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Abstract When seedlings of rice (Oryza sativa L.) cul-

tivar Pant-12 were raised in sand cultures containing 80

and 160 lM Al3+ in the medium for 5–20 days, a regular

increase in Al3+ uptake with a concomitant decrease in the

length of roots as well as shoots was observed. Al3+

treatment of 160 lM resulted in increased generation of

superoxide anion (O2
–) and hydrogen peroxide (H2O2),

elevated amount of malondialdehyde, soluble protein and

oxidized glutathione and decline in the concentrations of

thiols (-SH) and ascorbic acid. Among antioxidative

enzymes, activities of superoxide dismutase (SOD EC

1.15.1.1), guaiacol peroxidase (Guaiacol POX EC

1.11.1.7), ascorbate peroxidase (APX EC 1.11.1.11),

monodehydroascorbate reductase (MDHAR EC 1.6.5.4),

dehydroascorbate reductase (EC 1.8.5.1) and glutathione

reductase (EC 1.6.4.2) increased significantly, whereas the

activities of catalase (EC EC 1.11.1.6) and chloroplastic

APX declined in 160 lM Al3+ stressed seedlings as com-

pared to control seedlings. The results suggest that Al3+

toxicity is associated with induction of oxidative stress in

rice plants and among antioxidative enzymes SOD, Gua-

iacol POX and cytosolic APX appear to serve as important

components of an antioxidative defense mechanism under

Al3+ toxicity. PAGE analysis confirmed the increased

activity as well as appearance of new isoenzymes of APX

in Al3+ stressed seedlings. Immunoblot analysis revealed

that changes in the activities of APX are due to changes in

the amounts of enzyme protein. Similar findings were ob-

tained when the experiments were repeated using another

popular rice cv. Malviya-36.
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Abbreviations

chl-APX Chloroplastic ascorbate peroxidase

APX Ascorbate peroxidase

AsA Ascorbic acid

CAT Catalase

DHAR Dehydroascorbate reductase

Guaiacol POX Guaiacol peroxidase

GR Glutathione reductase

GSH Glutathione

MDA Malondialdehyde

MDHAR Monodehydroascorbate reductase

SOD Superoxide dismutase

Introduction

Aluminum is a major factor reducing crop production in

acid soils throughout the world (Kochian 1995; Pereira et al.

2006). Al preferentially accumulates in the root tips; it

affects cell wall and plasma membrane characteristics,

enhances Fe mediated peroxidation of lipids, oxidation of

proteins (De Gara et al. 1993), interferes with signal

transduction (Arroyo-Serralta et al. 2005) and binds directly

to DNA or RNA (Simonovicova et al. 2004). Inhibition of
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root growth is one of the earliest and most dramatic

symptoms exhibited by plants suffering from Al3+ toxicity

(Kochian 1995; Ma et al. 2004; Wang and Kao 2006). When

roots of growing plants are exposed to Al3+, an Al-specific

signal transduction occurs between roots and shoots that

leads to myriad of toxicity symptoms in shoots (Cakmak

and Horst 1991). Although Al itself is not a transition metal

and cannot catalyze redox reaction, the involvement of

oxidative stress in Al-toxicity has been suggested in many

plant species (Cakmak and Horst 1991; Jones et al. 2006).

Even without an external supply of Fe, enhanced peroxi-

dation of lipids is observed due to Al in pea (Pisum sativum)

roots (Yamamoto et al. 2001). As Al induces the expression

of diverse genes in plant species like wheat, maize, sugar-

cane, tobacco, Arabidopsis and many of these genes encode

antioxidant enzymes such as glutathione S-transferase,

peroxidase, superoxide dismutase (SOD; Ezaki et al. 2000;

Simonovicova et al. 2004) a strong correlation appears

between Al toxicity and oxidative stress in plants (Boscolo

et al. 2003; Watt 2004).

To defend against oxidative damage, plants possess non-

enzymic and enzymic antioxidants, which play an impor-

tant role in regulating the concentrations of reactive oxygen

species (ROS). Among ROS scavenging enzymes SOD

removes O2
– by disproportionating it to H2O2 and O2 and

exists in three isoforms. These isoforms include a copper-

zinc containing protein, sensitive to CN– and predomi-

nantly presented in chloroplast, a CN– insensitive Mn-SOD

predominantly associated with mitochondria and a CN–

insensitive Fe-SOD located in chloroplast (Ushimaru et al.

1999). H2O2 produced is directly eliminated by catalase in

peroxisomes and by guaiacol peroxidase (Guaiacol POX)

in cytosol, vacuole, cell wall as well as in extracellular

space. H2O2 is eliminated by the action of ascorbate–glu-

tathione cycle involving successive redox reactions of

ascorbate, glutathione and NADPH, which are catalyzed by

ascorbate peroxidase (APX), monodehydroascorbate

reductase (MDHAR), dehydroascorbate reductase (DHAR)

and glutathione reductase (GR) in concert (Noctor and

Foyer 1998). In plant cells ascorbate–glutathione cycle has

been shown to operate in cytosol and all organelles in

which ROS detoxification is needed (Edjolo et al. 2001;

Kuniak and Sklodowska 2005). Unlike O2
– and H2O2 other

ROS such as 1O2 and OH are detoxified mainly through

non-enzymic reactions involving antioxidant molecules

including ascorbate and glutathione in hydrophilic envi-

ronment and a-tocopherol and carotenoids in membranes

(Noctor and Foyer 1998).

Many reports suggest that the proportion of oxidative

cellular damage in plants exposed to abiotic stress is

controlled by the capacity of antioxidant system (Noctor

and Foyer 1998). Rice serves as a staple food for the

majority of world population. Aluminum toxicity is one of

the major factors limiting rice production in acid soils and

in flooded soils with pH less than 5.0 (Dobermann and

Fairhurst 2000). Although the implication of the oxidative

stress in aluminum toxicity is well documented in roots of

other plant species (Cakmak and Horst 1991; Boscolo

et al. 2003), to date very little information is available on

the involvement of oxidative stress in the photosynthetic

organ, i.e., shoots. In recent years many research groups

have studied the effect of aluminum toxicity in different

plant systems, yet the effect of aluminum toxicity in terms

of content of ROS and ascorbate–glutathione cycle has

not been studied in detail. Therefore, the present study

was undertaken with the objectives to examine the effect

of increasing concentrations of Al3+ in sand cultures on

uptake of Al3+, content of ROS, possible induction of

oxidative stress and the status of antioxidant defense

system including ascorbate–glutathione cycle in roots as

well as shoots of growing rice plants. The isoenzymic

profile of major H2O2 decomposing enzyme APX was

also examined in aluminum-stressed seedlings. To get

further insight into the regulation of expression of cyto-

solic and chloroplastic APX genes, their protein products

were studied by immunoblot analysis using a specific

monoclonal antibody. To the best of our knowledge this is

the first report where increase in the APX activity under

aluminum toxicity has been related to the increase in the

corresponding protein amount and appearance of new

isoenzymes.

Materials and methods

Plant material and stress condition

Seedlings of a commonly grown rice cultivar of India Pant-

12 were used for conducting all the experiments. Similar

experiments were performed using another rice cv. Mal-

viya-36. Seedlings were raised for 20 days in plastic pots

containing purified quartz sand saturated with nutrient

solution consisting of 500 lM Ca(NO3)2, 500 lM KNO3,

250 lM NH4NO3, 125 lM MgSO4, 11 lM H3BO3, 2 lM

KH2PO4, 2 lM FeCl3, 2 lM MnCl2, 0.35 lM ZnCl2 and

0.2 lM CuCl2 as described earlier (Richharia et al. 1997).

Sand cultures were maintained at pH 4.5. Nutrient solution

served as control and nutrient solution supplemented with 1

and 5 mM Al2(SO4)3 served as treatment solutions. As the

amount of available toxic Al species is related to the ionic

strength of the nutritive solution the actual concentrations

of toxic Al3+ in the treatment solution were determined

using aluminon reagent (Hsu 1963). Aluminon acetate

buffer was prepared by diluting 120 ml glacial acetic acid

to 900 ml with water and adding 24 g NaOH. In the

resulting solution 0.35 g aluminon was added, and diluted
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to 1 l. The pH of the solution was maintained at 4.5. In a

quartz cuvette (1 cm path length) 1 ml sample was pipetted

and to it 0.7 ml aluminon reagent was rapidly added and

absorbance was monitored after 60 s at 540 nm in a

Bausch and Lomb Spectronic 20 Spectrophotometer.

Treatment solution containing 1 and 5 mM Al2(SO4)3 thus

corresponded to 80 and 160 lM of active Al3+ respec-

tively. Pots were maintained in a green house at 28 ± 1�C

with 80% relative humidity and 12 h light/dark cycle

(irradiance 40–50 lmol m–2 s–1). For the determination of

Al content, 10 mm roots from the bottom and whole shoots

were used, whereas for the rest of the studies whole roots

and shoots were used.

Determination of root, shoot length

and aluminum uptake

To examine the effect of Al3+ on growth of root and shoot,

seedlings were uprooted at 5, 10, 15 and 20 days and length

of roots and shoots were determined based on ten random

samplings in triplicate. Aluminum was estimated in roots

and shoots of 10- and 20-day-old rice seedlings according

to Yamamoto et al. (1994) using atomic absorption spec-

trophotometer (ELICO SL 173, India).

Measurement of superoxide anion (O2
–)

and hydrogen peroxide

The rate of superoxide anion production was measured by

observing the autooxidation of epinephrine in terms of rate

of adrenochrome formation (Mishra and Fridovich 1972).

Formation of O2
– was expressed as DA (480 nm min–1 g–1

tissue fresh weight). Amount of H2O2 was measured col-

orimetrically using titanium sulfate. H2O2 content was

calculated using extinction coefficient 0.28 mM–1 cm–1

and was expressed as nmol g–1 tissue fresh weight (Jana

and Chaudhuri 1981).

Estimation of lipid peroxides, total soluble

protein and thiol

The concentration of lipid peroxidation products was

determined in roots and shoots in terms of thiobarbituric

acid reactive substances (TBARS) according to Heath and

Packer (1968). An extinction coefficient 155 mM–1 cm–1

was used to quantify the concentration of lipid peroxides

together with the oxidatively modified proteins and ex-

pressed as nmol g–1 fresh weight. Total soluble protein was

quantified according to the method of Bradford (1976)

using bovine serum albumin (Sigma) as standard. Protein

thiol content and non-protein thiol content were determined

according to the method of deKok and Kuiper (1986).

Assay of antioxidant enzymes

For extraction of SOD about 200 mg of fresh root and

shoot samples were homogenized using prechilled mortar

and pestle in 5 ml of 100 mM potassium phosphate buffer

(pH 7.5) containing 1.0 mM EDTA, 0.1 mM Triton X-100

and 2% polyvinyl pyrrolidone (PVP). The contents were

centrifuged at 22,000g for 10 min at 4�C. The supernatant

was dialyzed in cellophane membrane tubings against the

cold extraction buffer for 4 h with three to four changes of

the buffer, and after dialysis in the supernatant the SOD

was assayed according to the method of Mishra and

Fridovich (1972). One unit of SOD activity is expressed as

the amount of enzyme required to cause 50% inhibition of

epinephrine oxidation under the experimental conditions.

Activities of different isoforms of SOD were assayed in

presence of 3 mmol l–1 KCN (Fe-SOD) and 5 mmol l–1

H2O2 (Mn-SOD) in reaction mixture (Giannopolitis and

Ries 1972).

The extraction medium for catalase was similar to that

of SOD except that 50 mM Tris–NaOH buffer (pH 8.0)

was used. The activity of catalase was assayed according to

the method of Aebi (1983). The rate of H2O2 decomposi-

tion was measured at 240 nm (extinction coefficient of

0.036 mM–1 cm–1) and enzyme specific activity was ex-

pressed as lmol H2O2 oxidized min–1 mg–1 protein.

Guaiacol peroxidase was extracted in 5 ml of cold

50 mM Na-phosphate buffer (pH 7.0) and assayed

according to the method of Egley et al. (1983). The enzyme

specific activity was expressed as lmol H2O2 reduced min–

1 mg–1 protein. The extraction media for MDHAR, DHAR

and GR were similar to that of SOD. MDHAR activity was

assayed according to Hossain et al. (1984). The reaction

was followed by measuring the decrease in absorbance at

340 nm due to NADH oxidation. The activity of DHAR

was determined according to Doulis et al. (1997). The

enzyme specific activity was expressed as lmol dehydro-

ascorbate reduced min–1 mg–1 protein. The activity of GR

was assayed according to Foyer and Halliwell (1976). The

enzyme specific activity was expressed as nmol NADPH

oxidized min–1 mg–1 protein.

Ascorbate peroxidase was extracted in 5 ml of 50 mM

potassium phosphate buffer (pH 7.8) containing 1 mM

ascorbic acid, 1 mM EDTA and 2% PVP added fresh just

prior to use. The activity of APX was assayed according to

Nakano and Asada (1987) using assay mixture containing

50 mM potassium phosphate buffer (pH 7.0), 0.2 mM

ascorbic acid, 0.2 mM EDTA, 20 lM H2O2 and 50 ll

enzyme extract in a total volume of 1 ml. The enzyme

specific activity was expressed as lmol ascorbate oxidized

min–1 mg–1 protein.

To study chloroplastic ascorbate peroxidase (chl-APX),

chloroplasts were isolated from leaves of seedlings
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according to the method of Atal et al. (1991). Freeze-thaw

extracts of chloroplasts were prepared and chloroplastic

APX was assayed as described earlier. In order to confirm

that preparations are real chloroplasts and to examine the

expression of chloroplastic APX protein, immunoblot

analysis was done using mouse monoclonal antibody raised

against spinach chloroplastic APX (Cosmo Bio Co. Ltd.,

Tokyo, Japan).

Isoenzymic profile and immunoblot analysis of APX

To study the influence of Al3+ toxicity on the isoenzymic

pattern of APX, 20-day-old seedlings of rice cv. Pant-12

were used. Dialyzed enzyme extracts prepared from roots

and shoots as well as from chloroplasts corresponding to

300 lg proteins were loaded on a 7.3% polyacrylamide

resolving gel (De Gara et al. 1993). After electrophoresis at

4�C the gels were incubated for 15 min at room tempera-

ture in 0.1 M sodium phosphate buffer (pH 6.4) containing

4 mM ascorbate and 4 mM H2O2. The gels were washed

with water and then stained for 10 min with 0.1% ferri-

cyanide and 0.1% ferrichloride in 0.125 M HCl (De Gara

et al. 1993). The isoenzymes appeared as colorless bands

on Prussian-blue background.

For immunoblot analysis, dialyzed enzyme extracts

prepared from roots and shoots as well as from chloroplasts

corresponding to 100 lg protein from control as well as Al

stressed seedlings were separated on a 12.5% polyacryl-

amide gel according to the standard SDS-PAGE procedure

of Laemmli (1970) and then transblotted on to a nitrocel-

lulose membrane using an electroblot apparatus with the

transfer buffer of Towbin et al. (1979). For cyt-APX, the

membrane was incubated with a mouse monoclonal anti-

body [EAP 1, Ishikawa et al. (1996)] raised against the

purified Euglena APX and for chl-APX, mouse monoclonal

antibody raised against spinach chloroplastic APX (Cosmo

Bio Co. Ltd., Tokyo, Japan) were used. The reacted pro-

teins were detected with alkaline phosphatase conjugated

goat antimouse IgG (Genei, Bangalore, India) as the sec-

ondary antibody and NBT/BCIP (Genei, Bangalore, India)

as chromogenic substrate.

Image analysis

The photographs of activity gels and APX immunoblots

were scanned with an image analyzer (model LAS-1000

Plus Fuji Photo film Co. Ltd., Japan).

Estimation of ascorbate and glutathione pool

The contents of reduced ascorbate (AsA), dehydroascor-

bate and total ascorbate (AsA + DHA) were determined

spectrophotometrically according to the method of Law

et al. (1983). The amounts of reduced glutathione, oxidized

glutathione (GSSG) and total glutathione were determined

according to the method of Griffith (1980).

Statistical analysis

All the experiments were performed in triplicate. The

values in the tables and figures indicate the mean val-

ues ± s.d. Differences among treatments were analyzed by

one-way ANOVA, taking P < 0.05 as significant according

to Tukey’s multiple range test.

Results

Effect of Al on root and shoot length

Figure 1a shows the effect of increasing concentrations of

Al3+ on the length of root and shoot of 5-, 10-, 15- and 20-

day-old rice seedlings. With 160 lM Al3+ in the growth

medium about 39–46% reduction in the length of roots and

Fig. 1 Effect of increasing concentrations of aluminum (Al3+) in

sand cultures on a length of roots and shoots and b content of Al3+ in

roots/shoots of growing seedlings of rice cv. Pant-12. Values are

mean ± s.d. based on three independent determinations and bars
indicate standard deviations. * and ** represent significant differences

compared to controls at P < 0.05 and P < 0.01 respectively according

to Tukey’s multiple range test
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about 32% reduction in the length of shoots were observed

in 20-day-old seedlings. With increasing time of exposure

to Al3+ (10–20 days) reduction in the length of the shoots

and roots was observed.

Uptake and distribution of Al in growing rice seedlings

Figure 1b shows the concentration of absorbed Al in roots

and shoots of 10- and 20-day-old Al3+ stressed rice seed-

lings. As it is evident, with increase in the age of seedlings,

a higher content of Al3+ was noticed in the plant parts.

Localization of absorbed Al3+ was always much greater in

the roots than in the shoots. In 160 lM Al3+ treated rice

seedlings 2.8–4.0 lmol Al3+ g–1 dry wt. was noticed in

roots and 1.0–1.2 lmol Al3+ g–1 dry wt. in shoots.

Effect of Al on generation of reactive oxygen species

During the entire growth period of 5–20 days Al3+ treat-

ment in situ led to a concomitant increase in the content of

O2
– in both the roots as well as the shoots of the rice

seedlings. With 160 lM Al3+ treatment about 43–80%

increase in O2
– content was observed in the roots and

56–60% increase in the shoots of 15-day-old seedlings as

compared to the contents in control seedlings (Fig. 2a).

Al3+ treatment of 80 lM led to a decline in the amount of

H2O2 as compared to control; however, with a higher Al3+

treatment of 160 lM an increase in H2O2 content was

observed. About 8–18% decline in H2O2 content was

observed in 80 lM Al3+ stressed rice seedlings whereas in

160 lM Al3+ stressed seedlings about 10–13% increase in

Fig. 2 Effect of increasing

concentrations of Al3+ in the

growth medium on the contents

of a superoxide anion

b hydrogen peroxide c thio

barbituric acid reactive

substances (TBARS) d soluble

protein e non-protein thiol and

f protein thiol in roots and

shoots of seedling of rice cv.

Pant-12 at different days of

growth. Values are mean ± s.d.

based on three independent

determinations and bars
indicate standard deviations.

* and ** represent significant

differences compared to

controls at P < 0.05 and

P < 0.01 respectively according

to Tukey’s multiple range test
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H2O2 content was observed as compared to the content in

control seedlings (Fig. 2b).

Effect of Al on lipid peroxidation, total soluble

protein and thiol

Increasing concentrations of Al3+ in the growth medium

led to a concomitant increase in lipid peroxidation in both

the roots as well as the shoots of rice seedlings. With

160 lM Al3+ treatment about 99–137% increase in TBARS

content was observed in the roots and 73–76% increase in

the shoots of 15-day-old seedlings as compared to the

contents in controls (Fig. 2c). A gradual increase in the

amount of total soluble protein was observed in the seed-

lings with Al treatment. In the presence of 160 lM Al3+,

15-day-old rice seedlings showed about 12–36% increase

in the content of total soluble protein as compared to

controls (Fig. 2d). The content of protein thiol as well as

non-protein thiol decreased in the seedlings due to Al3+

treatment. With 160 lM Al3+ treatment in situ a decline of

about 7–10% in non-protein thiol and about 11–20% in the

content of protein thiol was observed in the 15-day-old rice

seedlings as compared to the contents in controls (Fig. 2e).

Effect of Al on the activities of antioxidative enzymes

With increase in the concentrations of Al3+ in the growth

medium, a concomitant increase in SOD activity was ob-

served in both the roots as well as the shoots of rice

seedlings. About 25–32% increase in total SOD activity

was observed in the roots and 48% increase in the shoots of

160 lM Al3+ stressed 15-day-old seedlings. Similarly

about 28–39% increase in the activity of Cu/Zn-SOD, 32–

52% increase in the activity of Fe-SOD and 49–53% in-

crease in Mn-SOD activity were observed in the shoots of

160 lM Al3+ stressed rice seedlings (Fig. 3a–e).

Seedlings treated with 80 lM Al3+ showed increased

catalase activity compared to control seedlings, whereas

with a higher Al3+ treatment of 160 lM, an inhibition in

catalase activity was observed (Fig. 4a). About 9–17%

increase in catalase activity was observed in roots and

shoots of 15-day-old 80 lM Al3+ stressed rice seedlings

whereas about 10–22% decline in enzyme activity was

noticed in 160 lM Al3+ stressed rice seedlings. Increasing

concentrations of Al3+ in the growth medium led to a

concomitant increase in Guaiacol POX activity in roots as

well as shoots (Fig. 4b). Seedlings treated with 160 lM

Al3+ for 15 days showed about 26–76% increase in Gua-

iacol POX activity compared to control seedlings.

The enzymes of ascorbate–glutathione cycle MDHAR,

DHAR, as well as GR showed significant increases in

activity in Al3+ treated rice seedlings as compared to

controls, and the increase was more pronounced in the

80 lM Al3+ treated seedlings as compared to the 160 lM

Al3+ treated seedlings (Fig. 4c–e). The activity of APX

increased in 160 lM Al3+ treated seedlings. Seedlings

treated with 160 lM Al3+ for 20 days showed about 82–

150% increase in APX activity as compared to control

seedlings (Table 1). The activity of chl-APX decreased in

seedlings treated with 160 lM Al3+ (Table 1).

Effect of Al on isoenzymic profiles and amount

of APX proteins

Two major activity bands of APX (APX 1 and APX 2)

were revealed in enzyme preparations from shoots (Fig. 5

Fig. 3 Effect of increasing concentrations of Al3+ in the growth

medium on the specific activities of total superoxide dismutase (total-

SOD) in a roots and b shoots and c Cu/Zn-SOD d Fe-SOD and e Mn-

SOD in shoots of seedlings of rice cv. Pant-12 at different days of

growth. Values are mean ± s.d. based on three independent determi-

nations and bars indicate standard deviations. * and ** represent

significant differences compared to controls at P < 0.05 and P < 0.01

respectively according to Tukey’s multiple range test
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a) and only one enzymic band was detected in chl-APX

preparation (Fig. 5b) from control as well as Al stressed

seedlings. With increase in the concentrations of Al3+

treatment the intensity of APX 1 increased in shoots,

whereas the intensity of activity band APX 2 as well as of

chl-APX increased in 80 lM Al3+ stressed seedlings but

the intensity declined in 160 lM Al3+ treated seedlings

(Fig. 5d, e). In the roots of control seedlings four major

activity bands (APX 1¢, APX 2¢, APX 3¢ and APX 4¢) were

seen and the intensities of bands 2¢, 3¢ and 4¢ increased with

increase in the concentration of Al3+ treatment. Two new

APX isoenzymic bands APX 5¢ and APX 6¢ appeared in the

enzyme preparations from the roots of 160 lM Al3+-trea-

ted seedlings (Fig. 5c, f).

Immunoblot analysis of APX revealed only one band of

cytosolic APX (cyt-APX 1) in shoots and two (cyt-APX 1¢

and cyt-APX2¢) in roots of control as well as Al3+ stressed

seedlings and the amount of these cyt-APXs was greater in

Al3+ stressed seedlings as compared to controls. Al3+

treatment of 160 lM led to 55% increase in the amount of

cyt-APX 1, 39% increase in the amount of cyt-APX 1¢ and

60% increase in the amount of cyt-APX 2¢ (Fig. 6a–d).

Immunoblot analysis of chl-APX in extracts prepared from

chloroplasts revealed only one band in control as well as

Al3+ stressed rice seedlings. Al3+ treatment of 80 lM led to

about 20% increase in the amount of chl-APX whereas

160 lM Al3+ led to about 55% decline in chl-APX protein

(Fig. 6e, f).

Effect of Al on ascorbate and glutathione pool

Seedlings treated with Al3+ had decreased amounts of re-

duced ascorbate (AsA), total ascorbate (DHA + AsA), a

decreased AsA/DHA ratio and an elevated amount of de-

hydroascorbate during the entire 5–20 days’ growth period

(Fig. 7a–d). In 160 lM Al3+ treated 15-day-old seedlings

about 60–74% decline in AsA/DHA was observed as

compared to the control seedlings. In 80 lM Al3+ treated

20-day-old rice seedlings significant increases in the

amount of reduced glutathione as well as total glutathione

were observed, whereas no significant change in the amount

of GSSG as well GSH/GSSG ratio could be observed as

compared to controls. With a high Al3+ concentration of

160 lM, significant increase in the amounts of GSSG and

decline in GSH/GSH ratio was observed, whereas no sig-

nificant change was observed in the amount of GSH and

total glutathione (Fig. 7e–h). Al3+ concentration of 80 lM

resulted in about 30–40% increase in the amount of GSH

and 28–35% increase in the amount of total glutathione in

20-day-old seedlings, whereas under similar conditions

160 lM Al3+ stressed seedlings showed 25–36% increase in

GSSG and about 36–38% decline in GSH/GSSG as com-

pared to the levels in the control seedlings.

Discussion

There is an increasing evidence suggesting that oxidative

stress is a key damaging factor in plants exposed to a

variety of stressful conditions including metal toxicity and

that the plants resist oxidative stress by inducing the

activities of antioxidative enzymes (Cuypers et al. 2002;

Verma and Dubey 2003). Therefore the present study was

undertaken to contribute to the understanding of the rela-

tionship between Al toxicity, oxidative stress and antioxi-

dative defense system. Though the experiments were

initially conducted using seedlings of rice cv. Pant-12,

similar findings were obtained when the experiments were

repeated using another rice cv. Malviya-36.

Fig. 4 Effect of increasing concentrations of Al3+ in the growth

medium on the specific activities of a catalase (CAT) b guaiacol

peroxidase (Guaiacol POX) c monodehydroascorbate reductase

(MDHAR), dehydroascorbate reductase (DHAR) and d glutathione

reductase (GR) in roots and shoots of seedlings of rice cv. Pant-12 at

different days of growth. Values are mean ± s.d. based on three

independent determinations and bars indicate standard deviations.

* and ** represent significant differences compared to controls at

P < 0.05 and P < 0.01 respectively according to Tukey’s multiple

range test
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It was interesting to note that with increasing exposure

time to Al3+, the growing seedlings readily absorbed Al,

and Al was then transported to above-ground parts, though

its localization was greater in the roots indicating that the

roots are the primary sites of Al accumulation. The con-

centration of Al in cultivated plants is usually higher in the

roots than in the shoots. Small quantities of Al are trans-

ported or accumulated in the shoots (Kinraide et al. 1992;

Meriga et al. 2003). Meriga et al. (2003) proposed that a

greater accumulation of Al in the roots than in the shoots

might be because of inactivation of Al in the roots, which

seems to prevent Al transport to the shoots. A significant

decrease in the length of roots and shoots was observed in

Al stressed seedlings as compared to controls. The reduc-

tion in root length is a common feature associated with Al

toxicity in many crops (Cakmak and Horst 1991; Kochian

1995; Ma et al. 2004). Until now, several hypotheses have

been suggested for Al toxicity mechanisms, such as inter-

action with cell wall (Pereira et al. 2006), alterations in root

cytoskeleton (Sivaguru et al. 1999), changes in cytosolic

free Ca2+, rapid callose formation (Sivaguru et al. 2005)

and production of ROS (Jones et al. 2006). The decrease in

shoot length of Al-stressed seedlings could be due to Al-

specific signal transduction between roots and shoots

(Larsen et al. 1997).

In our studies, with the increase in the concentration of

Al3+ in the growth medium there appeared to be an in-

crease in the content of O2
–, TBARS, total soluble proteins

and decline in thiol groups in growing rice seedlings. These

results suggest that Al3+ toxicity is associated with the

Table 1 Effect of 160 lM Al3+ in situ on the activities of ascorbate peroxidase (lM ascorbate oxidized min–1 mg–1 protein) in roots and shoots

and chloroplastic ascorbate peroxidase (lM ascorbate oxidized min–1 mg–1 protein) extracted from shoots of rice cv. Pant-12

Cultivar Age of

seedlings

Al3+ treatment Ascorbate peroxidase

(lM ascorbate oxidized

min–1 mg–1 protein)

Chloroplastic–ascorbate

peroxidase (lM ascorbate

oxidized min–1 mg–1 protein)

Root Shoot Shoot

Pant-12 10 days 0 0.78 ± 0.05 0.56 ± 0.03 4.60 ± 0.27

160 lM 1.58 ± 0.09** 1.38 ± 0.08** 4.20 ± 0.21

15 days 0 1.68 ± 0.16 0.96 ± 0.08 4.96 ± 0.49

160 lM 2.36 ± 0.26** 1.68 ± 0.17 4.74 ± 0.47

20 days 0 1.42 ± 0.08 0.48 ± 0.03 3.90 ± 0.19

160 lM 3.55 ± 0.20* 0.91 ± 0.05** 3.72 ± 0.19

Data represent mean values ± s.d. based on three independent determinations

*, **Represent significant differences compared to controls at P < 0.05 and P < 0.01 respectively according to Tukey’s multiple range test

Fig. 5 Isoenzyme profile of

ascorbate peroxidase extracted

from a shoots b chloroplasts and

c roots of 20-day-old control as

well as 80 and 160 lM Al3+

stressed seedlings of rice cv.

Pant-12. Intensity of activity

bands d APX 1, APX 2 e chl-

APX f APX 1¢, APX 2¢, APX 3¢,
APX 4¢, APX 5¢ and APX 6¢
were quantified using an image

analyzer model LAS 1000 Plus,

Fuji Photo Film Co. Ltd., Japan
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induction of oxidative stress in rice plants, as peroxidation

of membrane lipids as well as loss of thiol groups are

indicators of oxidative stress. Similar to our results,

induction in lipid peroxidation was observed by Yamamoto

et al. (2001) in pea roots and Cakmak and Horst (1991) in

soybean roots; however, Boscolo et al. (2003) observed

protein oxidation rather than lipid peroxidation due to Al

toxicity in maize roots and suggested that the target of

oxidative stress varies depending on the plant species and

that lipids are not the primary cellular target of oxidative

stress. A decline in the content of H2O2 in rice seedlings

treated with 80 lM Al3+ as observed in our studies, might

be due to the consumption of H2O2 in oxidation processes

such as lipid peroxidation or detoxification via the in-

creased activities of enzymes of the antioxidant defense

system. However, an elevated amount of H2O2 in the

seedlings treated with 160 lM Al3+ coupled with greater

lipid peroxidation and decline in thiol content under such

conditions suggests that Al3+ treatment of 160 lM induces

Fig. 6 Immunodetection of APX proteins extracted from shoots,

roots and chloroplasts of 20-day-old control as well as 80 and 160 lM

Al3+ stressed seedlings of rice cv. Pant-12. a Shoot extracts were

electrophoresed on SDS polyacrylamide gels and subjected to

immunoblot analysis. Blots were treated with monoclonal antibody

(EAP 1) raised against the cytosolic APX isoform from Euglena. b
Amount of cyt-APX 1 was quantified with an image analyzer in

control as well as Al3+ stressed seedlings. c Root extracts were

electrophoresed on SDS polyacrylamide gels and subjected to

immunoblot analysis. d Amount of cyt-APX 1¢ and cyt-APX 2¢ was

quantified with an image analyzer in control as well as Al3+ stressed

seedlings. e Chloroplastic extracts were electrophoresed on SDS

polyacrylamide gels and subjected to immunoblot analysis. Blots

were treated with mouse monoclonal antibody raised against spinach

chloroplastic APX. f Amount of chl-APX was quantified with an

image analyzer in control as well as Al3+ stressed seedlings

Fig. 7 Effect of increasing concentrations of Al3+ in the growth

medium on the content of a ascorbate b dehydroascorbate c total

ascorbate d ratio of ascorbate to dehydroascorbate (AsA/DHA) e
reduced glutathione f oxidized glutathione g total glutathione and h
ratio of reduced glutathione to oxidized glutathione (GSH/GSSG) in

roots and shoots of seedling of rice cv. Pant-12 at different days of

growth. Values are mean ± s.d. based on three independent determi-

nations and bars indicate standard deviations. * and ** represent

significant differences compared to controls at P < 0.05 and P < 0.01

respectively according to Tukey’s multiple range test
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a severe oxidative stress in rice plants, where the antioxi-

dative defense system seemingly fails to combat the oxi-

dative damage.

With increasing amounts of Al3+ in the growth medium,

a concomitant increase in the activities of all the isoforms

of SODs (Cu/Zn-SOD, Fe-SOD, Mn-SOD) as well as of

total SOD was observed in the seedlings. The increased

activities of SOD could be either due to increase in the

existing quantity of the enzyme, or due to synthesis of a

new isoenzyme of SOD. The activities of Cu/Zn-SOD, Fe-

SOD and Mn-SOD have been shown to increase in plant

cells under stressful conditions, which appear to be part of

a defense mechanism under oxidative stress generated in

cytosol, mitochondria and chloroplasts (Ushimaru et al.

1999). The increase in catalase activity in rice seedlings

treated with 80 lM Al3+ suggests that H2O2 may diffuse

from chloroplasts to peroxisomes under such conditions

leading to induced catalase activity. In our studies catalase

did not appear to be an efficient scavenger of H2O2 under

higher concentration of Al3+ treatment, as the decline in the

activity of CAT was observed in 160 lM Al3+ stressed rice

seedlings. The decline in CAT activity in highly Al stres-

sed seedlings might be due to inhibition of enzyme syn-

thesis or due to a change in the assembly of enzyme

subunits under such conditions (Ushimaru et al. 1999). The

enhancement in the activity of peroxidase in Al3+ stressed

rice plants as observed in our experiments suggests the role

of peroxidases in removing excess H2O2 produced under

Al toxicity. Several studies have suggested the involvement

of Guaiacol POX in metal-imposed oxidative stress (Cuy-

pers et al. 2002; Verma and Dubey 2003). Similar to our

results Cakmak and Horst (1991) and Boscolo et al. (2003)

also reported increase in SOD and peroxidase activity un-

der aluminum toxicity in soybean roots and maize roots,

respectively, however, unlike our result Boscolo et al.

(2003) reported no change in catalase activity under alu-

minum toxicity in maize roots.

The enhanced activities of enzymes of ascorbate-gluta-

thione cycle MDHAR, DHAR and GR observed in Al3+

stressed rice seedlings appear to be due to the need of

maintaining a favorable redox status, by maintaining a

sufficient amount of reduced ascorbate and reduced gluta-

thione and to overcome the possible problems of oxidation.

However, this enhancement was more pronounced in

80 lM Al3+ treated rice seedlings as compared to those

treated with 160 lM Al3+. Previously, we have reported

the increased activity of APX in rice seedlings growing

under 80 lM Al3+ (Sharma and Dubey 2004); here we

report that APX activity further increases in rice seedlings

even under 160 lM Al3+ treatment, suggesting the

important role of APX in scavenging H2O2 under stressful

conditions. Among H2O2 decomposing enzymes APX has

higher affinity for H2O2 than CAT and Guaiacol POX

(Wang et al. 1999). Activity of chl-APX however declined

in 160 lM Al3+ stressed rice seedlings.

In order to verify whether Al-induced enhancement of

APX activity was accompanied by any change in the iso-

form pattern, native gel electrophoresis was done followed

by specific gel staining to detect APX isoenzymes. Results

indicated the presence of two major isoenzymic bands in

shoots (APX 1 and APX 2) and four in roots (APX 1¢, APX

2¢, APX 3¢ and APX 4¢) of control seedlings. APX occurs

in several isoforms localized in different cellular com-

partments like cytosol, microbodies (including glyoxy-

somes and peroxisomes), chloroplasts and mitochondria

(Asada 1994). Our results showed increased intensity of

band APX 2 in shoots of 80 lM Al3+ treated seedlings but

its intensity declined under 160 lM Al3+ treatment. These

results are in conformity with the data obtained spectro-

photometrically for chl-APX activity. Further, this activity

band (APX 2) corresponds to the single-activity band of

chl-APX obtained when chloroplastic protein was sub-

jected to polyacrylamide gel electrophoresis followed by

APX activity staining. Immunoblot analysis done for the

chl-APX using enzyme preparations from chloroplast and

mouse monoclonal antibody raised against spinach chlo-

roplastic APX, revealed that Al3+ treatment of 80 lM led

to an increase in the amount of chl-APX protein but this

amount declined in 160 lM Al3+ treated seedlings.

Activity band APX 1 however, showed consistent increase

in intensity with increasing concentrations of Al3+ treat-

ment. This APX may represent the cytosolic form as the

chl-APX has a very short lifetime in ascorbate-depleted

medium (Asada 1994) (Table 1). Further, immunoblot

analysis revealed that the amount of cytosolic APX protein

having molecular weight 28.5 kDa (Sharma and Dubey

2004) was higher in Al
3+

stressed seedlings as compared to

control seedlings (Fig. 6a, b). Based on our earlier studies

related to purification and molecular weight determination

of APX 1 and APX 2 isoforms from seedlings of rice cv.

Pant-12 (Sharma and Dubey 2004), it is apparent that the

cytosolic APX protein band obtained in immunoblot

analysis from shoots corresponds to activity band APX 1 of

shoot extracts. Al3+ treatment of 160 lM also led to in-

crease in the intensity of activity bands APX 2¢, APX 3¢
and APX 4¢ in roots as well as appearance of two new

isoenzymes APX 5¢ and APX 6¢. The differential appear-

ance of the APX isoforms may be due to differential re-

sponse of various forms of APX to increasing intensity of

stress conditions. Similar to shoots, the protein content of

roots corresponding to cytosolic APX was also higher in

Al3+ stressed seedlings as compared to controls (Fig. 6c,

d). These results lead to two possible interpretations–firstly,

the genes encoding different APX isoforms may be induced

differentially by Al that might act directly on trans-acting

factors for specific genes or through signal transduction.
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Secondly, the expression of the APX genes may be regu-

lated post transcriptionally as has been reported for cyto-

solic APX expression in pea plants subjected to drought

stress (Mittler and Zilinskas 1994).

In our experiments Al3+ treatment led to a decline in

ascorbate (reduced form) and an increase in dehydro-

ascorbate content in the rice seedlings. The decrease in

ascorbate may result from the inhibition of biosynthetic

pathways or through an increase in catabolism through an

accumulation of the oxidized form of the ascorbate DHA

and through its degradation into oxalate and tartarate

(Noctor and Foyer 1998; Dipierro et al. 2005). Guo et al.

(2005) observed enhanced Al resistance in rice roots fed

with ascorbate and suggested that this possibly might be a

result of increased production of oxalate, which acts as a

metal chelator. Although a significant part of the ascor-

bate pool is regenerated enzymatically via MDHAR,

DHAR or non-enzymatically, DHA is always produced

because of rapid disproportionation of MDHA. Possible

accumulation of DHA can increase its irreversible con-

version to the potentially toxic L-diketogulonic acid

(Noctor and Foyer 1998). The increased amount of re-

duced glutathione in rice seedlings growing under 80 lM

Al3+ appears to be due to increased GR activity, which

represents the process of regulation directed toward

reduction of glutathione, which is oxidized during the

reduction of DHA to AsA via DHAR. However, 160 lM

Al3+ treated rice seedlings showed an increased amount of

oxidized glutathione and a decline in GSH/GSSG. Fol-

lowing stress, the inevitable rise of ROS acts as signaling

molecule for the change in redox status of the glutathione,

toward its oxidized form.

In conclusion results of the present study suggest that

Al3+ toxicity is associated with induction of oxidative

stress in the roots as well shoots of growing rice seedlings

marked by elevated contents of O2
–, H2O2, lipid peroxides

and decline in thiol content and redox ratios of glutathione

and ascorbate. Among the antioxidative enzymes SOD,

Guaiacol POX and APX appear to play a key role in the

antioxidative defense mechanism under Al3+ toxicity con-

ditions. The isoenzyme profile and the immunoblot anal-

ysis of APX revealed that Al-induced enhancement of APX

activity was accompanied by a change in the isoenzyme

pattern, and of these isoenzymes, the cytosolic form of

APX plays a major role in combating oxidative damage.

Acknowledgments We gratefully acknowledge Dr Ishikawa of

Faculty of Life and Environmental Science, Shimane University,

Japan for the gift of APX antibody. We are thankful to Dr Yoko

Yamamoto of Research Institute for Bioresources, Kurashiki, Okay-

ama University, Japan for providing the facilities related to image

analysis of our photographs using image analyzer model LAS-1000

Plus Fuji Photo film Co. Ltd., Japan and to Hirotoshi Motoda for

assisting in the analysis of images. PS is thankful to the Council of

Scientific and Industrial Research (CSIR), New Delhi for providing a

Senior Research Fellowship.

References

Aebi HE (1983) Catalase. In: Bergmeyer HU (ed) Methods of

enzymatic analysis. Verlag Chemie, Weinhern, pp 273–286
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Pereira LM, Tabaldi LA, Gonçalves JF, Jucoski GO, Pauletto MM,

Weis SN, Nicoloso FT, Borher D, Rocha JBT, Schetinger MRC

(2006) Effect of aluminum on d-aminolevulinic acid dehydratase

(ALA-D) and the development of cucumber (Cucumis sativus).

Environ Exp Bot 57:106–115

Richharia A, Shah K, Dubey RS (1997) Nitrate reductase from rice

seedlings: partial purification, characterization and the effects of

in situ and in vitro NaCl salinity. J Plant Physiol 151:316–322

Sharma P, Dubey RS (2004) Ascorbate peroxidase from rice

seedlings: properties of enzyme isoforms, effects of stresses

and protective roles of osmolytes. Plant Sci 167:541–550

Simonovicova M, Tamas L, Huttova J, Mistrı́k I (2004) Effect of

aluminium on oxidative stress related enzymes activities in

barley roots. Biol Plant 48:261–266

Sivaguru M, Baluska F, Volkmann D, Felle HH, Horst WJ (1999)

Impacts of aluminum on the cytoskeleton of the maize root apex.

Short-term effects on the distal part of the transition zone. Plant

Physiol 119:1073–1082

Sivaguru M, Yamamoto Y, Rengel Z, Ahn SJ, Matsumoto H (2005)

Early events responsible for aluminum toxicity symptoms in

suspension-cultured tobacco cells. New Phytol 165:99–109

Towbin H, Staehelin T, Gordon J (1979) Electrophoretic transfer of

proteins from polyacrylamide gels to nitrocellulose sheets:

procedure and some applications. Proc Natl Acad Sci U S A,

76:4350–4354

Ushimaru T, Kanematsu S, Shibasaka M, Tsuji H (1999) Effect of

hypoxia on antioxidant enzymes in aerobically grown rice

(Oryza sativa) seedlings. Physiol Plant 107:181–187

Verma S, Dubey RS (2003) Lead toxicity induces lipid peroxidation

and alters the activities of antioxidant enzymes in growing rice

plants. Plant Sci 164:645–655

Wang JW, Kao CH (2006) Aluminum-inhibited root growth of rice

seedlings is mediated through putrescine accumulation. Plant

Soil 288:373–381

Wang J, Zhang H, Allen RD (1999) Overexpression of an Arabidopsis
peroxisomal ascorbate peroxidase gene in tobacco increases

protection against oxidative stress. Plant Cell Physiol 40:725–732

Watt DA (2004) Aluminium-responsive genes in sugarcane: identi-

fication and analysis of expression under oxidative stress. J Exp

Bot 385:1163–1174

Yamamoto Y, Rikiishi S, Chang YC, Ono K, Kasai M, Matsumoto H

(1994) Quantitative estimation of aluminum toxicity in cultured

tobacco cells: correlation between aluminum uptake and growth

inhibition. Plant Cell Physiol 35:575–583

Yamamoto Y, Kobayashi Y, Matsumoto H (2001) Lipid peroxidation

is an early symptom triggered by aluminium, but not the primary

cause of elongation inhibition in pea roots. Plant Physiol

125:199–208

2038 Plant Cell Rep (2007) 26:2027–2038

123


	Involvement of oxidative stress and role of antioxidative �defense system in growing rice seedlings exposed �to toxic concentrations of aluminum
	Abstract
	Introduction
	Materials and methods
	Plant material and stress condition
	Determination of root, shoot length �and aluminum uptake
	Measurement of superoxide anion (O2&minus;) �and hydrogen peroxide
	Estimation of lipid peroxides, total soluble �protein and thiol
	Assay of antioxidant enzymes
	Isoenzymic profile and immunoblot analysis of APX
	Image analysis
	Estimation of ascorbate and glutathione pool
	Statistical analysis

	Results
	Effect of Al on root and shoot length
	Uptake and distribution of Al in growing rice seedlings
	Effect of Al on generation of reactive oxygen species
	Effect of Al on lipid peroxidation, total soluble �protein and thiol
	Effect of Al on the activities of antioxidative enzymes
	Effect of Al on isoenzymic profiles and amount �of APX proteins
	Effect of Al on ascorbate and glutathione pool

	Discussion
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


