UV irradiation, radioactive irradiation,
disease, etc.) (13-16) induce the synthesis of flavonoids that
act as scavengers of the AOS induced by these stresses (17-
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22). In addition to inducing flavonoids, factors such as germina-
tion, flowering, UV irradiation, and ozone stress induce the
accumulation of ascorbic acid, which also acts as a radical
scavenger (23).

In this paper, we analyze the mechanisms regulating the
concentration of AOS (O2•-) in Arabidopsis. We used electron
spin resonance (ESR) spectroscopy to quantify the superoxide
radical (O2

•-) scavenging activity (SOSA) of the plants of
ordinary and oxidative stress conditions. To analyze the SOSA,
plants were subjected toγ-irradiation to produce AOS. The
radical scavenging activity in irradiated plants increased to∼10
times the usual level with a concurrent increase in the storage
of ascorbic acid and anthocyanin, indicating that AOS also
activated the synthesis of ascorbic acid and anthocyanin.

MATERIALS AND METHODS

Arabidopsis Strains and Growth Conditions. The wild-type
Arabidopsis strains that we used were the Columbia (Col) and
Landsbergerecta(Ler) ecotypes. The Arabidopsis Research Center (The
Ohio State University, Columbus, OH) provided seeds of the mutants
tt3, tt4, tt5, ttg1, andVtc1. Sterilized seeds were sown on a 1% agar
medium containing 1/2×Murashige and Skoog basal salts (Sigma),
2% sucrose, 100 mg L-1 inositol, 1 mg L-1 thiamin, 0.5 mg L-1

nicotinic acid, and 0.5 mg L-1 pyridoxine and were grown under
continuous illumination (400-500µW m-2 s-1) at 21 °C.

ESR Measurements.We used a free radical monitor (JES-FR30;
JEOL, Tokyo, Japan). Manganese oxide provided a constant signal to
which all peak heights were compared: a sample peak height was
divided by the MnO peak height to give relative peak height.

ESR measurements were conducted under the following condi-
tions: magnetic field, 335.6( 5 mT; power, 4 mW; microwave
frequency, 9.41 GHz; modulation amplitude, 100 kHz; 0.63× 0.1 mT;
response time, 0.1 s; amplitude, 1× 250; and sweep time, 2 min. ESR
spectra were measured at room temperature. Data from the ESR
spectrometer were analyzed with a computer program (version 5.2 for
JES-FR30).

Whole bodies of plants were crushed in a mortar with liquid nitrogen,
freeze-dried, and dissolved in a 0.1 M potassium phosphate buffer (pH
7.4). After centrifugation at 6000g for 10 min, solutions were diluted
for appropriate concentrations and used as sample solutions.

Spin-trapping methods for superoxide radicals were based on the
methods of Rosen et al. (24). Superoxide anions were generated by a
hypoxanthine (HPX)-xanthine oxidase (XOD) system. A solution of
50 µL of 4 mM HPX, 50µL of sample solution, 20µL of 4.5 M 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO; Labotec, Tokyo, Japan) as a
spin-trapping agent, and 50µL of XOD (Boehringer-Mannheim) (0.4
unit mL-1) was prepared in a 0.1 M potassium phosphate buffer (pH
7.4). This was then transferred to a 130-µL-capacity flat cell (LC-12),
and the ESR spectra of the DMPO-OO•- spin adduct were analyzed.
SOSA was expressed as SOD equivalent units per milligram.

Extraction and Quantification of L-Ascorbic Acid. Extraction and
measurement ofL-ascorbic acid was performed according to the
methods of Beutler et al. using anL-ascorbic acid analysis kit
(Boehringer Mannheim).L-Ascorbic acid and oxidized ascorbic acid
were extracted from whole plants with an extraction buffer containing
the tetrazolium salt 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium
bromide (MTT). The fresh weight and number of plants were measured,
and the material was crushed in a mortar with an aliquot of the
extraction buffer.L-Ascorbic acid was reduced by MTT in the presence
of the electron carrier 5-methylphenazinium methosulfate (PMS) at pH
3.5 to formazan. The reducing substances were measured in the cuvette.

Adding ascorbate oxidase (AAO) to the sample blank oxidatively
removes only theL-ascorbate. The dehydroascorbate formed does not
react with MTT or PMS.

The optical density (OD) of the sample minus the OD of the sample
blank is equivalent to the quantity ofL-ascorbate in the sample. The
concentration of MTT-formazan is the measured parameter and is
determined by light absorbance at 578 nm.

The volume of oxidative ascorbate acid was also measured with the
same system after dehydration. We measured the OD at 578 nm after
treating the extract with PMS, AAO, and DTT. The differences in values
were normalized according to the weight of plants.

γ-Irradiation. Eighteen days after germination, when the fifth leaf
had expanded fully, the plants growing on the agar medium were
irradiated withγ-rays from a cobalt-60 source in aγ cell irradiator
(3.0 kGy h-1, 1300 TBq; Nordion, ON, Canada). After irradiation, the
plants were grown alongside un-irradiated plants under the same
conditions as before.

Treatment with Reagents. Nordihydroguaiaretic acid (1 mM;
NDGA), 1 mM n-propyl gallate (n-PG), 10 mML-ascorbic acid, and
1 mM pyrrolidine dithiocarbamate (PDTC) were used as antioxidants,
and 2µM methyl viologen (paraquat) was used as an active oxygen
generator. The treatment was as follows: 100µL of aqueous solution
was spread on the surface of the culturing agar once a day for 3 days
before γ-irradiation. Treated plants were grown and irradiated with
γ-rays under the same conditions as for the untreated plants. After
γ-irradiation, both types of plants were grown under the same
conditions.

Extraction and Measurement of Anthocyanin.Anthocyanin was
extracted from the whole plant body with an extraction buffer containing
propanol/HCl/H2O (18:1:81). The plants, once the fresh weight had
been measured, were crushed in a mortar with an aliquot of the
extraction buffer. The extract was boiled for 3 min and incubated
overnight at 25°C. The ODs at 535 and 650 nm were measured. The
difference between these two values was normalized according to the
fresh weight.

Northern Blot Analysis. Total RNA was extracted from the whole
plant by Isogen (Nippongene). PolyA+RNA was purified by Oligotex-
dT (Super) (Daiichi Chemical) and electrophoretically separated on
1.4% agarose-2.2 M formaldehyde gels in a MOPS buffer. RNA was
blotted onto a nylon filter with 20× SSC for 12-16 h and fixed by
heating at 80°C for 2 h. Northern hybridization was done with32P-
labeled probe DNA, and the filter was washed in 0.1× SSC at 65°C.
chalcone synthase (CHS) and phenylalanine ammonia-lyase (PAL)
probes were synthesized by PCR amplification of genomic DNA. The
sequence (2317-3309) corresponding to the second exon of CHS
(Accession no. M20308; Feinbaum and Ausbel, 1988) and the sequence
corresponding to the second exon of PAL (Accession no. L33677) were
amplified and labeled withR-32P-dCTP using a Megaprime labeling
kit (Takara Shuzo). Autoradiograms were analyzed with an image
analyzer (BAS-2000, Fuji).

RESULTS AND DISCUSSION

Radical Scavenging Activities of Normally Grown Wild
Types and Mutants. To examine the AOS control system in
vivo, we measured SOSA by ESR spectroscopy. ESR has an
advantage over the conventionally used chemiluminescence
method in that it can detect superoxide-scavenging activity by
directly measuring the amount of radicals. In the ESR spectra,
the peaks of the DMPO adduct compounded with a superoxide
anion radical (DMPO-OO•-) decreased as addition of plant
extract increased (Figure 1A). This pattern of reduction can be
quantified in terms of SOD units by using a standard SOD
concentration-measuring curve. The spectra inFigure 1A were
obtained from the spectra of two types of spin adduct: the hfcc
values for one of the spin adducts wereaN ) 1.41 mT,aH

â )
1.14 mT, andaH

γ ) 0.13 mT; the hfcc values of the other spin
adduct wereaN ) 1.49 mT andaH

â ) 1.49 mT. With the
addition of an excess volume of plant extract, the superoxide
peaks disappeared and new peaks appeared (indicated by

L-ascorbate (x-H2) + MTT+98
PMS

dehydroascorbate (x)+ MTT-formazan+ H+

L-ascorbate+ 1/2 O298
AAO

dehydroascorbate+ H2O
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arrows). The pattern and value of the peaks are identical to those
of ascorbic acid (25-28). These peaks were not observed when
the plant extract was pretreated with ascorbic acid oxidase, and
only a small peak was observed when the extract was prepared
from the Vtc1 (low at the ascorbic acid synthesizing ability)
mutant (Figure 1B). Theg value and hyperfine coupling of the
double peaks in the spectra were 2.0058 and 0.170 mM,
respectively, suggesting that these peaks can be assigned to the
ascorbic acid radical (DMPO-ascorbic acid). Comparing the

radical scavenging activities of ascorbic acid oxidase-treated
and untreated plant extracts can clarify the contribution of
ascorbic acid to the total radical scavenging activity.

The total radical scavenging activities of the two wild types,
the two anthocyanin mutants, and the ascorbic acid mutant under
normal growth conditions are compared inFigure 1C; the
contribution of ascorbic acid to total radical scavenging activity
is also indicated. Col and Ler showed a difference in the amount
of total activity, but the contributions of ascorbic acid were

Figure 1. Superoxide radical scavenging activity in Arabidopsis: (A) ESR pattern of the radical scavenging reaction of the Arabidopsis extract; (B) ESR
pattern of the scavenging reaction of plant extracts treated with ascorbic acid oxidase (an arrow indicates the peak for ascorbic acid); (C) radical
scavenging activity in Arabidopsis wild-type plants (Col, Ler) and mutants (ttg1, tt3, and vtc1). The shaded boxes indicate the radical scavenging activity
due to ascorbic acid and the open boxes indicate other radical scavenging activity.
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almost the same. In thett3 and ttg1 mutants, the contribution
of ascorbic acid increased, but inVtc1 the contribution of
ascorbic acid was very low. Therefore, under ordinary condi-
tions, most (40-50%) of the SOSA (300-500 SOD units/g of
fresh weight) was due to ascorbic acid.

Oxidative Burst by γ-Irradiation Increases the Ascorbic
Acid Level. To analyze the mechanism controlling the con-
centrations of AOS, we administered a massive dose ofγ-rays
(1-3 kGy) to the plants and then analyzed biochemical
phenomena and changes in radical scavenging activities.γ-Ir-
radiation causes the formation of AOS by water radiolysis, but
becauseγ-irradiation is an abiotic stress in nature, plants might
not have a specific signal transduction system to defend against
it. Figure 2A shows the dose dependency of ascorbic acid
accumulation on the fourth day after irradiation. When plants
were irradiated with>1 kGy, ascorbic acid accumulated to a
level of several times that under normal conditions. The
accumulation of ascorbic acid increased withγ-irradiation, up
to dosages of 2 kGy in Ler and 1.5 kGy in Col. At this dosage,
the amount of ascorbic acid was∼5-10 times that in un-
irradiated plants. At 2.5 kGy, the amounts of ascorbic acid began
to drop, possibly due to the induction of senescence in the plants.
The temporal pattern of ascorbic acid accumulation (Figure 2B)
shows that after 2 kGy irradiation, ascorbic acid began ac-
cumulating within 2 days and, on the fourth day after irradiation,

peaked at∼4-6 times the amount at day 0; it had dropped to
almost half the peak amount by days 5 and 6, retaining this
level for >2 weeks. The amounts of ascorbic acid accumulated
in Ler were about twice those in Col.

We also analyzed the amount of oxidized ascorbic acid. It
increased markedly (∼10-20-fold) immediately afterγ-irradia-
tion, and it decreased markedly by the fifth day (Figure 2C).
Under normal conditions, the ratio of oxidized ascorbic acid to
ascorbic acid ranges from<1% to ∼10%; afterγ-irradiation,
the ratio increased to about 1:1 before dropping to normal levels
within 5 days. The increase in oxidized ascorbic acid indicates
direct oxidation by the AOS.

A difference in the degree of accumulation of oxidized
ascorbic acid was observed between Col and Ler(Figure 2C).
On the first day afterγ-irradiation, there was almost the same
volume of oxidized ascorbic acid in Col and Ler, but on the
third day, the amount of oxidized ascorbic acid in Ler was∼1.5
times higher than in Col. Because the two plant ecotypes have
almost the same shape and size, the volume and species of the
generated AOS should be almost identical. Therefore, it seems
reasonable that, after the radiolysis reaction, the amounts of AOS
generated and reacted with ascorbic acid were at first the same.
The difference in the amount of oxidized ascorbic acid between
the two ecotypes a few days after irradiation suggests that
different systems are involved in the scavenging of long-life

Figure 2. Accumulation of ascorbic acid induced by γ-irradiation: (A) dose-dependent accumulation of ascorbic acid (amount of ascorbic acid 4 days
after irradiation is plotted against γ-irradiation dosage); (B) temporal pattern of ascorbic acid accumulation; (C) temporal pattern of accumulation of
oxidized ascorbic acid; (D) temporal pattern of total ascorbic acid accumulation [accumulated amount of ascorbic acid is plotted against the period after
irradiation (2.0 kGy)].
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AOS. The total (oxidized plus nonoxidized) ascorbic acid
increase was∼5-fold (Figure 2D). Here we can see that Ler
contains and is induced to synthesize more ascorbic acid than
Col. Thus, in terms of ascorbic acid synthesis, Ler is more active
than Col.

Anthocyanin Also Acts as an Antioxidant. γ-Irradiation
induces another radical scavenging system. We observed the
accumulation of a purple pigment in leaves and petioles 2-3
days after irradiation and, on the basis of the absorbency
spectrum at OD 535 nm and the results of flavonoid mutant
analysis, concluded that the purple pigment was an anthocyanin.
The dose dependency of anthocyanin accumulation on the fourth
day after irradiation is shown inFigure 3A. The accumulation
of anthocyanin increased withγ-irradiation up to a dosage of
1.5 kGy. At this dosage, the amount of anthocyanin was∼10-
20 times that in un-irradiated plants. Anthocyanin amounts began
to drop at 2.0 kGy, possibly due to the induction of senescence
in the plants. The temporal pattern of accumulation is shown
in Figure 3B (1.5 kGy irradiation). The accumulation began
within 2 days of irradiation and peaked on the fourth day. The

peak amount of anthocyanin was∼10-20 times that on day
zero and dropped to almost half the peak amount by days 5
and 6, remaining at this level for>2 weeks. The difference
between Col and Ler in the degree of accumulation of
anthocyanin is clear; the amount of anthocyanin in Col is about
twice that in Ler. To examine the transcriptional regulation of
the genes related to anthocyanin biosynthesis, we conducted a
Northern blot analysis of the key enzymes PAL and CHS
(Figure 3C). Both transcripts were first detected 12 h after
irradiation, with a peak at 24 h, continuing until 60 h, thereby
revealing that the anthocyanin was induced via the ordinary
synthesis pathway. We thus showed that, although the ac-
cumulation of anthocyanin remains at half the peak level for
>2 weeks, it is not maintained by continuous induction of
synthesis but rather by the accumulated anthocyanin not
decomposing. The mRNA levels of these enzymes were
undetectably low during normal growth conditions, and it took
12 h for the transcriptional induction of these genes after
irradiation. These findings are consistent with those of other
stress treatments, such as exposure to high-intensity light and
low temperature. We found that anthocyanin is induced more
in Col than in Ler; thus, contrary to the ascorbic acid induction,
Col is more active than Lerin anthocyanin synthesis.

Anthocyanin Synthesis Is Induced by Generation of AOS.
To examine whether the synthesis of anthocyanin is a response
to the generation of AOS, we treated plants with antioxidants
prior to the γ-irradiation or with AOS-generating reagents
(Table 1). We treated the plants with ascorbic acid and three
antioxidant reagentssnordihydroguaiaretic acid (NDGA), pyr-
rolidine dithiocarbamate (PDTC), andn-propyl gallate (n-PG).
An aqueous solution of each was added to the basal region of
the plants once a day for 3 days before irradiation. As indicated
in Table 1, treatment with NDGA andn-PG reduced the
accumulations of anthocyanin after irradiation to 65 and 36%
of that in untreated plants, respectively. We also examined the
response of plants to methyl viologen (paraquat), an AOS-
generating reagent. After absorption by the plant, paraquat
accumulates in the chloroplasts. Under illumination, one electron
is captured by paraquat and transferred to an oxygen molecule
to form a superoxide radical. As indicated inTable 1, the
treatment with paraquat induced an accumulation of anthocyanin
that was 82% the level inγ-irradiated plants. These findings
suggest that the induction of anthocyanin biosynthesis following
γ-irradiation is a response to the generation of AOS.

Ascorbic Acid and Anthocyanin Are the Main Radical
Scavengers in the Plants.To examine the effects of ascorbic
acid and anthocyanin, we used ESR to measure the SOSA of
theγ-irradiated plants. The temporal patterns of the scavenging
activities (Figure 4A) are almost identical to the patterns of
ascorbic acid and anthocyanin accumulation afterγ-irradiation
(Figures 2B and 3B). Flavonoids exhibit radical scavenging

Figure 3. Accumulation of anthocyanin induced by γ-irradiation; (A) dose-
dependent accumulation of anthocyanin (amount of anthocyanin 4 days
after irradiation is plotted against γ-irradiation dosage); (B) temporal pattern
of anthocyanin accumulation [accumulated amount of anthocyanin is plotted
against the period after irradiation (1.5 kGy)]; (C) Northern blot analysis
of PAL and CHS in γ-irradiated Arabidopsis [at the indicated time points
after irradiation (1.5 kGy), 10 µg of polyA+RNA from whole plants was
extracted, electrophoretically separated, blotted onto a nylon membrane,
and hybridized with 32P-labeled DNA probes, which were prepared by
PCR amplification according to information from the DNA database].

Table 1. Effect of the Antioxidant and Paraquat Treatment to the
Ecotype Col on the Accumulation of Anthocyanin Irradiation by γ-Ray
(2 kGy)

anthocyanin O
at 535 nm

ratio
(%)

control (Col) 0.124 ± 0.012
γ-irradiation (2.0 kGy) 2.456 ± 0.524 100
n-PG + γ-irradiation 0.880 ± 0.360 36
NDGA + γ-irradiation 1.032 ± 0.123 42
PDTC + γ-irradiation 1.596 ± 0.160 65
ascorbic acid (50 mM) + γ-irradiation 1.000 ± 0.123 40
paraquat (2 µM) 2.020 ± 0.600 82
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activity because of their polyphenol structures and their ability
to chelate iron. Ascorbic acid also has a structure that can accept
an additional electron. The increased radical scavenging activity
in the irradiated plants can be attributed to the increased
accumulation of ascorbic acid and anthocyanin. Theγ-ray-
induced antioxidant activity in the wild-type plants was∼10-
20 times higher than usual. In the anthocyanin mutants (tt3 and

ttg), antioxidant activity increased to twice the usual amount,
owing to a 2-fold increase in the storage of anthocyanin. The
ascorbic acid mutant (Vtc1) also showed a small increase in the
amount of radical scavenging activity. Therefore, both ascorbic
acid and anthocyanin are effective in scavenging AOS. We also
measured radical scavenging activities of plant extracts after
treatment with ascorbic acid oxidase and calculated the ratio of
ascorbic acid scavenging activity to anthocyanin scavenging
activity (Figure 4B). The results showed that the concentration
of AOS in plants was adjusted mainly by the synthesis of
ascorbic acid or of both ascorbic acid and anthocyanin in
proportion to the volume of AOS generated. However, there
was a difference between the Ler and Col ecotypes in the levels
of ascorbic acid and anthocyanin used as antioxidants. Although
the total radical scavenging activities were almost the same,
Ler contained twice as much ascorbic acid as Col contained
under normal conditions, and AOS stimulation induced the
synthesis of only small quantities (half the amount) of antho-
cyanin. This shows that the ecotypes differ in their usage of
the two substances as antioxidants.

Increase in Antioxidant Activity Makes Plants Resistant
to Oxidative Stress.To examine whether the increase in radical
scavenging activity is actually responsible for the elimination
of AOS and whether it is advantageous for survival, the
viabilities of the wild type, the anthocyanin mutants (tt3, tt4,
tt5, andttg1), and the ascorbic acid mutant (Vtc1) were compared
afterγ-irradiation. The wild type formed more leaves than the
mutants and continued to grow and develop flowers (Table 2).
In comparison with the anthocyanin mutants (tt3, tt4, tt5, and
ttg1) and the ascorbic acid mutant (Vtc1), the antioxidant activity
of the wild types appears to be increased by the synthesis of
ascorbic acid and anthocyanin and to provide strong resistance
to the active oxygen stress caused by long-life AOS. In addition,
the plants that were intermittently administered antioxidant (n-
PG) and ascorbic acid beforeγ-irradiation showed greater
viability than the wild type, thus revealing the necessity of AOS
elimination by radical scavenging activity for survival after
irradiation. The ratios and quantities of antioxidant material
under normal conditions and those induced by stress cor-
responded to the status and frequency of stress from AOS in
the plant habitats, and the antioxidant materials were important
for the survival of the organism.

In plants, AOS arise as a general physiological response.
Although AOS are created to a large extent by stresses such as
UV irradiation and strong light, systems such as the pathogen
signal transduction system also generate AOS. Therefore, a
system to stabilize the concentration of AOS is indispensable.
A massive dose ofγ-irradiation (1-3 kGy) to Arabidopsis
thaliana induces disruption of the stamen, accumulation of
anthocyanin, formation of trichomes on the adaxial surface of
the leaves, radial expansion of the root epidermal and cortical
cells, and extension of root hairs (29). These changes are all
mediated by the AOS generated by water radiolysis. Therefore,
for the normal generation and function of these organs, signal
transduction of AOS at a moderate concentration is necessary,
and plants have developed sophisticated systems to synthesize
and accumulate radical scavenging materials to control AOS.
In this experiment, we analyzed the total radical scavenging
activity of plants by ESR. Under ordinary conditions,Arabi-
dopsis contained 500-600 SOD units/g of fresh weight of
radical scavenging activity throughout the whole plant.γ-Ir-
radiation experiments revealed that AOS stress increased radical
scavenging activity by 10-20 times. Plants control radical
scavenging activity with two compoundssascorbic acid and

Figure 4. Superoxide radical scavenging activity in γ-irradiated Arabi-
dopsis: (A) temporal pattern of the radical scavenging activity [after
γ-irradiation (2.0 kGy), plants were harvested on the days indicated and
prepared for measurement of radical scavenging activity by ESR]; (B)
changes in radical scavenging activities in γ-irradiated Arabidopsis [on
the fourth day after γ-irradiation (2.0 kGy), plants were harvested and
prepared for measurement of radical scavenging activity; the open boxes
indicate ascorbic acid activity, and the shaded boxes indicate anthocyanin
and other radical scavenging activities].

Active Oxygen Species J. Agric. Food Chem., Vol. 51, No. 10, 2003 2997



anthocyanin. The AOS were usually controlled by ascorbic acid
alone, but when the plants were faced with a large amount of
AOS, both ascorbic acid and anthocyanin were utilized. Of the
total radical scavenging activity, ascorbic acid accounted for
40-50% under normal conditions and 20-30% under condi-
tions ofγ-irradiation. In the radical scavenging reaction, ascorbic
acid reacts with and quenched the radical (30-32). Ascorbic
acid is widely used as a radical scavenger in both animals and
plants. In animals, a deficiency of ascorbic acid is correlated
with cancer and other diseases (2, 33, 34). In plants, ascorbic
acid is used not only for oxidative stress but also during
germination and rooting (23,35). Because ascorbic acid is
recycled by a dehydrate reaction with tocopherol, the amount
of this vitamin is easily controlled (36). Plants accumulate
several times the volume of ascorbic acid that animals ac-
cumulate. Because ascorbic acid does not absorb light energy,
it does not interfere with photosynthesis. Its solubility in water
and high chemical reactivity are other explanations of why
ascorbic acid is widely used as a radical scavenger in both
animals and plants.

Anthocyanin was also detected as a major radical scavenger.
Ordinarily it accumulates at a low level, butγ-irradiation
induced a 10-20-fold increase. Inγ-irradiated plants, antho-
cyanin accounted for 40-50% of the total radical scavenging
activity. Anthocyanin synthesis is induced by various stresses,
including UV irradiation, drought, strong light, and pathogen
attack. This capacity to be induced by multiple factors indicates
that anthocyanin is used as a radical scavenger for many
oxidative burst phenomena. Although anthocyanin is a strong
scavenger of O2•-, the pathways for its dehydration and
recycling are not as effective as those for ascorbic acid.
Anthocyanin is stored in vacuoles, and it interferes with light
absorption when it accumulates in photosynthesis organs such
as leaves. Although anthocyanin helps to protect leaf tissues
from the effects of UV irradiation, plants produce anthocyanin
for scavenging AOS only in an emergency. Plants use ascorbic
acid and anthocyanin depending on the species and the amount
of AOS. Because induction and accumulation of ascorbic acid
and anthocyanin takes 2-3 days, both systems are effective
against long-lived radicals, but not against the first attack of
short-lived radicals, which on average last<1 s. Nevertheless,
the accumulation of both ascorbic acid and anthocyanin is
usually effective for elimination of short-lived radicals, because
stresses usually continue to attack the plant body. Under normal
conditions, the degree of radical scavenging activity shown by
ascorbic acid directly reflects the plant’s sensitivity and
resistance to AOS stress induced by environmental conditions.
The induction of ascorbic acid and anthocyanin synthesis
probably provides maximum resistance to oxidative stress. Either

too much or too little sensitivity to oxidative stress can be life
threatening. Thus, the maximum level and the threshold of
synthesis and induction of anthocyanin and ascorbic acid are
regulated according to the occurrence and strength of the
oxidative stresses, which in turn depend on environmental
conditions.

This study also revealed a difference in the radical scavenging
systems of the ecotypes Ler and Col. These ecotypes both
contained approximately the same amount of total radical
scavenging activity, but the rate at which ascorbic acid and
anthocyanin increased under ordinary conditions and after
γ-irradiation differed between the types. The total amounts of
anthocyanin and ascorbic acid and the ratios between them also
differed with ecotype. Because the habitats of the two ecotypes
seem the same, we speculate that the differences originated from
their different characteristics. These two ecotypes have several
unique characteristics (e.g., life cycle and body plan). Trichome
formation is observed after the increase in AOS caused by
γ-irradiation (30). It may be relevant that Ler, which contains
more ascorbic acid than Col, has fewer trichomes (fewer than
one-third the number in Col) and a higher threshold forγ-ray
induction of trichome formation. We also suggest that these
differences in phenotype between the two ecotypes are caused
by both anthocyanin synthesis and trichome formation being
controlled by the same gene (ttg) that is involved in signal
transduction. This may be the key to understanding the control
of the radical scavenging system in the two ecotypes. The
genome ofArabidopsishas been completely sequenced. There-
fore, comparing the differences in genomic sequence between
the two ecotypes may provide information on the regulatory
mechanism behind the environmental response. Studying these
basic mechanisms may supply useful knowledge about both
basic and pragmatic aspects. Currently, we are analyzing a signal
transduction system for the stimulation of AOS.
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