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Abstract 

 

The effects of exogenous abscissic acid (ABA) application on the antioxidant defenses were 

investigated in grass pea (Lathyrus sativus L.) seedlings. Four treatment combinations of ABA (1 × 10-3 

nM ABA) and PEG (10 % polyethylene glycol, PEG 6000) were designed to evaluate their short-term 

(48 h) effect: (1) Well-watered group (Control group1), (2) PEG treatment, (3) ABA treatment, and (4) 

PEG + ABA treatment. In addition, 2 other treatments were used to evaluate the long-term (15 d) effect 

of ABA: well-watered group (Control group2) and ABA treatment. Time-course analyses of ABA 

content, the production of malondialdehyde (MDA) and H2O2, and the activities of superoxide 

dismutase (SOD), catalase (CAT), glutathione reductase (GR) and peroxidase (POD) in water-stressed 

leaves showed that a significant increase in ABA content preceded that of MDA and H2O2 in long term 

experiment, which was followed by a substantial increase in the activities of four antioxidant enzymes. 

Under the short-term drought stress, ABA application promoted the activities of antioxidant enzymes, 

and reduced the accumulation of MDA and H2O2 significantly. On the contrary, long term application 

of exogenous ABA increase the generation of MDA and H2O2 significantly. It could be argued that 

during a successive application of exogenous ABA, ABA played a dual role by which the beneficial 

role in the initial stage shifted to a detrimental one under prolonged treatment in up-regulating 

protective defense strategies in plants. 

 

Introduction  

 

Drought stress is a major limiting factor to crop production worldwide. Plants can 

respond and adapt to drought stress by altering a series of adaptive physiological and 

biochemical processes, such as regulating cellular metabolism and invoking various defense 

mechanisms (Lange et al., 1981; Sachs & Ho, 1986; Bohnert & Jensen, 1996; Shen et al., 

2001; Xiong et al., 2005; Xiong et al., 2006abcd). It has been extensively believed that the 

plant hormone abscisic acid (ABA) plays a major role in plants adaptation to drought stress. 

In the last two decades, physiological aspects of ABA signal directed specifically at crop 

development have been topical research foci, both in the whole-plant level (Sachs & Ho, 

1986; Zhang & Davies, 1989, 1990a, 1990b, 1991; Jia & Zhang, 1997; Xiong et al., 2006d) 

and in the cellular level (Skriver & Mundy, 1990; Pla et al., 1993; Straub et al., 1994; Gosti 

et al., 1995; Shen et al., 2001; Rakwal & Komatsu, 2004). 

One mode of ABA action may be related to its role in the oxidative stress in plant cells. 

It has been extensively documented that ABA can cause an increased generation of H2O2 

(Sakamoto et al., 1995; Jiang & Zhang, 2001; Murata et al., 2001; Zhang et al., 2003), and 

induce the expression of antioxidant genes (Anderson et al., 1994; Guan & Scandalios, 1998; 

Kamminaka et al., 1999). In addition, ABA also increases the activities of antioxidant 
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enzymes such as SOD, CAT, APX, and GR in plant tissues (Bohnert & Jensen, 1996; 

Murata et al., 2001; Jiang & Zhang, 2002; Shao et al., 2005). Antioxidative systems provide 

protection against the toxic effects of activated oxygen species including scavenging H2O2, 

one of the three reactive oxygen species (ROS) in vivo.  

The effects of ABA, antioxidant enzymes and ROS on the antistress regulation have 

been extensively studied till now. It is evident that plants are frequently suffering oxidative 

stress. ROS played a negative role in regulating the antioxidant system (Jiang & Zhang, 

2001; Mittler, 2002; Garnczarska et al., 2004), and positive role in signalling events that 

regulate ion channel activity and gene expression (Neil et al., 2002; Foreman et al., 2003). 

On the other hand, some studies found that ABA also promotes the seed development at the 

early stage of seed germination and prevents germination at the later stage (Koornneef et al., 

1984; Neil et al., 2002). Unfortunately, most of studies only separately emphasized one 

aspect of ABA effects and data about the interaction between ABA, antioxidant enzymes and 

ROS are largely missing.   

Actually, the majority of existing experiments only emphasized beneficial effects of 

ABA on plants, such as closing of stomata (Assmann & Armstrong, 1999) and improving 

freezing tolerance (Rinne et al., 1998). Sharp et al., (2000) proposed that ABA accumulation 

during water stress may often function to help maintain plant growth, rather than to inhibit 

growth as is commonly believed (Sharp et al., 2000). It is also possible that ABA acts to 

inhibit shoot growth in drying soil under conditions where shoot water deficits do not occur, 

but this remains to be demonstrated. Whether ABA acts as an inhibitor or promoter of 

anti-drought defense in plants under drought stress, is important and of interest. Athough 

water stress-induced ABA accumulation was revealed as early as in the 1960s (Wright & 

Hiron, 1969), little information has been available concerning ABA’s overall roles in 

antistress adaptation, especially in antioxidantive regulation.             

Understanding the overall effects of ABA on biochemical detoxification strategies 

against oxidative stress is a key to manipulate the complicated adaptive mechanism for 

plants in a variable and continuous adverse environment. The objective of the present study 

was to investigate the dual effects of ABA on mediating plant antioxidantive responses. 

Herein, the manipulation of activities of four antioxidant enzymes (POD, SOD, CAT and 

GR) and the levels of MDA and H2O2 in short- and long-term ABA application may help to 

assess the comprehensive roles of ABA in grass pea (Lathyrus sativus L.) seedlings. 

 

Materials and Methods  

 

Plant material and growth conditions: Grass pea (Lathyrus sativus L.) seeds were 

surface-sterilized with 0.2 % (w / v) HgCl2 for 10 min., and rinsed with sterile running water, 

then were soaked in water and germinated in the dark at 4oC for 3-4 days. The seeds were 

grown in a Hoagland nutrient solution in a growth cabinet (Conviron PGV36 controlled 

environments, Asheville, North Carolina, USA) at 23 / 10oC with a photoperiod of 16 / 8 h 

light/dark, and watered daily. Fifteen days after germination, the plants were exposed to the 

following treatment combinations (see below in Trial 1 and 2), and then leaves were sampled 

for all investigations. The leaf samples collected were rinsed in distilled water, and then 

10-gram leaf sample was harvested for each measurement.    

 

Exposure to PEG and exogenous ABA supplement: Trial 1: A 48-h treatment was 

designed to evaluate the effect of ABA on antioxidant defense in short-term drought stress. 
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In the following combinations in the presence and absence of exogenous ABA or PEG, the 

leaves of 15-d-old grass pea seedlings were sprayed (the volume of the ABA solution 

sprayed each time was about 2 ml) using 1 × 10-3 nM ABA reagent, with four times spraying 

in each light period (each time at 4-h interval). For PEG treatment, the seedlings of grass pea 

were incubated in 10% PEG solution (PEG 6000, -0.7 MPa). Four experimental 

combinations were as follows: (1) well-watered group (Control group), (2) PEG treatment, 

(3) PEG + ABA treatment (1 × 10-3 nM, the same below), and (4) ABA treatment. In PEG + 

ABA treatment, the pretreatment of PEG solution was performed one hour earlier than 

exogenous ABA application. All four groups were simultaneously grown. At the 0 3, 12, 24, 

36 and 48 hour after treatment initiation respectively, seedling leaves were collected in 5 

replicates. All the above solutions were renewed every day (the same below).  

Trial 2: A 15-d treatment was designed to assess the effect of ABA on antioxidant 

defense in long-term drought stress. The method of ABA treatment was the same to those in 

Trial 1, but the plants were grown for 15 days. Two treatment groups were as follows: (1) 

well-watered treatment, and (2) ABA treatment. The leaf samples were collected on the 0, 1, 

3, 7, 10, and 15 day after the initiation of treatment. In the above two trials, the contents of 

ABA, MDA and H2O2 were measured and the activities of CAT, POD, SOD and GR were 

monitored simultaneously. 

 

Determination of lipid peroxidation: Lipid peroxidation was determined by estimating the 

malondialdehyde (MDA) content in 1 g leaf fresh weight according to Madhava Rao & 

Sresty (2000). MDA is a product of lipid peroxidation by thiobarbituric acid reaction. The 

concentration of MDA was calculated from the absorbance at 532 nm (correction was done 

by subtracting the absorbance at 600 nm for unspecific turbidity) by using extinction 

coefficient of 155 mM-1 cm-1. 

 

Enzyme extraction and assay procedure: A leaf sample (0.5 g each) was homogenized in 

a Waring Blendor at 4oC. The grinding medium contained 0.05 M Potassium phosphate 

buffer (pH 7.8), 20 mmol / L β-mercaptoethand, 1 mmol/L EDTA, and 0.1 mmol / L 

phenylmethanesulfonyl fluoride (PMSF) (Baker et al., 1996). Polyvinylpyrrolidone (PVP) 

(0.2 mg / L) was added to the samples to scavenge leaf phenolics. Homogenates were 

centrifuged at 1700 g for 15 min at 4oC. The supernatant fractions were carried out at 0-4oC. 

All activities were determined at 25oC. We preferred to express all enzyme activities on a 

protein basis. Protein concentrations were measured according to the method of Bradford 

(1976), with BSA as a standard. 

Surperoxide dismutase activity was determined by measuring its ability to inhibit the 

photochemical reduction of nitroblue tetrazolium (NBT), using the method of Bearuchamp 

& Fridovich (1971). The 3 ml reaction mixture contained 2.4 × 10-6 mol / L riboflavin and 

0.013 mol / L-methionine phosphate at pH 7.8. One unit of enzyme activity was the amount 

of enzyme bringing about 50% inhibition of the photochemical reduction of NBT (Dhindsa 

& Matowe, 1981).     

Catalase activity was determined by measuring the decreasing rate in the absorbance of 

H2O2 at 240 nm (Aebi, 1984). One unit was defined as the amount of enzyme catalyzing the 

decomposition of 1 μmol L-1 H2O2 per minute calculated from the extinction coefficient for 

H2O2 at 240 nm of 0.036 cm2 μmol L-1 (Luck, 1963). 
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Peroxidase activity was determined by using guaiacol as the substrate, with the method 

of Volk & Feierabend (1989). The molar extinction coefficient of tetraguaiacol (26.6 

mM-1cm-1) was employed in the calculation of the enzyme concentration. 

Glutathione reductase activity was determined in 0.5 mL of reaction mixture that 

contained 0.1 mmol L-1 Hepes buffer (pH 8.0), 1.0 mmol L-1 EDTA, and 50-100 μL of 

enzyme extract. The reaction was initiated by the addition of 1.0 mmol L-1 oxidized 

glutathione (GSSG), and the rate of NADPH oxidation was monitored at 340 nm (Burke et 

al., 1985). Glutathione reductase activity was expressed in nanomol / nmol of NADPH 

oxidized per minute per milligram of protein. 

 

Measurement of hydrogen peroxide: H2O2 was extracted and estimated following the 

method of MacNevin & Uron (1953) with slight modifications (Mondal & Choudhuri, 

1981). Isolation was carried out with 5 g of leaf tissue in ice-cold acetone by the addition of 

5% (w / v) titanyl sulfate and concentrated NH4OH solution; the absorbance was taken at 

415 nm against water blank. The H2O2 content was calculated from a standard curve 

prepared in a similar way (Mukherjee & Choudhuri, 1983). 

 

Determination of ABA content: Precisely weighed 500 mg sample was added to the 3 ml 

80 % precooling methanol solution of 4oC. In the weak light, the mixture was homogenized 

under the ice-bath condition. Then, the thick liquid was transferred to the centrifuge tube for 

the centrifuge program, performed with 5000 turns per minute at 4oC for 10 min. Thereafter, 

the upper turbid liquid was separated carefully and 300 μl were sampled. Under vacuum, 

methanol in it was cleared away. Thereafter, it was extracted for three times by 200 μl 

ethylacetate and combined with ethylacetate phase (meanwhile, water phase would be 

abandoned). Once more, decompress treatment was used to get rid of ethylacetate from it. 

Furthermore, the obtained sample was dissolved with 300 μl methanol, in the process of 

which the sample could be methesterificated. The free-state ABA could be detected and its 

content could be recorded in the ABA ELISA (Enzyme Linked Immunosorbent Assay) box 

(purchased from Nanjing Agriculture University of China).  

 

Statistical analysis: The results presented here were the mean of five replicates. Means in 

ABA content in seedling leaves of grass pea and all physiological parameters (four 

antioxidant enzymes, MDA and H2O2) in either short-term (48 h) or long-term (15 d) 

treatment of exogenous ABA were compared by one-way analysis of variance and Student’s 

unpaired t-tests at the 5% level of significance. Significant differences in all physiological 

parameters (four antioxidant enzymes, MDA and H2O2) in short-term (48 h) treatment of 

exogenous ABA were discriminated using Student’s unpaired t-test between control group 

and ABA treatment, and between PEG treatment and (PEG + ABA) treatment, respectively. 

The objectives of the two above analyses were to evaluate the differential role of exogenous 

ABA application in short- and long-term treatment respectively. Regression and correlation 

analyses were used to describe the relationships between ABA content, the activities of 

antioxidant enzymes and the generations of MDA and H2O2. 
 

Results 
 

The content of ABA in leaves under exogenous ABA application or PEG treatment: 

Under the well-watered condition, the normal endogenous contents of ABA, MDA and H2O2 

in grass pea leaves were kept at the level of about 1.88 nmol g-1 DW, 76.26 nmol g-1 DWand 
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31.8 3 μmol g-1 DW, and the normal endogenous activities of four antioxidant enzymes 

(SOD, CAT, POD and GR) can be seen in Table 1. The effects of drought stress on ABA 

content, the activities of antixidant enzymes, and the production of MDA and H2O2 are 

shown in Figures 1-3. Under the short-term (48 h) drought stress induced by PEG only, ABA 

content in the leaves increased rapidly during the initial 3 hours. At the third hour, it was 

2.1-fold that of the control group. Soon afterwards, the increase rate started to slow down, 

reaching the highest level (4.46 nmol g-1 DW, 2.12-fold that of the control group) at the 12th 

hour. With the lengthening of treatment time, ABA content started to decrease gradually 

(Fig. 1).  

 

Tables 1. Normal endogenous level of relevant physiological parameters 

in seedling leaves of well-watered grass pea plant. 

Physiological Parameters 
Endogenous level 

(mean ± SD) 

CAT activity (U mg-1 protein) 162.5 ± 13.6 

SOD activity (U mg-1 protein) 97.42 ± 8.43 

POD activity (U mg-1 protein) 175.17 ± 14.23 

GR activity (nmol GSSG mg-1 protein) 171.33 ± 15.47 

ABA content (nmol g-1 DW) 1.88 ± 0.15 

MDA content (nmol g-1 DW) 76.26 ± 5.2 

H2O2 content (μmol g-1 DW) 31.83 ±3.07 

 

 
 
Fig. 1.  Time-course of changes in ABA content in the leaves of grass pea seedlings under short-term 

(48 h) water stress initiated by PEG and exposed to the exogenous ABA solution.  

 

Four treatments are designed as follows: (1) the well-watered (Control), (2) PEG treatment 

(exposed to 10 % PEG solution), (3) ABA treatment (exposed to 1 × 10-3  nM exogenous ABA) and (4) 

PEG + ABA treatment, respectively. Values are means ± S.E. (n = 5). Means denoted by the same letter 

did not significantly differ at p < 0.05.  
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Under the short-term treatment with exogenous ABA application only, the ABA content 

in the leaves rapidly increased during the initial 3 hours and then reached its maximum value 

(about 7.90 nmol g-1 DW) during the 12th and 24th hour, 3.5 times that of the control group. 

After that, it slightly decreased from the 24th to 48th hour, but still remained at a relative high 

level (4.3 nmol g-1 DW), significantly higher than that in the group of PEG treatment (Fig. 

1).  

Under the short-term treatment with both PEG and exogenous ABA, the ABA content in the 

leaves significantly increased by 5.3, 4.9, 4.1, 3.7 and 2.9-fold that of the control group at the 

3rd, 12th, 24th, 36th and 48th hour respectively (Fig. 1). Each value of ABA content in leaves in 

this group was significantly higher than that of any other group at all the treatment times 

except for 48th hour. At the 48th hour, the ABA content in leaves in this group was close to 

that in ABA treatment group (without significant difference), but is still significantly higher 

than the other two groups (the control and PEG treatment). Therefore, the ranking of foliar 

ABA content was as follows: (PEG + ABA) group > ABA group > PEG group > control 

group. The common tendency in various treatment groups except for the control group was 

that ABA content rose rapidly at the beginning stage of treatment, then reached its peak 

values and finally fell down at the ending stage of treatment (Fig. 1).  

 

The positive effect of ABA on antioxidative defense: In the well-watered group, the 

average activities of CAT, SOD and POD in the leaves remained about 162, 97 and 175 U 

mg-1 protein, and the average activity of GR remained about 171 nmol GSSG mg-1 protein, 

respectively (Table 1). In order to determine whether the increases in the production of MDA 

and H2O2, and the activities of antioxidant enzymes were related to the accumulation of 

ABA in the leaves of grass pea leaves exposed to drought water, the supplement experiments 

with PEG or exogenous ABA were performed. The comparative analysis on varying 

treatment combinations was used to test whether the negative effect of drought stress 

induced by PEG could be overcome by exogenously supplied ABA.  

Experimental results showed that PEG pretreatment significantly inhibited the activities 

of four antioxidant enzymes, and significantly increased the generations of MDA and H2O2 

in leaves (Figs. 2-3). The activities of SOD, POD and CAT significantly decreased, and the 

activity of GR increased significantly within 24 h of PEG treatment. Since the 24th hour, they 

were maintained at the stable level (Fig. 2). On the other hand, the pretreatment of PEG led 

to a continuous increase in generations of MDA and H2O2 within the 48 h of drought stress 

(Fig. 3), suggesting that drought stress induced by PEG caused the injury of membrane lipid 

peroxidation.  
Based on statistical analysis between PEG treatment and PEG+ABA treatment, the 

positive effects of exogenous ABA application on the above physiological parameters were 
observed in the seedling leaves of grass pea. As exogenous ABA was added to the plants 
exposed to PEG, the increase in ABA content in the leaves was to mainly alleviate the 
inhibition of drought stress on CAT, also partly for other three antioxidant enzymes, and 
reduced the production of MDA and H2O2 significantly. Compared with those in PEG 
treatment, the activity of CAT increased by 6.8, 11.6, 15.2, 15.6, 15.4%, the activity of GR 
increased by 3.29, 9.7, 17.4, 16.2, and 16.4%, the activity of SOD increased by 3.89, 8.2, 
10.4, 6.25 and 8.3%, and the activity of POD increased by 8.3, 15.2, 14.58, 20 and 17.2% at 
the 3rd, 12th, 24th, 36th, and 48th hour after treatment respectively in PEG + ABA treatment 
(Fig. 2). At the same time, the generations of H2O2 declined by 20, 21.9, 24.2, 26.5 and 
26.6%; the generations of MDA declined by 6.57, 14.47, 21.95, 20.5 and 19.27% at the 3rd, 
12th, 24th, 36th and 48th hour after treatment respectively in PEG + ABA treatment (Fig. 3). 
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The same results could be concluded  through the comparison between the control group 
and  

 
 

Fig. 2.  The effects of short-term pretreatment with exogenous ABA on the activities of CAT (A), 

SOD (B), POD (C) and GR (D) in the leaves of grass pea seedlings exposed to the exogenous ABA 

solution.  

 

Four treatments are designed as follows: (1) the well-watered (Control), (2) PEG treatment (exposed to 

10 % PEG solution), (3) ABA treatment (exposed to 1 × 10-3 nM exogenous ABA) and (4) PEG + ABA 

treatment, respectively. The analyses of significant variance were performed between control group and 

ABA treatment, and between PEG treatment and PEG + ABA treatment, respectively. Comparison was 

made on the same treatment time. *, **, and *** indicated significant difference at P < 0.05, 0.01 and 

0.001 respectively. Values are means ± S.E. (n = 5).  

 
ABA treatment group. Under ABA treatment alone, exogenous ABA application generally 
increased the activities of four antioxidant enzymes and reduced the accumulation of MDA 
and H2O2 significantly in the seedling leaves of grass pea (Fig. 3). During the whole 48-h 
treatment time, the extent of membrane lipid peroxidation in leaves tended to increase, 
judged by the MDA concentration as a typical criterion. The MDA concentration appeared to 
be positively correlated with the generation of H2O2 in the seedling leaves of grass pea (r = 
0.82** p < 0.01) (Fig. 3). Therefore, exogenous ABA application was able to reduce the 
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reaction of membrane lipid peroxidation caused by the accumulation of active oxygen 
species, suggesting that ABA played a positive role for plant to improve its antioxidant 
defense mechanism in plants.  

 
 

Fig. 3.  The effects of short-term pretreatment with exogenous ABA on the production of MDA (A) 

and H2O2 (B) in the leaves of grass pea seedlings exposed to the exogenous ABA solution.  

 

Four treatments are designed as follows: (1) the well-watered (Control), (2) PEG treatment (exposed to 

10 % PEG solution), (3) ABA treatment (exposed to 1 × 10-3 nM exogenous ABA) and (4) PEG + 

ABA treatment, respectively. The analyses of significant variance were performed between control 

group and ABA treatment, and between PEG treatment and PEG + ABA treatment, respectively. 

Comparison was made on the same treatment time. *, **, and *** indicated significant difference at P 

< 0.05, 0.01 and 0.001 respectively. Values are means ± S.E. (n = 5).  

 
The negative effect of ABA on antioxidative defense: In order to determine the effect of 
long-term (15 d) exogenous ABA application on the activities of antioxidant enzymes and 
the accumulation of MDA and H2O2, the plants of grass pea were treated with 1×10-3 nM 
exogenous ABA for 15 days. The treatment of exogenous ABA led to the steep increase of 
the ABA content in leaves, 3.2-fold against the control value on the first day after treatment 
(Fig. 4). This continuous increase was kept on for 3 days, and on the third day, there was 
another relatively slow increase until the seventh day. Afterwards, ABA content stayed at the 
highest level till the fifteenth day. The ABA contents in the leaves were 4.4, 4.5 and 4.6 -fold 
that of the control group at the 7th, 10th and 15th day, respectively (Fig. 4). 

Time-course of the activities in four antioxidant enzymes and the generations of MDA 
and H2O2 under long-term exogenous ABA application could be seen from Figs. 5 and 6. 
From the 1st to the 3rd day after treatment, the activities of CAT, GR, POD and SOD started 
to rise gradually, 1.08 and 1.12-fold (for CAT), 1.15 and 1.23-fold (for GR), 1.1 and 
1.11-fold (for POD), and 1.06 and 0.95-fold (for SOD) the control values on the 1st and 3rd 
day, respectively. Generally, within 3 days after treatment, the activities of four antioxidant 
enzymes had a significant increase, except the activity of SOD started to decrease on the 3rd 
day after treatment (Fig. 5). Under the short-term treatment, ABA application improved the 
activities of all the four antioxidant enzymes. 
   From the 7th day onwards, however, the activities of CAT, SOD, POD and GR were 
found to decline significantly. On the 7th, 10th and 15th day, the activity of CAT was 0.89, 
0.81 and 0.73-fold, the activity of SOD was 0.85, 0.71 and 0.57-fold, the activity of POD 
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was 0.93, 0.75 and 0.61-fold, the activity GR was 0.96, 0.87 and 0.76-fold the control values, 
respectively (Fig. 5). With the lengthening of treatment time, ABA application inhibited the 
activities of four antioxidant enzymes. 

 
 

Fig. 4.  Time-course of changes in ABA content in the leaves of grass pea seedlings exposed to the 

exogenous ABA solution. D0, D1, D3, D7, D10 and D15 represent the 0th, 1st, 3rd, 7th, 10th and 15th day 

after treatments respectively (same to the below). Two treatments are designed to be the well-watered 

(Control) and ABA treatment (exposed to 1 × 10-3 nM exogenous ABA), respectively. Values are 

means ± S.E. (n = 5). Means denoted by the same letter did not significantly differ at P < 0.05.  

 

The membrane lipid peroxidation appeared to be positively correlated with the contents 

of H2O2 in the foliar cells of grass pea seedlings (Fig. 6). On the 1st and 3rd day after 

exogenous ABA application, the generations of MDA and H2O2 tended to decrease. The 

production of MDA was 0.83, 0.81-fold the control values, and the generations of H2O2 was 

0.87, 0.84-fold the control values, respectively. But from the 7th day on, there were 

continuous increase in the accumulation of MDA and H2O2. On the 7th, 10th and 15th day, the 

concentrations of MDA were 1.2, 1.75 and 2.2-fold, and the generations of H2O2 content 

were 1.2, 1.6 and 2.1-fold the control values respectively (Fig. 6). Therefore, short-term 

ABA application exhibited a beneficial role but long-term ABA application had a 

detrimental effect on the protective regulation mechanism of grass pea seedlings.  

 

Discussions  

 

Although the scientific origins of abscisic acid (ABA) had been investigated early in the 

late 1940s, it was isolated and identified in the 1960s (Trouverie et al., 2003). There is a 

strong evidence that the plant hormone abscisic acid (ABA) is a product of various 

environmental stresses, and considered to be an adaptation in response to these stresses 

(Zeevaart & Creelman, 1988). Additionally, ABA was to initiate a series of relevant 

reactions for plants in response to adversity stresses. Previously, a large number of efforts 

were made to emphasize its positive role in water stress-induced antioxidant defense against 

oxidative stress (Guan et al., 2000; Jiang & Zhang, 2002). Jiang & Zhang (2002) found that 

pretreatment with an ABA biosynthesis inhibitor, tungstate, significantly suppressed the 

accumulation of ABA induced by water stress, reduced the increased generation of ROS, and 

http://reviews.bmn.com/medline/search/results?keyword_field=au&keywords=Jiang_M
http://reviews.bmn.com/medline/search/results?keyword_field=au&keywords=Zhang_J
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resulted in the up-regulation of antioxidant enzymes in the water-stressed Zea mays seedling 

leaves. These effects were completely prevented by the addition of ABA, which raised the 

internal ABA content (Guan et al., 2000). However, the interrelationship between ABA, 

ROS and antioxidant defenses in drought stress signal transduction cascades is still not clear. 

The effects have been examined systematically of drought stress on ABA content, the 

generation of H2O2, and the activities of four antioxidant enzymes including SOD, CAT, 

POD and GR in grass pea leaves and the interrelationship among them under a PEG-induced 

drought stress. Our research indicated that the significant increase in ABA content preceded 

the significant increase of H2O2 and MDA generation, and a marked decrease in the activities 

of CAT, SOD and POD and a marked increase in the activity of GR followed by the increase 

of H2O2 and MDA in grass pea leaves under PEG-induced drought stress (Figs. 1-3).  

 

 
 

Fig. 5.  The effects of long-term pretreatment with exogenous ABA on the activities of CAT (A), SOD 

(B), POD (C) and GR (D) in the leaves of grass pea seedlings exposed to the exogenous ABA solution. 

D0, D1, D3, D7, D10 and D15 represent the 0th, 1st, 3rd, 7th, 10th and 15th day after treatments 

respectively. Two treatments are designed to be the well-watered (Control) and ABA treatment 

(exposed to 1×10-3 nM exogenous ABA), respectively. Values are means ± S.E. (n = 5). Means denoted 

by the same letter did not significantly differ at P < 0.05.  

 

The increase in generations of H2O2 and MDA was accompanied by the decrease of the 

activities in SOD, POD and CAT in drought-stressed leaves. This decrease was fully 
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prevented by the addition of exogenous ABA, which raised the internal ABA content (Figs. 

1-2). Although an increase of the activity in GR followed the increase of the accumulation in 

H2O2 and MDA, the GR activity had a further increase after the addition of ABA in 

drought-stressed leaves. PEG-induced drought stress resulted in a significant up-regulation in 

the activities of antioxidant enzymes, which was suppressed by the increase in internal ABA 

content. This result can be supported by the relevant data in ABA treatment. In this study, the 

leaf-spraying treatment of exogenous ABA in leaves was to increase the ABA concentration 

in the leaves. Under non-stressed conditions, the generation of H and MDA were found to 

decrease massively and the activities of four antioxidant enzymes were to significantly 

increase with respect to the control values (Figs. 2-3).    

 

 
 

Fig. 6.  The effects of long-term pretreatment with exogenous ABA on the production of MDA (A) 

and H2O2 (B) in the leaves of grass pea seedlings exposed to the exogenous ABA solution. D0, D1, D3, 

D7, D10 and D15 represent the 0th, 1st, 3rd, 7th, 10th and 15th day after treatments respectively. Two 

treatments are designed to be the well-watered (Control) and ABA treatment (exposed to 1×10-3 nM 

exogenous ABA), respectively. Values are means ± S.E. (n = 5). Means denoted by the same letter did 

not significantly differ at P < 0.05.  

 

Plant cell membranes are often the initial site of drought damage, and membrane 

leakage has often been used as a measure of plant damage (Wang, 1981; Rajasekaran & 

Blake, 1999; Borsos-Matovina & Blake, 2001; Cho & Seo, 2005), and that is often indicated 

by the increased MDA. The thiobarbituric acid reagent substances (TBARS) were thought to 

be the most popular index to measure the level of membrane lipid peroxidation. More 

specifically, most understanding concerning it was that MDA content (TBARS was largely 

focused on it), which would be the major index to judge the extent of lipid peroxidation 

(Gossett et al., 1994; Cho & Seo, 2005). It has long been distinct that the in vivo free radical 

in plants was to accumulate and trigger a series of physiological or biochemical reactions 

including membrane lipid peroxidation. In this case, plant injuries would occur eventually. 

Herein, the antioxidant system was thought to play a vital role when plants were injured 

under water stress. H2O2, one of free radicals, causes lipid peroxidation and the resulting 

increase in the permeability of cell membranes can induce senescence (Droillard et al., 1987; 

Jiang & Zhang, 2002; Cho & Seo, 2005). Recent researches suggested that ABA was likely 



YOU-CAI XIONG ET AL., 1010 

to inhibit the expression of some genes (Shriver & Mundy, 1990; Creelman & Mason, 1990; 

Colorado et al., 1994). For example, the expression of some drought-induced genes 

depended on the increase of ABA level and the expression of late embryogenesis 

abundant-protein （LEA）gene was closely related to the elevated ABA concentration. LEA 

was considered to act as a dehydration protectant. The extent of membrane injuries can be 

alleviated by the increase in LEA synthesis induced by ABA. It was, by regulating In vivo 

active oxygen metabolism especially by regulating the change of H2O2 generation, for ABA 

to inhibit the membrane lipid peroxidation and then to release the injury caused by water 

stress. Therefore, the short-term supplement of exogenous ABA in PEG-treated grass pea 

seedlings increased the capacity of protective adaptation mechanism, suggesting that ABA 

played a contributory and active role in improving the grass pea’ adaptation to drought stress.  

It has long been known that CAT mostly existed in the peroxisome. Its major function 

was to clear away all H2O2 produced in the cytoplasm. Moreover, the H2O2 in the chloroplast 

could be mainly eliminated in the Foyer-Halliwell Cycle, in which GR and APX were 

considered to be two critical enzymes (Asada, 1992). In the exogenous ABA treatment, the 

increase in activities of CAT and GR was to eliminate the H2O2 in the cytoplasm as well as 

the chloroplast. Therefore, the amount of H2O2 would drop down and then the membrane 

lipid peroxidation would be restrained. In this case, the plant injury caused by water stress 

was effectively to be released. So, it could be assumed that ABA was beneficial to the crop’ 

adaptation to the short-term (48h) drought stress. 

If the grass pea seedlings were treated with the exogenous ABA for a long time 

leaf-spraying, the results showed that at the front stage of treatment (0 ~ 3 days) the ABA 

content in the blade rose rapidly and significantly, and the activities of CAT and GR were to 

increase slightly (Figs. 4-5), whereas the amount of MDA and H2O2 somewhat decreased 

(Fig. 6). It suggested that after grass pea leaves absorbed exogenous ABA, ABA would 

promote the activities of the antioxidant enzymes to reduce the amount of active oxygen 

(H2O2). That led to lower the extent of membrane lipid peroxidation and thus, in turn, lessen 

the plant injury caused by the outer stressful surroundings. On the other hand, in later period 

of treatment (3 ~ 15 days), the foliar ABA level was still maintained relatively high, and 

correspondingly the activities of CAT, SOD, POD and GR were to drop down wholly (Figs. 

4-5). More importantly, at that moment, MDA and H2O2 started to accumulate quickly and 

significantly (Fig. 6), showing that the peroxidantive reaction in membrane lipid had become 

stronger and the plant injury would be aggravated more seriously. Herein, the long-term 

ABA application could lead to the plant senesce. It could also be concluded that ABA turned 

to its adverse aspects of protecting plant against suffering from In vitro stresses i.e., 

long-term water stress still stimulated the synthesis of ABA but ABA in this condition was 

harmful to plant adaptation to drought stress. 

In conclusion, at the initial stage of drought stress (short-term stress), plants were 

subjected to mild water stress. Under mild water stress, water-stress-induced ABA 

accumulation triggers the increased generation of reactive oxygen species (ROS), which may 

involve a trans-plasma membrane NAD(P)H oxidase (Jiang & Zhang, 2002) and, in turn, 

leads to the induction of the antioxidant defense system in plants (Guan et al., 2000). Our 

data suggested that at the initial stage of stress, the content of H2O2 was highly correlated 

with the activities of all four antioxidant enzymes (SOD, CAT, POD and GR). Therefore, 

ABA’s positive role was performed in the pathway in which H2O2 accumulation triggered 

the increased activities of four antioxidant enzymes. In the prolonged drought conditions, 

plants were subjected to severe water stress. Under severe water stress, internal ABA in 
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leaves would accumulate excessively. In this case, the content of H2O2 was negatively 

correlated with the activities of all four antioxidant enzymes. So, the amount of H2O2 

surpassed a certain threshold, significantly higher than that of under mild stress. So, 

excessive accumulation of H2O2 started to inhibit the activities of four antioxidant enzymes 

and in turn, triggered the negative effect of ABA.  

ABA had its own dual characteristics i.e., it was beneficial in adaptation to the 

short-term draught stress and it turned to be harmful in long-term drought stress. Considering 

the complexity of ABA and H2O2 action, although another possibility in the induction of the 

antioxidant defense system in response to drought stress cannot be ruled out, our results had 

confirmed the ABA’s dual roles in a possible pathway in plant response to short-term and 

long-term water stress.  

 

Acknowledgement 

 

The authors gratefully acknowledge Dr. Tiwarri Rajesy and Mr. Andy Weeks for their 

sincere help and good advice on our experiments. The work was financially supported by the 

Early-stage Special Research of National Program on Key Basic Research Projects (973) of 

China (2004CCA02800), the Key Scientific and Technical Innovation Project, Ministry of 

Education of China and “Hundred Talents Program” of CAS and NSFC (No. 39870139). 

 
References 

 

Aebi, H. 1984. Catalase In vitro. Methods Enzymol., 105: 121-127. 

Anderson, M.D., T.K. Prasad, B.A. Martin and C.R. Stewart. 1994. Differential gene expression in 

chilling-acclimated maize seedlings and evidence for the involvement of abscisic acid in chilling 

tolerance. Plant Physiol., 105: 331-339. 

Assmann, S.M. and F. Armstrong. 1999. Hormonal regulation of ion transporters: the guard cell 

system. In:: Biochemistry and Molecular Biology of Plant Hormones. (Eds.): P.J.J. Hooykaas, 

M.A. Hall and K.R. Libbenga. Elsevier, Amsterdam, pp. 337-361. 

Asada, K. 1992. Ascorbate peroxidase – a hydrogen peroxide-scavenging enzyme in plant. Physiol. 

Plant., 85: 235-241.  

Baker, A.T., M.M. Brichl, R. Dorr and G. Powis. 1996. Decreased antioxidant defence and increased 

oxidant stress during dexamethasone-induced apoptosis: bcl-2 prevents the loss pf antioxidant 

enzyme activity. Cell Death Differentiation, 3: 207-213. 

Beauchamp, C. 1971. I. Fridovich, Superoxide dismutase: Improved assay and an assay applicable to 

acrylamide gels. Anal. Biochem., 44: 276-287. 

Bohnert, H.J. and R.G. Jensen. 1996. Strategies for engineering water-stress tolerance in plants. Trends 

Biotechnol., 14: 89-97.  

Borsos-Matovina, V. and T.J. Blake. 2001. Seed treatment with the antioxidant Ambilo enhances 

membrane protection in seedlings exposed to drought and low temperatures. Trees, 15: 163-167. 

Bradford, M.M. 1976. A rapid and sensitive method for quantification of microgram quantities of 

protein utilizing the principle of protein-dye binding. Anal. Biochem., 172: 248-254. 

Burke, J.J., P.E. Gamble, J.L. Hatfield and J.E. Quisenberry. 1985. Plant morphological and 

biochemical responses to field water deficits. I: Responses of glutathione reductase activity and 

paraquat sensitivity. Plant Physiol., 79: 415-419. 

Cho, U.H. and N.H. Seo. 2005. Oxidative stress in Arabidopsis thaliana exposed to cadmium is due to 

hydrogen peroxide accumulation. Plant Sci., 168: 113-120. 

Colorado, P., A. Rodriguez, G. Nicolas and D. Rodriguez. 1994. Abscisic acid and stress regulate gene 

expression during germination of chick-pea seeds: possible role of calcium. Plant Physiol., 83: 

457-462. 



YOU-CAI XIONG ET AL., 1012 

Creelman, R.A.. andH.S. Mason. 1990. Water deficit and abscisic acid cause differential inhibition of 

shoot versus root growth in soybean seedlings. Physiol. Plant., 92: 205-214. 

Dhindsa, R.S. and W. Matowe. 1981. Drought tolerance in two mosses: correlated with enzymatic 

defence against lipid peroxidation. J. Exp. Bot., 32: 79-91. 

Droillard, M.J., A. Paulin and J.C. Massot. 1987. Free radical production, catalase and superoxide 

dismutase activities and membrane integrity during senescence of petals of cut carnations 

(Dian-thus caryophyllus). Physiol. Plant., 71: 197-202. 

Foreman, J., V. Demidchik and J.H. Bothwell. 2003. Reactiive oxygen species produced by NADPH 

oxidase regulate plant cell growth. Nature, 422: 442-446.  

Garnczarska, M., W. Bednarski and I. Morkunas. 2004. Re-aeration-induced oxidative stress and 

antioxidative defenses in hypoxically pretreated lupine roots. J. Plant Physiol., 161: 415-422.  

Gossett, D.R., E.P. Millhollon and M.C. Lucas. 1994. Antioxidant response to NaCl stress in 

salt-sensitive cultivars of cotton. Crop Sci., 34: 706-714. 

Gosti, F., N. Bertauche, N. Vartanian and J. Giraudat. 1995. Abscisic acid-dependent and –independent 

regulation of gene expression by progressive drought in Arabidopsis thaliana. Mol. Gen. Genet., 

246: 10-18. 

Groot, S.P.C., and C.M. Karssen. 2001. Dormancy and germination of abscisic acid-deficient tomato 

seeds. Plant Physiol., 99: 952-958.  

Guan, L. and J.G. Scandalios. 1998. Two structurally similar maize cytosolic superoxide dismutase 

genes, Sod 4 and Sod4A, respond differentially to abscisic acid and high osmoticum. Plant 

Physiol., 117: 217-224. 

Guan, L., J. Zhao and J.G. Scandalios. 2000. Cis-elements and trans-factors that regulate expression of 

the maize Cat 1 antixidant gene in response to ABA and osmotic stress: H2O2 is the likely 

intermediary signalling molecule for the response. Plant J., 22: 87-95. 

Heath, R.L. and L. Packer. 1968. Photoperoxidation in isolated chloroplasts I: Kinetics and 

stoichiometry of fatty acid Peroxidation. Arch. Biochem. Biophys., 125: 189-198. 

Jia, W. and J. Zhang. 1997. Comparison of exportation and metabolism of xylem-delivered ABA in 

maize leaves at different water status and xylem sap pH. Plant Growth Regul., 21: 43-49. 

Jiang, M. and J. Zhang. 2001. Effect of abscisic acid on active oxygen species, antioxidative defence 

system and oxidative damage in leaves of maize seedlings. Plant Cell Physiol., 42: 1265-1273. 

Jiang, M. and J. Zhang. 2002. Role of abscissic acid in water stress-induced antioxidant defense in 

leaves of maize seedlings. Free Radic. Res., 36: 1001-1015. 

Kamminaka, H., S. Morita, M. Tokumoto, T. Masumura and K. Tanaka. 1999. Differential gene 

expression of rice superoxide dismutase isoforms to oxidative and environmental stresses. Free 

Radic. Res., 31: 219-225. 

Koornneef, M., G. Reuling and C.M. Karssen. 1984. The isolation and characterization of abscisic 

acid-insensitve mutants of Arabidopsis thaliana. Physiol. Plant., 61: 377-383.  

Lange, O.L., P.S. Nobel, C.B. Osmond and H. Ziegler. 1981. Introduction: Perspectives in ecological 

plant physiology. In: Physiological Plant Ecology I. (Eds.): O.L. Lange, P.S. Nobel, C.B. Osmond 

and H. Ziegler. Springe-Verlag, New York, NY, pp.1-9. 

Luck, H. 1963. Catalase. In: Methods of Enzymatic Analysis. (Ed.): H.U. Bergmeyer. Verlag Chemie: 

Wernheim, Germany, pp. 885-894. 

Mac-Nevin, W.M. and P. Uron. 1953. Separation of Hydrogen Peroxide from Organic Hydroperoxides. 

Annal. Chem., 25: 1760-1761. 

Madhava, R.K.V. and T.V.S. Sresty. 2000. Antioxidative parameters in the seedlings of pigeonpea 

(Cajanus cajan L. Millspaugh) in response to Zn and Ni stresses. Plant Sci., 157: 113-128. 

Mittler, R. 2002. Oxidantive stress, antioxidants and stress tolerance. Trends in Plant Sci., 5: 143-160.  

Mondal, R. and M.A. Choudhuri. 1981. Role of hydrogen peroxide in senescence of excised leaves of 

rice and maize. Biochem. Physiol. Pflanzen., 176: 700-709. 

Mukherjee, S.P. and M.A. Choudhuri. 1983. Implications of water stress-induced changes in the leaves 

of endogenous ascorbic acid and hydrogen peroxide in Vigna seedlings. Physiol. Plant., 58: 

166-170. 

http://reviews.bmn.com/medline/search/results?keyword_field=au&keywords=Jiang_M
http://reviews.bmn.com/medline/search/results?keyword_field=au&keywords=Jiang_M


DUAL ROLE OF AA ON ANTIOXIDATIVE DEFENSE OF LATHYRUS SATIVUS 1013 

Murata, Y., Z. Pei, I.C. Mori and J.I. Schroeder. 2001. Abscisic acid activation of plasma membrane 

Ca2+ channels in guard cells requires cytosolic NAD(P)H and is differentially disrupted upstream 

and downstream of reactive oxygen species production in abi1-1 and abi2-1 protein phosphatase 

2C mutants. Plant Cell, 13: 2513-2523. 

Neil, S., R. Desikan and J. Hancock. 2002. Hydrogens peroxide signalling. Cur Opinion Plant Bio., 5: 

388-395.  

Pla, M., J. Vilardell, M.J. Guiltinan, W.R. Marocoite, M.E. Niogret, R.S. Quatrano and M. Pages. 1993. 

The cis-regulatory element CCACGTGG is involved in ABA and water-stress responses of the 

maize gene rab28. Plant Mol. Biol., 21: 259-266.  

Rajasekaran, L.R. and T.J. Blake. 1999. New plant growth regulators protect photosynthesis and 

enhance growth under drought of jack pine seedlings. J. Plant Growth Regul., 18: 175-181. 

Rakwal, R. and S. Komatsu. 2004. Abscisic acid promoted changes in the protein profiles of rice 

seedling by proteome analysis. Mol. Biol. Rep., 31: 217-230.  

Rinne, P., A. Welling and P. Kaikuranta. 1998. Onset of freezing tolerance in birch (Betula pubescens 

Ehrh.) involves LEA proteins and osmoregulation and is impaired in an ABA-deficient genotype. 

Plant Cell Environ., 21: 601-611. 

Sachs, M.M. and T.H.D. Ho. 1986. Alteration of gene expression during environmental stress in plants. 

Annu Rev Plant Physiol., 37: 363-376. 

Sakamoto, A.., T. Okumura, H. Kaminata, K. Sumi and K. Tanaka. 1995. Structure and differential 

response to abscisic acid of two promoters for the cytosolic copper/zinc-superoxide dismutase 

genes. SodCc1 and SodCc2, in rice protoplasts. FEBS Lett., 358: 62-66. 

Shao, H.B., Z.S. Liang, M.A. Shao and B.C. Wang. 2005. Changes of anti-oxidative enzymes and 

membrane peroxidation for soil water deficits among 10 wheat genotypes at seedling stage. 

Colloid. Surface, B. 42: 107-113.  

Sharp, R.E. and M.E. LeNoble. 2002. ABA, ethylene and the control of shoot and root growth under 

water stress. J. Exp. Bot., 53: 33-37. 

Sharp, R.E., M.E. LeNoble, M.A. Else, E.T. Thorne and F. Gherardi. 2000. Endogenous ABA 

maintains shoot growth in tomato independently of effects on the plants’ water balance: evidence 

for an interaction with ethylene. J. Exp. Bot., 51: 1575-1584.  

Shen, Q.X., C.N. Chen, A. Brands, S.M. Pan and T.H. David Ho. 2001. The stress- and 

abscisic-induced barley gene HVA22: developmental regulation and homologues in diverse 

organisms. Plant Mol. Biol., 45: 327-340.  

Skriver, K. and I. Mundy. 1990. Gene expression in response to Abscisic acid and osmotic stress. Plant 

Cell, 2: 503-512. 

Straub, P.F., Q. Shen and T.H.J. Ho. 1994. Structure and promoter analysis of an ABA-and 

stress-regulated barley gene, HVA1. Plant Mol. Biol., 26: 617-630.   

Trouverie, J., C. Thévenot, J.P. Rocher, B. Sotta and J.L. Prioul. 2003. The role of abscisic acid in 

the response of a specific vacuolar invertase to water stress in the adult maize leaf. J. Exp. Bot., 

54: 2177-2186. 

Volk, S. and J. Feierabend. 1989. Photoinactivation of catalase at low temperature and its relevance to 

photosynthetic and peroxide metabolism in leaves. Plant Cell Environ., 12: 701-712.  

Wang, H.C. 1981. Plant resistance physiology. Plant Physiol. Commu., 6: 72-81 (English abstract in 

Chinese). 

Wright, S.T.C. and R.W.P. Hiron. 1969. (+)-Abscisic acid, the growth inhibitor induced in detached 

wheat leaves by a period of wilting. Nature, 224: 719-720. 

Xiong, Y.C., G.M. Xing, Z. Zheng, Y.F. Wang, Z.X. Li and F.M. Li. 2005. Europium (Eu3+) improve 

drought tolerance but decrease the ODAP level in grass pea (Lathyrus sativus L.) seedlings. J. 

Rare Earth., 23: 502-507.  

Xiong, Y.C., F.M. Li and T. Zhang. 2006a. Performance of wheat crops with different chromosome 

ploidy: root-sourced signals, drought tolerance and yield performance. Planta, DOI 10.1007 / 

S00425-006-0252-x.  



YOU-CAI XIONG ET AL., 1014 

Xiong, Y.C., F.M. Li, B.C. Xu and K.C. Hodgkinson. 2006b. Hydraulic and non-hydraulic root-sourced 

signals in old and modern spring wheat cultivars in the semiarid area. J. Plant Growth Regul., 25: 

1-18.  

Xiong, Y.C., F.M. Li., T. Zhang and C. Xia. 2006c. Evolutional mechanism of non-hydraulic 

root-to-shoot signal during the anti-drought genetic breeding of spring wheat. Environ. Exp. Bot., 

(In press). 

Xiong, Y.C., G.M. Xing, F.M. Li, S.M. Wang, X.W. Fan, Z.X. Li and Y.F. Wang. 2006d. Abscisic acid 

promotes the accumulation of toxin ODAP in relation to the free spermine level in grass pea 

seedlings (Lathyrus sativus L.). Plant Physiol. Bioch., (In press). 

Zeevaart, J.A..D. and R.A. Creelman.. 1988. Metabolism and physiology of abscisic acid. Annu. Rev. 

Plant  Physiol., 39: 439- 473. 

Zhang, J. and W.J. Davies. 1989. Abscisic acid produced in dehydrating roots may enable the plant to 

measure the water status of the soil. Plant Cell Environ., 12: 73-81. 

Zhang, J. and W.J. Davies. 1990a. Changes in the concentration of ABA in xylem sap as a function of 

changing soil water status will account for changes in leaf conductance. Plant Cell Environ., 13: 

277-285. 

Zhang, J. and W.J. Davies. 1990b. Does ABA in the xylem control the rate of leaf growth in soil-dried 

maize and sunflower plants? J. Exp. Bot., 41: 1125-1132. 

Zhang, J. and W.J. Davies. 1991. Root signals and the regulation of growth and development of plants 

in drying soil. Annu. Rev. Plant Physiol. Mol. Biol., 42: 55-76. 

Zhang, X.L., F. Zhang, J. Dong, D.W. Gao, Galbraith and C.P. Song. 2003. Hydrogen peroxide is 

involved in abscisic acid-induced stomatal closure in Vicia faba. Plant Physiol., 126: 1438-1448. 

 

(Received for publication 10 April 2006) 

 


