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Abstract 

Changes of internal ABA levels in relation to anoxia- or ethylene-induced growth alterations were determined in 
etiolated rice (Orvza sativa L. cv. Taichung Native 1 ) seedlings. An inverse relationship between ABA levels and growth 
was observed at the early growth stages of rice seedlings. When rice seedlings were exposed to anoxia or 10 #1/I ethylene, 
coleoptile elongation was enhanced while growth of roots and leaves was inhibited. In contrast, anoxia or ethylene 
induced a decrease of ABA levels in coleoptiles but an increase in roots and leaves, especially after 48 h of treatment. 
In addition, the anoxia- or ethylene-enhanced coleoptile elongation was inhibited by ABA ranging from 10 -7 M to 
10 -a M. Thus, results presented here indicate that ABA is an inhibitory modulator in the anoxia- or ethylene-induced 
morphological changes of etiolated rice seedlings. 
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1. Introduction 

Rice is known to be one of the plants which can 
germinate and survive under anoxia or conditions 
of submergence [1-3]. However, these oxygen- 
restricted environments lead to morphological 
changes in rice seedlings such as stimulation of col- 
eoptile elongation [4-7] and inhibition of root and 
leaf growth [3,7]. There is evidence that several 

* Corresponding author. 
Abbreviations: DW, dry weight: ELISA, enzyme-linked 
immunosorbent assay: FW, fresh weight: HPLC, high perfor- 
mance liquid chromatography: TBS, Tris buffer saline. 

plant growth regulators including ethylene 
[6,8-10], IAA [5,6,11], and polyamines [10,12,131 
are involved in the morphological regulation of 
anoxia-grown rice seedlings. 

It has been established that ABA is involved in 
the regulation of plant growth and development 
[14]. Stresses such as flooding [15-20] also induce 
ABA accumulation. However, levels of ABA in 
deepwater rice internodes show a significant 
decrease after submergence of plants [21]. It was 
suggested that the decrease of ABA levels is closely 
correlated with submergence-induced elongation 
of rice in:,ernodes. In the case of rice coleoptiles, a 
fluridone-induced decrease in ABA levels also 
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showed a close correlation with fluridone- 
enhanced coleoptile elongation [21]. In addition, 
ABA application could inhibit rice coleoptile 
elongation under aerobic or anaerobic conditions 
[6]. These data suggest that ABA has an inhibitory 
role in the elongation of rice coleoptiles or in- 
ternodes. 

According to the above observations, we pro- 
posed that ABA might be one of the internal fac- 
tors in the regulation of morphological alterations 
of rice seedlings grown under oxygen-restricted 
conditions or ethylene. Thus, experiments design- 
ed here were to examine changes of internal ABA 
levels in coleoptiles, leaves and roots of anoxia- or 
ethylene-treated rice seedlings, and also the rela- 
tionships between ABA levels and growth of indi- 
vidual organs. Effects of ABA on the anoxia- or 
ethylene-enhanced coleoptile elongation were also 
determined. 

2. Materials and methods 

Seeds of Indica type rice (Oryza sativa L. cv. 
Taichung Native 1) were sterilized with 5% sodium 
hypochloride for 10 min and then washed several 
times with distilled H20, and germinated in Petri 
dishes at 30°C under darkness as previously 
reported [10]. For aerobic treatment, ten etiolated 
seedlings with a 4 mm shoot and 2 mm root were 
placed in a Petri dish (8 cm width, 1 cm depth) 
containing 8 ml distilled H20 such that seedlings 
were not submerged. For anaerobic treatment, ten 
seedlings were enclosed in a 30-ml flask containing 
5 ml distilled H20, through which humidified 
nitrogen gas was passed at a flow rate of 10 
mi/min. In response to ethylene treatment, ten 
seedlings were placed in a 25-ml vial and 10 ~1/1 
ethylene was passed through at a flow rate of 10 
ml/min. Thus, in this study, ethylene was applied 
under air conditions. 

Free ABA was extracted and determined accor- 
ding to Lee et al. [22]. Rice tissue (about 2 g, FW) 
was frozen in liquid N 2 and lyophilized at -50°C. 
After lyophilization, samples (about 0.4 g, DW) 
were ground in liquid N2. A total 4 ml of extrac- 
tion solution (80% methanol, 1% (v/v) acetic acid, 
100 mg/l of butylated hydroxytoluene) were added 
and shaken at 4°C for 36 h in darkness. In each 
sample, DL-cis,trans-[G-3H]-ABA (166.5 Bq, 

0.1461 pmol) was added as an internal standard 
for estimating extraction efficiency during the ex- 
traction procedure. In these experiments, the ABA 
recovery ranged from 74-85%. After 36 h extrac- 
tion, extracts were filtered through Whatman No. 
1 filter paper, and the filter papers were rinsed 
twice with 1 ml extraction solution. The filtrate 
was evaporated completely in vacuo and 
resuspended first in 0.5 ml of 100% methanol; 0.5 
ml of 500 mM (NH4)2HPO4 was subsequently 
added, and ammonium salts were allowed to form 
for about 10 rain in an ice bath. The ammonium 
salt solution was passed through a PVP column (2 
g, DW polyvinylpoly pyrolidone in a 2.5-ml plastic 
syringe) to remove pigments and phenolics and 
then ABA in the column was eluted out by apply- 
ing 6 ml distilled water. The PVP column-filtered 
solutions were combined and adjusted to pH 3.0 
with concentrated acetic acid. The acidified solu- 
tion was eluted through a C~s cartridge (Waters, 
MA, USA) and 20% methanol (pH 3.2) was then 
passed to remove polar compounds. ABA trapped 
in the C~8 column was eluted with 4 ml of 65% 
methanol (pH 3.2). After drying in vacuo, each 
sample was resuspended in 0.5 ml of TBS solution 
(50 mM tris-hydroxymethylaminomethane HCI, 
10 mM NaCL 1 mM MgCI2, 15 mM NaN> pH 
7.5) and stored at -20°C for further purification 
by HPLC fractionation. A Waters HPLC system 
(Waters, USA) equipped with a UV detector was 
employed in the purification of cis-ABA in the ex- 
tract. A 5 #m Cj8 reverse column (250 mm × 4 
mm, endcapped, E.Merck, FRG) was used. The 
cis-ABA of extracts was eluted with 40% methanol 
(HPLC grade, BDH, UK) containing 0.02% acetic 
acid within 24 min at a flow rate of 1 ml/min. 
Excessive amounts of acetic acid (more than 
0.05%) lowered the affinity between monocional 
antibody and ABA-4'-BSA or cis-ABA, cis-ABA 
was fractionated by fraction collector (Gilson, 
model EL-201, UK) and dried completely in 
vacuo. The dried samples were then lyophilized for 
12 h in darkness to remove residual acetic acid. 
The lyophilized samples were resuspended in 475 
/zl of TBS solution and 25 t~l of 100% methanol 
and stored at -20°C for ELISA analysis. By 
evaluating [3H]ABA recovery, ABA loss was 
found to be less than 3.5% in these steps. 

Levels of cis-ABA in samples were measured by 
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indirect ELISA according to Walker-Simmons 
(1987) [23] and Norman et ai. (1988) [241 with 
some modifications. In this experiment, ABA-4'-  
BSA conjugate was used for the determination of 
free cis-(+)-ABA (Weiler, 1980) [25]. The conjuga- 
tion of ABA to bovine serum albumin (BSA) at the 
C-4'position was performed according to Weiler 
(1980) [25]. The lyophilized ABA-4'-BSA con- 
jugate was diluted to 35/~g/ml, then each well of 
a flat bottom microtitration plate (Immuno 2 
plate, Dynatech Laboratories, Inc., USA) was 
coated with 200 t~l of diluted ABA-4'-BSA con- 
jugate solution at 4°C for at least 24 h in darkness. 
The standards of ABA for calibration were 
prepared from cis-(+)-ABA (Sigma, USA) with 
ABA concentrations ranging from 0.01-I0 pmol 
in 100 /~1 TBS solution. Standard curves were 
linearized by plotting the logit transformation of 
absorbance data against log of standard ABA con- 
centration. In our experiments, a linear relation- 
ship was found to apply within the range of 
0.01-10 pmol. Samples were diluted to appropri- 
ate concentrations in linear ranges for the ELISA 
assay. The ABA-4'-BSA conjugate was discarded 
and plates were washed with 200/zl TBS solution 
containing 0.05% Tween 20 and 500 mg/l BSA 
(w/v). Then 200 /~1 of TBS solution containing 
0.05% Tween 20 were added to each well and 
discarded after standing for 5 min. The mixture of 
100 /~i standards or samples and 100 #1 diluted 
monoclonal antibody (2 ng/ml TBS solution) was 
added to the wells and then incubated at 30°C 
under darkness for 6 h. Wells were subsequently 
washed three times with TBS solution containing 
0.05% Tween 20 and 500 mg/l BSA, and 200 p.l of 
diluted rabbit antimouse antiserum alkaline phos- 
phatase conjugate (1:1000 dilution with TBS solu- 
tion containing 40 g/1 polyethylenglycol 6000, 
purchased from Sigma, USA) were added. After 
incubation at 30°C under darkness for 3 h, wells 
were washed three times with TBS solution con- 
taining 0.05°/,, Tween 20. Two hundred #1 p- 
nitrophenyl phosphate disodium salt (1 g/l in 50 
mM bicarbonate buffer, pH 9.6) were added and 
incubated at 37°C for 50 min. The reaction was 
stopped by adding 50 p.I of 5 N KOH. The absor- 
bance at 405 nm was measured with an EIA reader 
(model EL308, BIO-TEK, USA). Standards and 
samples were replicated at least three times in the 

same ELISA plate. ABA concentrations in sam- 
ples were calculated from the regression curve of 
standard ABA in each plate. ABA determined by 
ELISA was validated by GC-MS. The ABA con- 
centration of each sample was the average of three 
replicates. 

In this experiment, DL-cis,trans-[G-3H]ABA 
(1.91 TBq/mmol) was obtained from Amersham 
(Buckinghamshire, England, UK). Monoclonal 
antibody for (S)-ABA was purchased from Idetek 
Inc. in USA. Other chemicals were obtained from 
Sigma or Merck Inc. 

3. Results 

3.1. Effects of anoxia on length, fresh weight and 
ABA levels of coleoptiles 

Etiolated seedlings with 4-mm long coleoptiles 
were used in all experiments. As shown in Fig. 1, 
the coleoptile elongation was enhanced by anoxia 
and could reach up to 33.2 mm after 96 h treat- 
ment. Coleoptiles grown under aerobic conditions 
only elongated to 12.4 mm even after 96 h (Fig. 1). 
The fresh weight of anaerobically grown coleop- 
tiles was also higher than that of aerobically grown 
ones (Fig. 1). 

Changes of internal ABA levels in coleoptiles of 
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Fig. 1. Length, fresh weight (FW) and ABA levels in rice col- 
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standard error. 
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anaerobically grown rice seedlings are shown in 
Fig. 1. As compared with air controls, ABA levels 
were significantly reduced by anoxia. However, if 
expressed on a per coleoptile unit, the absloute 
ABA amount in anaerobically grown coleoptiles 
was almost the same as that in aerobically grown 
ones after 96 h treatment. 

3.2. Effects of anoxia on length, fresh weight and 
ABA levels of leaves and roots 

Changes of  growth and ABA levels in leaves in 
response to anaerobic conditions are presented in 
Fig. 2. When transferred to anaerobic conditions, 
leaf elongation as well as its fresh weight increase 
were inhibited. If expressed on a concentration 
basis (i.e. pmol/g FW), ABA levels increased under 
anaerobic conditions and reached a level of  5- and 
7-fold of  that in air controls after 48 h and 96 h, 
respectively. In contrast, if based on a per leaf 
unit, the absolute ABA amount in each leaf of  the 
seedling leaves was lower under anaerobic condi- 
tions than under aerobic conditions. 

As shown in Fig. 3, aerobically grown roots 
elongated rapidly as growth periods increased but 
elongation of  anaerobically grown roots was 
seriously inhibited under anaerobic conditions. 
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Similarly, as compared with aerobic controls, 
increase of fresh weight in roots was also inhibited 
by anoxia treatment (Fig. 3). Fig. 3 showed that 
ABA levels o f  anaerobically grown roots were 
higher than those of  aerobic controls (Fig. 3). 

3.3. Effects of ethylene on seedling growth and ABA 
levels 

Responses of  growth of  etiolated rice seedlings 
to 10 IA/I ethylene are shown in Fig. 4. After expo- 
sure to ethylene for 48 h, coleoptile elongation was 
enhanced but growth of  leaves or roots was 
inhibited. A similar response was also observed in 
changes of  fresh weight. Ethylene resulted in an 
increase of  fresh weight in coleoptiles but an in- 
hibition in leaves and roots. In coleoptiles, ABA 
levels showed a decrease after 48 h of  ethylene 
treatment (Fig. 4). In contrast, an increase of  ABA 
levels was found in roots and leaves after exposure 
to ethylene (Fig. 4). However, if based on a per leaf 
unit, the absolute ABA amount in each seedling's 
leaves was almost the same between air and ethyl- 
ene treatment (Fig. 4). 

3.4. Effects of ABA on anoxia- or ethylene- 
enhanced coleoptile elongation 

As shown in the above results, it seems that 
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internal ABA levels are reversely related with 
elongation of anoxia- or ethylene-treated coleop- 
tiles. If ABA does play an internal factor as an in- 
hibitory factor in the regulation of coleoptile 
elongation under anoxia or ethylene treatment, 
ABA application should inhibit the anoxia- or 
ethylene-induced coleoptile elongation. Here, 
changes of coleoptile length in response to various 
levels of ABA were examined under air, anoxia or 
ethylene conditions. As shown in Fig. 5, ABA used 
in concentrations from 10 -7 M to 10 -4 M inhib- 
ited elongation of aerobically grown coleoptiles. 
Similarly, elongation of anoxia- or ethylene- 
treated coleoptiles was found to be inhibited by 
ABA (Fig. 5). Although the degree of ABA- 
inhibited coleoptile elongation increased as ABA 
concentration increased, ABA ranges which could 
inhibit coleoptile elongation were all the same 
among different treatments (Fig. 5). 

4. Discussion 

The results presented here show that ABA may 
have a negative role in the regulation of anoxia- 
and ethylene-induced morphological changes of 
etiolated rice seedlings at the early growth periods. 
After exposure to anoxia or ethylene for 48 h, an 
inverse relationship between internal ABA levels 
and growth was observed in coleoptiles, roots as 
well as leaves of rice seedlings. In addition, the 
anoxia- or ethylene-enhanced elongation of col- 
eoptiles was also inhibited by ABA ranging from 
10 -7 M to 10 -4 M. ABA has been generally 
accepted as an inhibitor for plant growth [14]. 
Recently, it has been suggested that ABA may play 
an inhibitory role in the elongation of aerobic- 
grown rice coleoptiles [21]. In the case of deep- 
water rice internodes, the ethylene-induced 
decrease of ABA levels was also found to have a 
close association with the ethylene-induced 
elongation [21]. However, current studies showed 
that, in response to prolonged anoxia treatment 
(i.e., after 96 h of treatment), ABA levels in col- 
eoptiles and roots were almost the same between 
aerobic and anaerobic conditions. Therefore, at 
the later growth stages of etiolated rice seedlings, 
ABA may not be an essential factor for anoxia- 
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induced changes in growth of coleoptiles and 
roots. 

It is surprising that, if expressed on a per leaf 
unit, the absolute ABA amount in leaves was 
higher in anoxia or ethylene conditions than in 
aerobic conditions. This was a contrast with the 
concentration results (i.e., a per gram fresh weight 
unit). It is apparently caused by a remarkable 
increase of fresh weight in aerobically grown 
leaves and an inhibition of fresh weight increase in 
anaerobically grown or ethylene-treated ones. 
Although it is possible that factors other than 
ABA might be also involved in the anoxia- or 
ethylene-induced inhibition of growth of rice 
leaves, current results from ABA concentration in 
leaves indicate that, to some extent, A B A  still 
shows an inhibitory role in the regulation of leaf 
growth under anaerobic or ethylene conditions. 

In consideration of the inhibition of ethylene 
biosynthesis by complete oxygen-free conditions 
[28], ethylene could not be a factor in anoxia- 
induced ABA decrease in coleoptiles. Besides, it 
has been also demonstrated that ethylene had little 
effect on anoxia-enhanced coleoptile elongation 
[6]. 

In addition, mechanisms in the regulation of dif- 
ferent responses of ABA levels in coleoptiles, roots 
and leaves under conditions of anoxia and ethyl- 
ene are not fully understood. Since anoxia or 
ethylene did not alter levels of conjugated ABA in 
each organ (data not shown), ABA levels were 
therefore not regulated by changes in conjugation 
processes. Alternatively, a similar aspect reported 
by Dashek et al. [291 in barley aleurone layers, 
ABA metabolism might be a tissue-specific re- 
sponse among organs of rice seedlings grown 
under anoxia or ethylene treatment. Furthermore, 
although ABA metabolic enzymes are not com- 
pletely understood, activity of the mixed-function 
oxygenase involved in the conversion of ABA to 
6'-hydroxymethyl ABA [30] may be enhanced in 
coleoptiles or depressed in roots under anaerobic 
conditions. However, further studies such as 
feeding of [3HIABA and determination of its 
metabolites will be required to prove the above 
proposals. It is also not clear whether A B A  meta- 
bolism is similar between anoxia and ethylene 
treatment. 

Because of an involvement of multiple factors in 
the complex control of plant growth, ABA alone 
can not explain the whole picture of rice seedling 
growth in response to anoxia or ethylene. As 
reported by Horton [6], kinetin also showed an 
inhibition effect on the coleoptile elongation of 
anoxia-treated rice seedlings. Thus, except ABA, 
kinetin may also be an inhibitor for rice coleoptile 
elongation. Alternatively, in addition to inhibitory 
factors like ABA and kinetin, enhancers may be 
also involved in anoxia or ethylene-induced 
changes of rice seedling growth. For the elonga- 
tion of rice coleoptiles, although IAA has been 
established to be a promoter, the internal IAA lev- 
els in anaerobically grown coleoptiles have been 
recently reported to be the same as those in 
aerobically grown ones [26]. In addition to IAA, 
putrescine may be also a candidate. Based on 
experiments from the inhibition of coleoptile 
elongation by putrescine biosynthetic inhibitor, 
DFMA (c~-difluoromethylarginine), and also the 
recovery of the effect of DFMA by putrescine, it 
has been proved that putrescine is an essential in- 
ternal factor for rice coleoptile elongation in 
anaerobic conditions [12,13]. In addition, 
putrescine has also been suggested to play a role in 
the ethylene-enhanced coleoptile elongation of rice 
seedlings [10]. It is therefore interesting to know 
the relationship between ABA and putrescine in 
rice coleoptiles grown under anoxia or ethylene 
treatment. Now, the interactions between ABA 
and putrescine is being examined. 

In summary, ABA is intimately associated with 
enhancement of coleoptile elongation and inhibi- 
tion of root and leaf growth under conditions of 
anoxia or ethylene. As it is generally accepted, evi- 
dence presented here shows that ABA is a com- 
mon growth inhibitor for rice seedlings in response 
to anaerobic or ethylene treatment. 
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