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Abstract 

The effects of water stress and osmotic stress (sorbitol treatment) on the production of putrescine and proline 
in excised rice leaves were compared. Osmotic stress and water stress were found to affect differentially the 
levels of putrescine and proline in excised rice leaves. Putrescine accumulation is induced by osmotic stress, 
whereas proline accumulation is induced by water stress. The effects of ABA on the levels of proline and 
putrescine are similar to those of water stress, whereas the effects of jasmonic acid methyl ester (JA-Me) 
are similar to those of osmotic stress. Water stress results in an increase of endogenous ABA is excised 
rice leaves. However, neither osmotic stress nor JA-Me has effect on endogenous ABA levels in excised 
rice leaves. Of particular interest is the finding that proline levels increase when putrescine levels induced 
by osmotic stress or JA-Me are reduced by D-arginine and a-methylornithine. L-arginine and L-ornithine 
applied exogenously also cause an increase in proline levels. It seems that L-arginine and L-ornithine are 
preferentially utilized as precursors for putrescine accumulation in excised rice leaves treated with osmotic 
stress and JA-Me, and for proline accumulation in excised rice leaves exposed to water stress and ABA. 

Abbreviations: ABA = abscisic acid; BSA = bovine serum albumin; ELISA = enzyme-linked immunosor- 
bent assay; HPLC = high performance chromatography; JA-Me = jasmonic acid methyl ester; PVP = 
poly-vinylpyrrolidone 

1. Introduction 

Recently, considerable interest has been shown in 
the changes that take place in polyamine levels in 
the leaves subjected to various kinds of environ- 
mental stress. Water stress has been shown to 
increase the level of putrescine in leaf tissues [l 1, 
211. Putrescine accumulation also occurs in cereal 
leaf segments exposed to osmotic stress [8, 9, 10, 
221. It has long been known that proline accumu- 
lates in leaves of many plants in response to water 
stress [l]. Proline accumulation has also been 
observed in tobacco callus exposed to osmotic 
stress [6]. In experiments where osmotic stress is 
imposed in plant tissue by use of sorbitol or manni- 

tol, it is difficult to separate purely osmotic effects 
from effects due to water stress generated during 
such treatments. The present investigation was 
undertaken to compare the effects of water stress 
and osmotic stress (sorbitol treatment) on the accu- 
mulation of putrescine and proline in excised rice 
leaves. 

Proline accumulation can be markedly induced 
by ABA in excised leaves of several plant species 
[5, 171. However, ABA did not affect the levels of 
putrescine in detached barley leaves [17]. Thus it 
was of great interest to understand whether the 
levels of putrescine and proline in excised rice 
leaves treated with ABA are similar to those 
exposed to water stress or osmotic stress. Jasmo- 
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nates and ABA show many and remarkable simila- 
rities - structurally, functionally, and regulatory 
[ 161. Thus, the effects of jasmonic acid methyl ester 
(JA-Me) on the accumulation of proline and 
putrescine were also investigated. 

2. Materials and methods 

2.1 Plant material and incubation condition 

Rice (Oryza saliva cv Taichung Native 1) was cul- 
tured as previously described [12]. The apical 
3 cm segments excised from the third leaves of 12- 
day-old seedlings were used. A group of 10 seg- 
ments was floated in a Petri dish containing lOm1 
of test solutions. Incubation was carried out at 
27 “C in the light (16.7pmol quanta mp2s-‘). 
Water stress was applied by a previously described 
method [3]. Briefly, leaf segments were exposed to 
the vapor above a solution of 0.5 A4 NaCI. Water 
stress was judged by loss of fresh weight. The fresh 
weight loss was about 9, 15 and 20% at 4, 8 and 
12 h after the experiment, respectively. Osmotic 
stress was achieved by floating leaf segments on 
0.6M sorbitol solution. The fresh weight loss in 
osmotically stressed leaf segments was about 3, 5 
and 10% at 4, 8 and 12 h after the experiment, 
respectively. For ABA and JA-Me treatments, the 
optimum concentration (45 ,&Y) to induce proline 
or putrescine accumulation was used. 

2.2 Determination of proline 

Proline was extracted and its concentration deter- 
mined by the method of Bates et al. [2]. Leaf seg- 
ments were homogenized with 3% sulfosalicylic 
acid and the homogenate was centrifuged. The 
supernatant was treated with acetic acid and acid 
ninhydrin, boiled for 1 h, and then absorbance at 
520nm was determined. Levels of proline are 
expressed as pmol g-’ initial fresh weight. 

2.3 Determination offree putrescine 

For putrescine determination, leaf segments were 
homogenized in 5% perchloric acid. Putrescine 
levels were determined using HPLC after benzoyla- 
tion as described previously [4]. Levels of putres- 
tine are expressed as nmol g-’ initial fresh weight. 

2.4 Determination of ABA 

For ABA extraction, leaf samples were homoge- 
nized with extraction solution (80% methanol con- 
taining IOOmg 1-t butylated hydroxytoluene). 
Extracts were filtered through Whatman No. 1 fil- 
ter paper and rinsed twice with extraction solution. 
Filtrate was reduced to dryness in vacua at 30 “C. 
Samples were resuspended in 100% methanol. 
(NH&HP04 (500mM) was then added and the 
samples were allowed to stand for 10min at 4 “C 
until ammonium salts formed. Pigments and phe- 
nolics in ammonium salt solution were removed 
by passing through a PVP column [14]. The com- 
bined PVP column-filtrated solutions were 
adjusted to pH 3.0 with acetic acid. The acidified 
solution was eluted through a Cl8 cartridge. 
Methanol (20%, pH 3.2) was passed through the 
Cl8 cartridge to remove polar compounds. ABA 
trapped in the Cl8 cartridge was then eluted with 
65% ethanol (pH 3.2). ABA solution was reduced 
to dryness in vacua, resuspended in Tris-buffered 
saline (50mM Tris HCl, 10mM NaCl, 1 mM 
MgC12, 15 mMNaNs, pH 7.5) and then subjected 
to HPLC. Samples were injected into a Waters 
M-6 UK Universal Liquid Chromatograph. They 
were eluted through a 250- x4 mm Cl 8 reverse- 
phase column (5 pm particle size) at a flow rate of 
1 ml min-’ with 40% methanol in 0.02% acetic 
acid. ABA was collected by a fraction collector. 
The ABA fractions were then dried in vacua. Sam- 
ples were resuspended in Tris-buffered saline and 
100% methanol and stored at -20 “C for ELISA 
analysis. ABA was quantitated by indirect ELISA 
according to Walker-Simmons [23] and Norman 
et al. [15]. ABA-4’-BSA conjugate was prepared 
according to Weiler [25] and used to determine 
ABA. ABA levels are expressed as pmol g-t initial 
fresh weight. 

3. Results 

Figure 1 shows the changes with time in levels of 
putrescine and proline in excised rice leaves incu- 
bated in water or exposed to osmotic stress or 
water stress in the light. Osmotic stress markedly 
increases putrescine levels. However, only a slight 
increase in putrescine levels was observed in 
excised leaves exposed to water stress. At variance 
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Fig. 1. Changes with time in the levels of putrescine and proline 
in excised rice leaves treated with water stress and osmotic stress. 
Excised rice leaves were treated with either water, water stress or 
0.6 M sorbitol in the light. The levels of putrescine were quanti- 
tated at the times indicated. Bars represent SE; 3 replicates. 

with the results of putrescine accumulation, water 
stress markedly increased proline levels, but osmo- 
tic stress only caused a slight increase in proline 
levels. The effects of ABA and JA-Me on the accu- 
mulation of proline and putrescine are shown in 
Figure 2. The increase of putrescine by JA-Me 
was evident at 4 h after incubation in the light. 
However, ABA treatment did not result in an 
increase of putrescine levels. Proline levels, on the 
other hand, increased significantly in excised rice 
leaves treated with ABA, but increased slightly in 
those treated with JA-Me. Clearly, the effects of 
ABA on the levels of proline and putrescine are 
similar to those of water stress, whereas the effects 
of JA-Me are similar to those of osmotic stress. 

The levels of endogenous ABA rise markedly in 
response to water stress in several plant species 
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Fig. 2. Changes with time in the levels of putrescine and proline 
in excised rice leaves treated with ABA and jasmonic acid methyl 
ester (JA-Me). Excised rice leaves were treated with either water, 
45 PRIM ABA or 45 PM JA-Me in the light. The levels of putres- 
tine were quantitated at the times indicated. Bars represent SE; 3 
replicates. 

[24]. Since exogenously applied ABA mimics the 
effects of water stress on the levels of proline and 
putrescine, it is expected that water stress may 
result in an increase in ABA levels in excised rice 
leaves. As indicated in Figure 3, the levels of 
ABA, indeed, increased by water stress at 8 h after 
the start of the incubation. Neither JA-Me nor 
osmotic stress had any effect on the levels of ABA 
in excised rice leaves. 

To characterize further the effects of osmotic 
stress and JA-Me on the accumulation of putres- 
tine, inhibitors of the biosynthesis of putrescine, 
such as D-arginine and a-methylornithine, were 
applied to sorbitol- and JA-Me-treated excised 
rice leaves. The results are shown in Table 1. D- 
arginine but not a-methylornithine significantly 
reduced the levels of putrescine in excised rice 
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Fig. 3. Effects of water stress, osmotic stress and jasmonic acid 
methyl ester (JA-Me) on the levels of ABA in excised rice 
leaves. Excised rice leaves were treated with either water, 
0.6 M sorbitol, 45 j&f JA-Me or water stress in the light for 
8 h. Bars represent SE; 3 replicates. 

leaves in the absence of sorbitol and JA-Me. How- 
ever, both D-arginine and cu-methylornithine 
decreased the levels of putrescine induced by osmo- 
tic stress or JA-Me, indicating that osmotic stress 
and JA-Me may affect the activities of both argi- 
nine decarboxylase and ornithine decarboxylase, 
enzymes responsible for the biosynthesis of putres- 
tine [7]. Since D-arginine is more pronounced than 
o-methylornithine in reducing the accumulation of 
putrescine induced by osmotic stress or JA-Me, 
arginine decarboxylase seems to be the major 
enzyme responsible for the accumulation of putres- 
tine induced by osmotic stress or JA-Me. 

Proline is known to be originated from L-glutamic 
acid, L-arginine and L-ornithine [ 191. When rice leaf 
segments were treated with L-arginine and L-or- 
nithine, proline level was significantly increased 
(Figure 4). It seems that proline and putrescine may 
share L-arginine and L-ornithine as precursors in 
excised rice leaves (Figure 5). Table 1 shows that 
both D-arginine and a-methylornithine resulted in 
an increase of proline levels in osmotically stressed 
and JA-Me-treated excised rice leaves. These results 
suggest that D-arginine and o-methylornithine 
result in more L-arginine and L-ornithine, respec- 
tively, available for proline accumulation. 

4. Discussion 

Sorbitol is a commonly used water stress agent. 

Table 1. Effects of D-arginine and a-methylornithine in the ab- 
sence or presence of jasmonic acid methyl ester (JA-Me) or sor- 
bitol on the levels of putrescine and proline in excised rice leaves 

Treatment Putrescine Proline 
(nmol g-‘) Cm01 6) 

Water 380 f 10 0.25 f 0.02 
D-Argine 284 zt 36 0.25 f 0.01 
a-Methylornithine 408 f 27 0.25 It 0.01 
JA-Me 690 it 10 0.40 f 0.01 
JA-Me + D-Arginine 520 f 6 0.58 + 0.03 
JA-Me + o-Methylornithine 576 f 4 0.65 310.01 
Sorbital 930 f 58 0.45 f 0.01 
Sorbital + D-Arginine 562 + 26 0.60 5 0.01 
Sorbital + o-Methylornithine 752 zt 43 0.72 zt 0.02 

Excised rice leaves were incubated in the light for 8 h in D-argi- 
nine (5 mM) or a-methylornithine (5 mM) in the absence or pre- 
sence of JA-Me (45 @) or sorbitol (0.6M) (Mean f SE, 3 
replicates). 

The results of the present investigation show that 
osmotic stress and water stress affect differentially 
the levels of putrescine and proline in excised rice 
leaves. Putrescine accumulation is induced by 
osmotic stress, whereas proline accumulation is 
induced by water stress. 

It has been reported that ABA accumulation is 
not required for proline accumulation in wilted 
barley leaves [20]. The present investigation 
demonstrated that water stress and ABA treatment 
behaved similarly in terms of accumulation of pro- 
line and putrescine in rice leaves. It seems that pro- 
line accumulation induced by water stress is most 
likely mediated through ABA in excised rice 
leaves. This suggestion is further supported by the 
observation that water stress resulted in an 
increase of endogenous ABA in excised rice leaves. 

Contrary to water stress, sorbitol and JA-Me 
treatments do not result in an increase in endogen- 
ous ABA levels in excised rice leaves. However, 
Larsson et al. [13] detected an increase in ABA 
levels in wheat exposed to osmotic stress by treat- 
ment with up to 20% polyethylene glycol. It is 
known that polyethylene glycol does not enter the 
cell wall space [18] and sorbitol does [S]. Whether 
different effects of sorbitol and polyethylene glycol 
on ABA levels are due to the different properties of 
two osmotica or different plant materials used is 
deserving of critical experimentation. 

The present investigation shows that osmotic 
stress mimics the effects of JA-Me on the levels of 
putrescine and proline in excised rice leaves. At 
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Fig. 4. Effects of L-arginine and L-ornithine on the levels of pro- 
line in excised rice leaves. Excised rice leaves were treated with 
various concentrations of L-arginine or L-ornithine in the light 
for 8 h. Bars represents SE; 4 replicates. 

present, we have technical problems in assaying 
endogenous jasmonates and are unable to provide 
direct evidence that osmotic stress would result in 
an increase in jasmonates in excised rice leaves. 
However, Parthier et al. [16] demonstrated that 
endogenous jasmonates increased in barley leaf 
segments exposed to 1 M sorbitol. If sorbitol treat- 
ment behaves similarly in excised rice leaves, then 
the effects of sorbitol on the levels of putrescine 
are more likely mediated by changes of endogen- 
ous jasmonates. Overall, our results suggest that 
the increase in proline and putrescine during stress 
are mediated by different mechanisms. 

Of particular interest of the present investigation 
is the finding that proline levels increase when 
putrescine levels induced by osmotic stress and JA- 
Me are reduced by D-arginine and o-methylor- 
nithine. We also observed that L-arginine and L- 
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Fig. 5. Biosynthetic pathways of L-proline and polyamines in 
plant systems. 

ornithine applied exogenously resulted in an in- 
crease of proline, suggesting that proline and 
putrescine may share L-arginine and L-ornithine as 
precursors in rice leaves. It seems that L-arginine 
and L-ornithine are preferentially utilized as pre- 
cursors for putrescine accumulation in excised 
rice leaves exposed to osmotic stress and JA-Me, 
and for proline accumulation in excised rice leaves 
exposed to water stress and ABA. However, this 
conclusion will not be firmly established until 
putrescine and proline accumulation during stress 
is followed upon labeling with L-[14C] arginine or 
L-[i4C] ornithine. 
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