
Abstract. The e�ects of (+)-8¢,8¢,8¢-tri¯uoroabscisic
acid (tri¯uoro-ABA) on a-amylase expression were
studied in rice embryoless half-seeds, scutella, and
suspension-cultured cells derived from the embryo, and
the e�ects of the analog on sugar accumulation were also
studied in scutella and suspension-cultured cells. Treat-
ment with (+)-tri¯uoro-ABA strongly inhibited the
gibberellic acid-inducible expression of a-amylase I-1
encoded by RAmy1A in the aleurone layers of embryo-
less half-seeds at the levels of transcription, protein
synthesis, and enzyme activity. It was also found that
(+)-tri¯uoro-ABA stimulated (i) the uptake of glucose
from the incubation medium and (ii) the synthesis of
sucrose in scutellar tissues and suspension-cultured cells
of rice. The biological activity of (+)-tri¯uoro-ABA was
found to be more potent and persistent than that of
natural ABA. We further examined the e�ects of
tri¯uoro-ABA on the expression of a-amylase I-1 in
scutellar tissues and suspension-cultured cells. It was
found that (+)-tri¯uoro-ABA did not inhibit the
formation of a-amylase I-1 in the absence of external
glucose. However, glucose and (+)-tri¯uoro-ABA co-
operatively suppressed the formation of a-amylase I-1.
Judging from these results, we conclude that the
regulatory mechanism for the expression of a-amylase
I-1 in the scutellar epithelium is distinguishable from
that operating in the aleurone layer.

Key words: Abscisic acid (analog) ± a-Amylase I-1 ±
Gene expression (RAmy1A) ± Oryza (a-amylase, sugar
accumulation) ± Sugar accumulation (rice)

Introduction

Abscisic acid (ABA) is a naturally occurring plant
hormone, which participates in the control of many
important aspects of plant growth and development
(Zeevaart and Creelman 1988). However, the agricul-
tural use of ABA has some limitation because of its
rapid breakdown. The well-established major pathway
for ABA metabolism in plants involves enzymic oxida-
tion to unstable 8¢-hydroxyabscisic acid. The intermedi-
ate compound is enzymatically or spontaneously cycli-
zed to the biologically inactive phaseic acid (Pierce and
Raschke 1981; Milborrow et al. 1988). Although nu-
merous ABA analogs have been synthesized in an e�ort
to create compounds without these disadvantages, no
powerful and useful compound has been found so far.
Recently, however, we have synthesized (+)-8¢,8¢,8¢-
tri¯uoro-ABA (tri¯uoro-ABA) which is designed to
resist 8¢-hydroxylation by the cytochrome P-450 mono-
oxygenase (Todoroki et al. 1995). The ABA analog is a
potent inhibitor of elongation of the second leaf sheath
of rice seedlings (Todoroki et al. 1995). Abrams et al.
(1997) have reported that (+)-8¢-methylene ABA is
more active than the natural hormone (+)-ABA in
inhibiting germination of cress seed and excised wheat
embryos, in reducing growth of suspension-cultured
corn cells, and in reducing transpiration in wheat
seedlings.

a-Amylase (EC 3.2.1.1.), a key enzyme for germina-
tion and subsequent seedling growth of cereal seeds, is
known to be encoded by a typical multigene family
(Mitsui and Itoh 1997). Recently, it has been demon-
strated that rice a-amylase isoforms can be classi®ed into
two classes, class-I and -II, and four subgroups, groups 1
to 4, and that a-amylase I-1 is encoded by RAmy1A,
a-amylase II-3 by RAmy3E, and a-amylase II-4 by
RAmy3D (Mitsui et al. 1996).

The expression of class-I and -II a-amylase isoforms
is di�erentially regulated by phytohormones and meta-
bolic sugars. Itoh et al. (1995) have reported that using a
series of rice seeds transformed with the RAmy1A/ b-
glucuronidase (GUS) fusion gene, the 5¢ ¯anking region
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from )232 to +31 which contains three sequences highly
conserved in cereal a-amylase genes, TAACAAA and
TATCCAT motifs and the pyrimidine box, is su�cient
for temporal, spatial, and hormonal regulation of gene
expression of RAmy1A. On the other hand, the gene
expression of RAmy3E and RAmy3D, which contain no
conserved sequence of the gibberellic acid (GA3)-re-
sponse complex in the promoter region, has been shown
to be controlled by metabolic sugars in rice seedlings
(Karrer and Rodriguez 1992; Yu et al. 1996) and in
suspension-cultured cells (Chan et al. 1994). In addition,
synthesis and intracellular transport of a-amylase mol-
ecules in rice suspension-cultured cells were found to be
regulated by sucrose, mediated by intracellular Ca2+

(Mitsui et al. 1995).
In the work reported in the present communication,

we have examined the e�ects of (+)-tri¯uoro-ABA, a
unique ABA analog, on a-amylase expression in rice
embryoless half-seeds, scutella, and suspension-cultured
cells derived from the embryo, and on sugar accumula-
tion in scutella and suspension-cultured cells.

Materials and methods

Chemicals. Gibberellic acid and (�)-ABA were purchased from
Wako (Osaka, Japan). (+)-Abscisic acid was separated from the
racemic mixture and (+)-tri¯uoro-ABA was synthesized as de-
scribed previously (Todoroki et al. 1995).

Plant materials. Rice (Oryza sativa L. cv. Nipponkai and Kinuhik-
ari line-K43) seeds were hulled and mechanically cut into two parts.
The embryoless and embryo-containing half-seeds were sterilized in
1% NaOCl for 15 and 2 min, respectively, and thoroughly rinsed in
sterile H2O. Twenty half-seeds (about 0.2 g) were incubated in
plastic wells (15 mm) containing 0.75 ml of various incubation
media at 30 oC in darkness in aseptic conditions. Details of
incubation are described in each ®gure legend.

Suspension-cultured cells derived from the embryos of rice seeds
(Nipponkai) were grown in MS medium (Murashige and Skoog
1962) containing 166 mM (3% w/v) glucose and 10 lM 2,4-
dichlorophenoxy acetic acid (2,4-D) on a reciprocal shaker at 110
strokes á min)1 and 70 mm amplitude in darkness at 30 oC (Mitsui
et al. 1996). Seven-day-cultured cells were used for the experiments.

Assays. a-Amylase activity was measured as described previously
by Mitsui et al. (1993). The enzyme reaction was carried out in
0.4 ml of the assay mixture consisting of 25 mM acetate bu�er (pH
5.3), 0.25 mM CaCl2, 2.5 mM EGTA, and 0.17% (w/v) soluble
starch at 37 oC for 5 min. The reaction was stopped by adding
0.5 ml of freshly prepared iodine reagent consisting of 0.05 N HCl,
0.12% (w/v) KI, and 0.012% (w/v) I2. One enzyme unit is de®ned
according to the procedure described by Okamoto and Akazawa
(1978). Preparation of the enzyme sample in each experiment is
described in the ®gure legends. To determine a-amylase activities in
tissues and cells, they were extracted with 0.1% (w/v) Triton X-100
solution and centrifuged at 15 000 ´ g for 20 min. The supernatant
was subjected to the assay. Protein content was estimated by the
dye-binding procedure of Bradford (1976) with c-globulin as a
standard.

Immunoblotting. The procedure for immunoblotting was essentially
identical to that described by Mitsui et al. (1996). Proteins in the
SDS-gel were transferred to a nitrocellulose sheet (Advantec, Tokyo,
Japan) in 25 mM Tris-192 mM glycine-20% (v/v) methanol at
100 mA for 2 h at 4 oC using an electroblotter (model AE-6675;
Atto, Tokyo, Japan). The nitrocellulose sheet with blotted protein

was soaked twice for 30 min in PBS-Tween [137 mMNaCl, 2.7 mM
KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4, 3% (w/v) skimmed milk,
0.05% (w/v) Tween 20], and then incubated with polyclonal anti-AB
antibodies at 37 oC for 30 min. The speci®city of the polyclonal anti-
AB antibodies was as described previously (Mitsui et al. 1996). The
nitrocellulose sheet was washed with PBS-Tween for 5 min three
times, then incubated with peroxidase-conjugated goat anti-rabbit
IgG at 37 oC for 30 min. The sheet was washed three times with PBS-
Tween followed by a single wash with 15 mM phosphate bu�er (pH,
6.8), and then incubated in a reaction mixture containing 0.03% (w/
v) 3,3¢-diaminobenzidine, 0.003% (v/v) H2O2 until the color devel-
oped. After suitable color development the nitrocellulose sheet was
washed thoroughly in water.

b-Glucuronidase (GUS) analysis. The expression of GUS activity in
rice (Oryza sativa L. cv. Kinuhikari, line K43) seeds transformed
with the 5¢ ¯anking region from )232 to +31 of the RAmy1A/GUS
fusion gene (Itoh et al. 1995) was measured according to the
method described by Je�erson (1987). The tissues were homoge-
nized with GUS extraction bu�er consisting of 50 mM phosphate
bu�er (pH 7.0), 10 mM dithiothreitol, 1 mM EDTA (pH 8), 0.1%
(w/v) sodium lauryl sarcosine, and 0.1% (w/v) Triton X-100, and
centrifuged at 15 000 ´ g for 20 min. The supernatant was used as
the crude enzyme extract. The enzyme reaction was carried out at
37 °C in an assay mixture consisting of the crude extract (50 ll) and
1 mM 4-methyl umbelliferyl b-D-glucuronide in the GUS extrac-
tion bu�er (0.5 ml). After 15 min, 0.1-ml aliquots were removed
and mixed with 0.9 ml of stop reagent (0.2 M Na2CO3). For
histochemical analysis of GUS expression, the tissue slices were
stained with X-glucuronide solution (0.5 mg á ml)1 5-bromo-4-
chloro-3-indolyl b-D-glucuronide, 1% (v/v) dimethyl formamide,
50 mM sodium phosphate bu�er, (pH 7.0) and incubated at 37 oC
for 12 h, as described previously (Itoh et al. 1995).

Sugar extraction and HPLC analysis. Rice cells (0.4 g) were ground
in 1 ml of 50 mM Tris-HCl bu�er (pH 7.0) containing 3 mM CaCl2
and 4 mM NaCl, and centrifuged at 18 000 g for 20 min at 4 oC. A
portion of extract (0.5 ml) was added to equal volume of organic
solvent (chloroform: isoamyl alcohol � 24:1) and vigorously
mixed for 5 min. After centrifugation at 3000 g for 10 min, the
aqueous phase was collected carefully. Water (0.5 ml) was added to
the residues, the mixture recentrifuged and the aqueous phase
collected. The combined aqueous phase was lyophilized. The sugar
sample was dissolved in H2O and subjected to an automatic sugar
analyzer (Hitachi L-6200 HPLC system). The sugar samples were
applied to a sugar-separation column (Hitachi #3013-N; 4 mm i.d.,
150 mm long) at 55 oC and eluted with 4 ml of 100 mM boric acid
and 9 mM NaOH, then 12 ml of a linear gradient of 100 mM boric
acid and 9 mM NaOH to 300 mM boric acid and 15 mM NaOH,
and 12 ml of 300 mM boric acid and 15 mM NaOH at a ¯ow rate
of 0.5 ml á min)1. The separated sugar was reacted with phenylhy-
drazine (phosphoric acid:acetic acid:phenylhydrazine � 0.543:
0.442:0.015, by vol.) and detected by a ¯uorescence spectropho-
tometer (Hitachi F-1050) at Ex 330 nm and Em 470 nm. The
recovery of sugar in the extraction procedure was estimated to be
75% from an experiment using a standard sugar solution (10 mM
glucose, 10 mM fructose, 10 mM maltose, 10 mM sucrose).

Results

Tri¯uoro-ABA e�ectively inhibits GA3-inducible a-amy-
lase expression in aleurone layers of rice seeds. To
examine the e�ect of (+)-tri¯uoro-ABA on GA3-
inducible a-amylase activity in the aleurone layer of rice
seed (Oryza sativa L. cv. Nipponkai), embryoless half-
seeds were incubated for 6 d with 0.1 lMGA3 and 1 lM
(+)-ABA, (�)-ABA, or (+)-tri¯uoro-ABA) (Fig. 1a).
In the presence of GA3 alone, the activities of a-amylase
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were detectable in the incubation media within 2 d and
thereafter they increased markedly. (+)-Tri¯uoro-ABA
(1 lM) completely inhibited the expression of a-amylase
activity in the GA3-treated half-seeds. Although natural
and racemic ABA, i.e. (+)-ABA and (�)-ABA, also
inhibited the GA3-inducible a-amylase activity at 1 lM,
the inhibitory e�ect of (+)-tri¯uoro-ABA was found to
be much stronger than that of natural ABA (Fig. 1a).
The half-seeds treated with 0.1 lMGA3 and 1 lMABA
for 6 d were washed with 10 mM acetate bu�er (pH 5.2)
and further incubated in the bu�ered solution. The GA3-
inducible secretion of a-amylase was detected up to 5 d

after removing GA3 from the incubation media. The
inhibitory e�ect of natural ABA disappeared immedi-
ately when it was removed. On the other hand, the
inhibitory e�ect of (+)-tri¯uoro-ABA remained unal-
tered up to 2 d after removal, then the inhibitory e�ect
gradually disappeared (Fig. 1a). When the half-seeds
were incubated with 0.1 lMGA3 and 5 lMABA for 6 d
and then further incubated without the phytohormones
for 6 d, it was con®rmed that (+)-tri¯uoro-ABA
exhibited a more prominent inhibitory e�ect on the
GA3-inducible secretion of a-amylase compared with
natural ABA (Fig. 1b).

It has been shown that a-amylase I-1 encoded by
RAmy1A is the dominant isoform of germinating rice
seeds (Daussant et al. 1983; Karrer et al. 1991; Mitsui
et al. 1996). We examined the e�ect of (+)-tri¯uoro-
ABA on the GA3-inducible formation of a-amylase I-1
isozyme in the embryoless half-seeds of rice. The enzyme
samples (at days 6, 8, 10, and 12) obtained from the
experiments shown in Fig. 1 were subjected to immu-
noblot analysis using speci®c antibodies against a-
amylase I-1. As shown in Fig. 2, at day 6, 1 lM (+)-
ABA, (�)-ABA, and (+)-tri¯uoro-ABA were able to
inhibit the GA3-inducible formation of a-amylase I-1. At
day 8 (2 d after removing the phytohormones), 5 lM
(+)-ABA and 1 lM (+)-tri¯uoro-ABA inhibited the
GA3-inducible formation of a-amylase I-1, but the
inhibitory e�ect was scarcely detectable under the
treatment with 5 lM (�)-ABA and 1 lM (+)-ABA.
At day 10 (4 d after removing the phytohormones),
5 lM (+)-ABA and 5 lM (+)-tri¯uoro-ABA still
exhibited a marked inhibitory e�ect on GA3-inducible
a-amylase formation. It was found that at day 12 (6 dFig. 1a,b. E�ect of tri¯uoro-ABA on GA3-induced a-amylase activity

in embryoless half-seeds of rice. a Twenty half-seeds were incubated in
plastic wells containing 0.75 ml of 10 mM sodium acetate (pH 5.2)
with no phytohormones (ÿÿs), 0.1 lM GA3 (ÿÿj), 0.1 lM GA3 +
1 lM (�)-ABA (ÿÿm), 0.1 lM GA3 + 1 lM (+)-ABA (ÿÿd), or
0.1 lMGA3 + 1 lM (+)-tri¯uoro-ABA (ÿÿ́) for 6 d at 30 oC in the
dark. b The experimental conditions were essentially identical to those
in a except the concentration of ABA was increased from 1 to 5 lM:
no phytohormones (ÿÿs), 0.1 lMGA3 (ÿÿj), 0.1 lMGA3+ 5 lM(�)-
ABA (ÿÿm), 0.1 lM GA3 + 5 lM (+)-ABA (ÿÿd), or 0.1 lM GA3 +
5 lM (+)-tri¯uoro-ABA (ÿÿ́). The half-seeds incubated for 6 d were
washed with the acetate bu�er and further incubated in 0.75 ml of the
acetate bu�er for up to 12 d (6 d after removing the phytohormones).
The acetate bu�er was changed at intervals of 2 d. At the designated
time intervals, the incubation media were collected and a-amylase
activity measured as described in Materials and methods. The data
represent the average of three experiments and the SE of the di�erent
treatments did not exceed 5%

Fig. 2. E�ect of tri¯uoro-ABA on GA3-inducible a-amylase I-1
formation in embryoless half-seeds of rice. The incubation media
obtained from the experiments of Fig. 1 on days 6, 8, 10 and 12 were
subjected to SDS-PAGE, followed by immunoblotting with anti-AB
antibodies, which recognized a-amylase I-1, as described inMaterials
and methods. Lanes 1, 0.1 lM GA3; lanes 2, no phytohormone; lanes
3, 0.1 lM GA3 + 5 lM (+)-ABA; lanes 4, 0.1 lM GA3 + 5 lM
(�)-ABA; lanes 5, 0.1 lMGA3 + 5 lM (+)-tri¯uoro-ABA; lanes 6,
0.1 lMGA3 + 1 lM (+)-ABA; lanes 7, 0.1 lMGA3 + 1 lM (�)-
ABA; lanes 8, 0.1 lM GA3 + 1 lM (+)-tri¯uoro-ABA
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after removing the phytohormones), only the treatment
with 5 lM (+)-tri¯uoro-ABA inhibited GA3-inducible
a-amylase formation in the half-seeds. Overall, the
results clearly indicate that (+)-tri¯uoro-ABA is the
most potent inhibitor of GA3-inducible synthesis of a-
amylase I-1.

The e�ect of (+)-tri¯uoro-ABA on the GA3-induc-
ible transcription of RAmy1A was examined in the

embryoless half-seeds of Kinuhikari, line K43 trans-
formed with the RAmy1A/GUS fusion gene (Itoh et al.
1995). Histochemical examination of sliced rice seeds
showed that 5 lM (+)-tri¯uoro-ABA e�ectively re-
duced the level of GA3-inducible GUS expression in the
aleurone layers compared with that in the untreated
tissues (Fig. 3a). However, some GUS expression was
detected in (+)- and (�)-ABA-treated aleurone layers
at 5 lM. The quantitative analysis of GUS expression
clearly indicated that (+)-tri¯uoro-ABA is a potent
inhibitor of GA3-inducible transcription of RAmy1A in
aleurones (Fig. 3b). From these data, we conclude that
(+)-tri¯uoro-ABA is a truly useful tool for examining
the e�ect of ABA on a-amylase expression in rice.

Tri¯uoro-ABA scarcely inhibits expression of a-amylase
in scutellar tissues of germinating rice seeds. The embryo-
containing half-seeds of transgenic rice (Kinuhikari, line
K43) were incubated in the acetate bu�er with 166 mM
(3% w/v) glucose and 10 lM (�)-ABA, (+)-ABA, or
(+)-tri¯uoro-ABA for 4 d at 30 oC in darkness. As
shown in Fig. 4, ABA only weakly suppressed the
expression of GUS activity in the scutellar tissues. It
was found that even 10 lM (+)-tri¯uoro-ABA did not
completely inhibit the gene expression (Fig. 4).

We next examined the e�ects of glucose and ABA on
a-amylase formation and sugar accumulation in the
scutellar tissues of germinating rice seeds (Nipponkai).
Scutella dissected from the germinating seeds imbibed in
distilled water for 24 h at 30 oC in darkness were

Fig. 3a,b. E�ect of tri¯uoro-ABA on GA3-inducible expression of the
chimeric RAmy1A/GUS gene in the aleurone layer of transgenic rice
seeds. aHistochemical analysis. The transgenic rice seeds (Kinuhikari,
line K43) were sliced with a razor and the slice containing the embryo
was discarded. The sliced endosperm pieces were treated for 6 d at
30 °C in the acetate bu�er with: 1, no phytohormones;2, 0.1 lMGA3;
3, 0.1 lM GA3 + 5 lM (�)-ABA; 4, 0.1 lM GA3 + 5 lM (+)-
ABA; 5, 0.1 lMGA3+ 5 lM (+)-tri¯uoro-ABA; 6, 0.1 lMGA3 +
1 lM (�)-ABA, 7, 0.1 lM GA3 + 1 lM (+)-ABA; 8, 0.1 lM GA3

+ 1 lM (+)-tri¯uoro-ABA. The GUS expression in each endosperm
slice was visualized by staining with X-glucuronide as described
previously (Itoh et al. 1995). b Quantitative analysis. The embryoless
half-seeds (line K43) treated in the di�erent phytohormone supple-
ments (1±8) were extracted and subjected to GUS and protein assays.
Experimental details were as described inMaterials and methods. The
data represent the average of 15 half-seeds and the SE of the di�erent
treatments did not exceed 15%

Fig. 4. E�ect of tri¯uoro-ABA on expression of the chimeric
RAmy1A/GUS gene in scutellar tissues of the transgenic rice seeds.
The embryo-containing half-seeds (Kinuhikari, line K43) were
incubated for 2 d ( ) and 4 d ( ) at 30 oC in the acetate bu�er
with: 1, no supplements; 2, 166 mM glucose; 3, 10 lM (�)-ABA; 4,
10 lM (+)-ABA; 5, 10 lM (+)-tri¯uoro-ABA; 6, 166 mM glucose
+ 10 lM (�)-ABA; 7, 166 mM glucose + 10 lM (+)-ABA; 8, 166
mM + 10 lM (+)-tri¯uoro-ABA, To quantify GUS expression, the
extracts of scutella dissected from the treated half-seeds were subjected
to GUS and protein assays. The data represent the average of 10
scutella and the SE of the di�erent treatments did not exceed 12%
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incubated with 10 lM (�)-ABA, (+)-ABA, or (+)-
tri¯uoro-ABA in the presence or absence of 166 mM
glucose for 24 h at 30 oC in darkness. When 166 mM

glucose supplemented the incubation media, a-amylase
activity and the formation of a-amylase I-1 isozyme in
the scutellar tissues were markedly reduced compared
with those in the sugar depleted media (Fig. 5a,b). On
the other hand, 10 lM (�)-ABA, (+)-ABA and (+)-
tri¯uoro-ABA scarcely inhibited a-amylase formation
(Fig. 5a,b). However, it was found that the formation of
a-amylase I-1 isozyme was prevented in scutella treated
with the mixture of glucose and ABA (Fig. 5a,b). From
these results we infer that glucose and ABA coopera-
tively regulate a-amylase formation in the scutellar
tissues.

In the presence of 166 mM glucose, scutellar tissues
kept a high concentration (14.7 mM) of intracellular
sugar, while the sugar concentration in the scutella
decreased from 13.9 to 2.65 mM during incubation
without glucose (Fig. 5c). Treatment with 10 lM ABA
produced no signi®cant increase in the intracellular
sugar concentration in the absence of glucose, whereas
the ABA treatment markedly enhanced sugar accumu-
lation in the presence of glucose (Fig. 5c). Treatment
with (+)-tri¯uoro-ABA caused the most marked accu-
mulation of sugars in the scutellum (Fig. 5c). Further-
more, (+)-tri¯uoro-ABA was shown to activate the
conversion of glucose to sucrose (Table 1), since the
concentration of sucrose increased from 4.74 to
10.1 mM.

Tri¯uoro-ABA stimulates sugar accumulation in suspen-
sion-cultured cells. Suspension-cultured cells derived
from the embryo of rice seed (Nipponkai) were incubat-
ed in MS media containing 166 mM glucose plus
phytohormones (10 lM 2,4-D, 0.1 lM GA3, 10 lM
(�)-ABA, 10 lM (+)-ABA, or 10 lM (+)-tri¯uoro-
ABA) for 52 h (®rst incubation), and then further
incubated in the MS-glucose medium containing
10 lM 2,4-D for 48 h (second incubation). After
incubation, the treated rice cells were extracted and the
sugar content determined. Figure 6 shows the sugar
concentrations in rice cells treated with di�erent kinds of
phytohormones. After the ®rst incubation, ABA mark-
edly stimulated the accumulation of sugar in the cells,
whereas GA3 reduced sugar accumulation compared
with non-phytohormone-treated cells. Interestingly, it
was found that treatment with (+)-tri¯uoro-ABA
continued to stimulate sugar accumulation after a
second incubation, although a stimulative e�ect of

Fig. 5a±c. E�ects of glucose and tri¯uoro-ABA on sugar accumula-
tion and a-amylase formation in scutellar tissues of germinating rice
seeds. Scutellar tissues were isolated from rice seeds soaked with
distilled water for 24 h at 30 oC in darkness, and incubated for 24 h at
30 oC in the acetate bu�er supplemented with various combinations of
glucose and ABA: 1, no incubation; 2, no supplements; 3, 166 mM
glucose; 4, 10 lM (�)-ABA; 5, 10 lM (+)-ABA; 6, 10 lM (+)-
tri¯uoro-ABA; 7, 166 mM glucose + 10 lM (�)-ABA; 8, 166 mM
glucose + 10 lM (+)-ABA; 9, 166 mM + 10 lM (+)-tri¯uoro-
ABA. The treated scutellar tissues were extracted and then subjected
to analysis immunoblot (a), assay of a-amylase activity (b), and
determination of sugar content (c). The quantitative data were the
average of three experiments and the SE of the di�erent treatments
did not exceed 12% (b) and 7% (c)

Table 1. E�ect of tri¯uoro-ABA on accumulation of di�erent sugars in rice scutellar tissues and suspension-cultured cells. Experimental
protocols are described in the legends of Figs. 5 and 6. The tissue extracts were subjected to sugar analysis by HPLC.

Treatments Total sugar Glucose Fructose Maltose Sucrose
mM (molar ratio)

Scutellar tissues
166 mM glucose 14.66 7.14 (0.49) 1.99 (0.14) 0.79 (0.05) 4.74 (0.32)
166 mM glucose +10 lM (+)-tri¯uoro-ABA 26.58 11.40 (0.43) 3.36 (0.13) 1.72 (0.06) 10.10 (0.38)

Suspension-cultured cells (1st incubation)
166 mM glucose + 10 lM 2,4-D 5.49 3.88 (0.71) NDa 0.24 (0.04) 1.37 (0.25)
166 mM glucose + 10 lM (+)-tri¯uoro-ABA 13.69 7.92 (0.58) ND ND 5.77 (0.42)

aND, not detectable
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(+)- and (�)-ABA was not observed (Fig. 6). In
addition, the synthesis of sucrose was found to be
enhanced in suspension-cultured cells incubated with
(+)-tri¯uoro-ABA (Table 1).

We further examined the e�ect of (+)-tri¯uoro-ABA
on the secretion of a-amylase from suspension-cultured
cells. The culturemedia used for the experiments shown in
Fig. 6 were subjected to both enzyme assay and immu-
noblotting analysis. As shown in Fig. 7a, the a-amylase
activities detected in the media after the ®rst incubation
were nearly the same in non-phytohormone, 2-4-D, and
GA3 treatments; however, the activities in ABA-treated
cells were decreased about 80% compared with the
others. After the second incubation, (+)-tri¯uoro-ABA
still exhibited a strong inhibitory e�ect on a-amylase
secretion, although the inhibitory e�ects of (+)- and (�)-
ABA were apparently reduced. In the case of GA3, the
secretion of a-amylase was slightly increased compared
with the non-phytohormone treatment after the second
incubation (Fig. 7a). In addition, it was con®rmed by
immunoblot analysis using speci®c antibodies, that the
secretion of class I a-amylase (including a-amylase-I-1
and -I-2) from the suspension-cultured cells was slightly

increased by GA3 but strongly inhibited by ABA. It can
be seen that the inhibitory e�ect of (+)-tri¯uoro-ABA
was most prominent (Fig. 7b). However, the inhibitory
e�ect of (+)-tri¯uoro-ABA on the secretion of a-amylase
from the cells completely disappeared in the absence of
glucose in the culture medium (data not shown).

Discussion

The biological activity of tri¯uoro-ABA toward rice cells
is signi®cantly higher than that of natural ABA. It has
been shown that ABA accumulates in cereal seeds during

Fig. 6. E�ect of tri¯uoro-ABA on accumulation of sugar in rice
suspension-cultured cells. Seven-day-cultured cells (0.5 g) were incu-
bated at 30 °C for 52 h (1st incubation) in 4 ml of the MS-glucose
culture medium containing di�erent phytohormones: 1, no phytohor-
mone; 2, 10 lM 2,4-D; 3, 0.1 lMGA3; 4, 10 lM (�)-ABA; 5, 10 lM
(+)-ABA; and 6, 10 lM (+)-tri¯uoro-ABA. The treated cells (0.5 g)
were washed with MS-glucose medium containing 10 lM 2,4-D and
further incubated with the MS-glucose medium at 30 oC for 48 h (2nd
incubation). After incubations, the rice cells were extracted and sugar
content determined. The data represent the average of two experi-
ments and the SE of the di�erent treatments did not exceed 10%

Fig. 7a,b. E�ect of tri¯uoro-ABA on secretion of a-amylase from rice
suspension-cultured cells. Seven-day-cultured cells (0.5 g) were incu-
bated at 30 oC for 52 h (1st incubation) in 4 ml of the MS-glucose
culture medium containing di�erent phytohormones: 1, no phytohor-
mone; 2, 10 lM2,4-D; 3, 0.1 lMGA3; 4, 10 lM (�)-ABA; 5, 10 lM
(+)-ABA; 6, 10 lM (+)-tri¯uoro-ABA. After the ®rst incubation,
the culture media were collected, and the treated cells (0.5 g) were
washed with the MS-glucose medium containing 10 lM 2,4-D and
then further incubated with the MS-glucose medium at 30 oC for 48 h
(2nd incubation). The culture media after the ®rst and second
incubations were subjected to a-amylase assay (a) and immunoblot-
ting with anti-AB antibodies (b) . The anti-AB antibodies speci®cally
recognize both a-amylase-I-1 and -I-2 molecules synthesized by the
cultured rice cells (Mitsui et al. 1996). The quantitative data are the
average of three experiments and the SE of the di�erent treatments did
not exceed 12.5%
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grain development and in the later stages of seed
germination (Choi et al. 1996). Abscisic acid is believed
to play a regulatory role in germination and subsequent
growth of cereal seedlings through the suppression of a-
amylase formation as well as the induction of ABA-
speci®c proteins (Akazawa et al. 1988; Fincher 1989). As
shown in Figs. 1±3, it was found that (+)-tri¯uoro-
ABA, a novel analog of ABA, strongly inhibited the
GA3-inducible expression of a-amylase I-1 encoded by
RAmy1A in the aleurone layers of rice seeds at the levels
of transcription, protein synthesis, and enzyme activity.
The inhibitory e�ect of (+)-tri¯uoro-ABA was much
more potent in comparison with those of (�)-ABA and
(+)-ABA. When (+)-tri¯uoro-ABA was removed from
the incubation medium, the ABA analog still exhibited a
strong inhibitory e�ect on GA3-inducible a-amylase
expression, although the e�ect of natural ABA rapidly
disappeared (Figs. 1, 2).

On the other hand, exogenous ABA has been shown
to stimulate the uptake of sugars by soybean embryos
(Schussler et al. 1991). We examined the e�ect of (+)-
tri¯uoro-ABA on sugar accumulation in scutellar tissues
and in suspension-cultured cells of rice. Treatment with
(+)-tri¯uoro-ABA was found to stimulate the uptake of
glucose from the incubation media and the synthesis of
sucrose in the cells (Figs. 5c and 6, Table 1). As shown
in Fig. 6, (+)-tri¯uoro-ABA exerted a persistent e�ect
on sugar accumulation in the suspension-cultured cells.

Our recent investigation has demonstrated that the
half-life of (+)-8¢,8¢,8¢-trideutero-ABA, another analog
of ABA which is also designed to resist 8¢-hydroxylation,
was approximately two fold slower than that of (+)-
ABA in the suspension-cultured cells of rice (Oryza
sativa L. cv. Nipponkai) (Todoroki et al. 1997). We thus
believe that the high potency of (+)-tri¯uoro-ABA
results from its low turnover rate.

The expression of a-amylase I-1 in scutellar tissues is
coordinated by glucose and ABA but not ABA alone. It is
well-established that in germinating rice seeds, a-amylase
I-1 is initially expressed in the scutellar epithelium, and is
then expressed in the aleurone layer later in germination
(Mitsui and Itoh 1997). Although it has been demon-
strated that the expression of a-amylase I-1 in the
aleurone layer is induced by GA3 and suppressed by
ABA (Itoh et al. 1995), the regulation of expression of a-
amylase I-1 by phytohormones in the scutellar epithe-
lium was still obscure. The results presented in Figs. 4
and 5 indicate that tri¯uoro-ABA does not inhibit the
expression of a-amylase I-1 in the scutellar tissues,
although it is interesting to note that glucose and (+)-
tri¯uoro-ABA strongly suppressed the expression of a-
amylase I-1. It was also found that in the suspension-
cultured rice cells, treatment with (+)-tri¯uoro-ABA did
not prevent the secretion of a-amylase I-1 in the absence
of glucose (data not shown); however, the combination
of (+)-tri¯uoro-ABA and glucose markedly reduced the
secretion of a-amylase I-1 (Fig. 7). Based on these
experimental results, we conclude that the regulatory
mechanism operating in the expression of a-amylase I-1
in the scutellar epithelium is clearly distinct from that in

the aleurone layer, and that metabolic sugar derived
from starch appears to play an important role in
regulating a-amylase I-1 expression in the scutellar
epithelium of germinating rice seeds. It has been
reported that expression of the RAmy3D gene in the
scutellum of rice seedling is repressed by glucose (Karrer
and Rodriguez 1992; Yu et al. 1996). Studies on
phytohormone- and sugar-controlled expression of a-
amylase II-4 encoded by RAmy3D in rice scutella are
now in progress in our laboratory.

Finally, we hope that (+)-tri¯uoro-ABA, as a highly
potent and long-lasting analog of ABA, will facilitate
progress in the study of plant hormones.
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