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ABSTRACT Transgenic rice containing an antisense
cDNA for the a subunit of rice heterotrimeric G protein
produced little or no mRNA for the subunit and exhibited
abnormal morphology, including dwarf traits and the setting
of small seeds. In normal rice, the mRNA for the a subunit was
abundant in the internodes and florets, the tissues closely
related to abnormality in the dwarf transformants. The
position of the a-subunit gene was mapped on rice chromo-
some 5 by mapping with the restriction fragment length
polymorphism. The position was closely linked to the locus of
a rice dwarf mutant, Daikoku dwarf (d-1), which is known to
exhibit abnormal phenotypes similar to those of the transfor-
mants that suppressed the endogenous mRNA for the a
subunit by antisense technology. Analysis of the cDNAs for the
a subunits of five alleles of Daikoku dwarf (d-1), ID-1, DK22,
DKT-1, DKT-2, and CM1361–1, showed that these dwarf
mutants had mutated in the coding region of the a-subunit
gene. These results show that the G protein functions in the
formation of normal internodes and seeds in rice.

Heterotrimeric G proteins are known to function as mediators
in the transduction of numerous signals that are perceived by
receptors on cell surfaces in mammals and yeast (1, 2). In
mammals, a set of genes has been identified for each subunit
of the G proteins; more than 16 genes for the a subunits, 5
genes for the b subunit, and 6 genes for the g subunit, most of
which are expressed in a tissue-specific manner (3, 4). Thus
mammals contain multiforms of the G proteins that are
probably involved in separate systems of signal transduction. In
contrast, yeast, a unicellular organism, carries only a few genes
or a single gene for each subunit (5, 6). In higher plants, the
genes for the putative a and b subunits of a heterotrimeric G
protein have been isolated from various plant species (7–10).
Studies with a recombinant protein produced in Escherichia
coli by using a cDNA for the putative a subunit in rice (11) and
Arabidopsis (12) have presented evidence that the cDNA
encodes a true a subunit.

Although higher plants seem to contain a single molecular
species of heterotrimeric G protein (13), the protein has been
proposed to function in various systems of signal transduction
in diverse tissues or cells; namely, in light-mediated gene
expression (14), defense responses (15, 16), regulation of ion
channels in guard cells (17), activation of phospholipase D
(18), and secretion of a-amylase from aleurone cells (19).
However, the evidence for involvement of the G protein in
such systems has been based only on the effects of activators
and inhibitors of mammalian heterotrimeric G proteins on
intact higher-plant tissues or cells. Ma and coworkers (20) have
suggested from studies using histological methods that the
heterotrimeric G protein may participate in various biological

processes such as cell growth, differentiation, and nutrient
transport in Arabidopsis thaliana. Aharon et al. (21) reported
that a recombinant a subunit of a tomato G protein (TGa1)
activated a plant plasma membrane Ca21 channel in vitro,
which offers direct, though limited, evidence for the function
of a heterotrimeric G protein in plants.

In the present work, we produced rice transformants in
which the endogenous mRNA for the a subunit of rice
heterotrimeric G protein was suppressed by antisense tech-
nology. These transformants exhibited several morphological
abnormalities, suggesting that the G protein plays a role in the
signal transduction involved in morphogenesis. We also stud-
ied the expression of the a-subunit mRNA in the tissue and
cells of normal cultivars. In addition, we found that five alleles
of the rice mutant Daikoku dwarf (d-1) contained different
mutations in the coding region of the a-subunit gene.

MATERIALS AND METHODS

Plant Materials. Four rice cultivars (Oryza sativa L. cv.
Nipponbare, Shiokari, Kinmaze, and Taichung 65) and five
alleles of a rice mutant, Daikoku dwarf (d-1) (DK22, ID-1,
CM1361–1, DKT-1, and DKT-2), were used in this study. The
recurrent parents of DK22, ID-1, and CM1361–1 are Nippon-
bare, Shiokari, and Kinmaze, respectively. DKT-1 and DKT-2
had been produced from a common parent, Taichung 65. All
rice plants, normal cultivars, mutants, and transgenic plants,
were grown under 14-hr light with cool-white fluorescent light
at 30,000 lux at 30°C and 10-hr dark at 25°C cycles. Tissues were
frozen in liquid N2 and stored at 280°C until extraction of
nucleic acids.

Generation of Transgenic Rice Plants. Binary vector,
pBI121-Hm expressing b-glucuronidase (GUS) under the con-
trol of the caulif lower mosaic virus 35S promoter, was used as
the control vector for rice transformation (22). The GUS gene
in pBI121-Hm was replaced with a fragment of a full length
cDNA for the a subunit of rice G protein (RGA1) (9), to
generate pAntiRGA1, which expressed an antisense RNA of
RGA1 under the control of the 35S promoter. Binary vectors,
pBI121-Hm and pAntiRGA1, were introduced into Agrobac-
terium, EHA101.

Transgenic rice plants were generated by using the Agrobac-
terium-mediated transformation method described previously
(23). Dehusked mature seeds (Oryza sativa L. cv. Nipponbare)
were sterilized and inoculated into the callus-induction me-
dium. After 3 weeks, the proliferated calli derived from the
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scutella were used for transformation. EHA101 containing the
binary vector was cocultured with rice calli, and transgenic rice
plants were selected in the presence of hygromycin.

Isolation of Nucleic Acids and Hybridization Analysis. A
299-bp fragment between nucleotides 252 and 550 of RGA1
(9) was subcloned in pGEM3zf(1) vector (Promega) to obtain
pGEM-RGA1. Digoxigenin (DIG)-11-dUTP was used for
RNA labeling (Boehringer Mannheim). DIG-labeled sense
and antisense strand RNAs were synthesized by in vitro
transcription by using linearized pGEM-RGA1 and SP6 RNA
polymerase for the sense RNA or T7 RNA polymerase for the
antisense RNA. In Northern blots and in situ hybridization,
these DIG-labeled RNAs were used as probes to detect of
antisense and sense RNAs for the a subunit.

Total RNA from various tissues was extracted by using
RNeasy Plant Mini Kits (Qiagen). Poly(A)1RNA-enriched
fraction was isolated by using Straight A’s mRNA Isolation
System (Novagen). Total RNA (10 mg) or poly(A)1RNA-
enriched fractions (1 mg) were run on 1.2% (wtyvol) agarose
gels containing 5% (volyvol) formaldehyde in RH buffer (20
mM morpholinopropanesulfonic acidy5 mM sodium acetatey
0.5 mM EDTA, pH 7.0), and transferred to a nylon membrane
(Boehringer Mannheim). The conditions used for Northern
blot were those recommended by the manufacturer of the
membrane. The membrane was then incubated with anti-DIG
antibody conjugated with alkaline phosphatase, and the blots
were visualized by using CSPD chemiluminescent substrate
(Tropix, Bedford, MA) as the substrate for alkaline phospha-
tase and exposed to x-ray film.

Genomic DNA from whole plants was isolated by an ex-
traction method with cetyltrimethylammonium bromide (24).
Genomic DNA (5 mg) was digested with HindIII, resolved on
a 0.6% (wtyvol) agarose gel and transferred to a nylon
membrane (Boehringer Mannheim). The conditions for
Southern blot hybridization and the methods for DIG detec-
tion were those recommended by the manufacturers of the
membranes. In Southern blots, a full length RGA1 cDNA was
labeled with DIG-High Prime (Boehringer Mannheim) and
used as a probe.

Mapping of the a-Subunit Gene on the Chromosome in
Rice. All procedures were carried out according to the meth-
ods used by the Rice Genome Research Program (25).

Reverse Transcription–PCR (RT-PCR) and Sequencing.
Poly(A)1RNA (0.5 mg) was used as a template in 50 ml of
RT-PCR reaction buffer by using the Titan One Tube RT-
PCR System (Boehringer Mannheim). Two oligonucleotides
[(1) and (2)] for 59 and 39 noncoding regions were designed on
the basis of the sequence of RGA1 (9) and used as primers for
RT-PCR and sequencing: (1) 59 GACGTCAACGTGCTTC-
CTGG 39, corresponding to the sequence from the positions 1
to 20 of RGA1, and (2) 59 AAAGATCAATCAATGGTC-
CACG 39, corresponding to the sequence from the positions
1,361 to 1,340 of RGA1, in antisense orientation. PCR prod-
ucts were excised from the agarose gel and purified by QIAEX
II Gel Extraction Kit and QIAquick PCR Purification Kit
(Qiagen). The purified PCR products (100 ng) were sequenced
with a THERMO sequence dye terminator cycle sequencing
kit (Amersham Pharmacia) by using a DNA sequencer (model
377; Applied BiosystemsyPerkin–Elmer).

In Situ Hybridization. In situ hybridization with DIG-labeled
RNA was conducted as described (26). Florets were collected
10 or 3 days before or 3 days after pollination and fixed at 4°C
overnight with 4% (volyvol) paraformaldehyde and 0.25%
(volyvol) glutaraldehyde in 10 mM sodium phosphate buffer,
pH 7.2. Fixed florets were embedded in Paraplast (Oxford)
and sectioned at 7–10 mm. Hybridization and immunological
detection of the hybridized probe were performed by the
method of Kouchi et al. (26).

RESULTS

Antisense Suppression of the a Subunit of a Heterotrimeric
G Protein in Rice: Analysis of T1 Generation. Transgenic rice
plants carrying antisense RGA1 (cDNA for the rice a subunit)
were generated by using an Agrobacterium-mediated transfor-
mation system (23). Ten transgenic rice plants, which ex-
pressed the antisense RNA, were analyzed. The plants at the
first generation (T1 transgenic plants) were classified into two
groups: group 1 (Anti a-1, Anti a-4, Anti a-5, Anti a-12, Anti
a-13, Anti a-15, Anti a-16, Anti a-19, Anti a-22, and Anti
a-25) contained no detectable endogenous mRNA for the a
subunit, and group 2 (Anti a-9 and Anti a-11) accumulated the
mRNA at levels similar to those for normal cultivar plants (Fig.
1B). The group 1 plants (T1 transformants) showed abnormal
phenotypes such as shortening of internodes, leaves, and
panicles, and the setting of small seeds (Fig. 1 A), whereas the
group 2 plants exhibited apparently normal phenotypes (Fig.
1A). The heads (ears) of mature group 1 plants remained
erect, whereas those of mature group 2 plants and normal
cultivars drooped. In addition, the leaves of mature group 1
plants were a darker green than normal cultivars and group 2
plants (Fig. 1A).

In the present work, we directed our attention to the
abnormalities of dwarfism and the setting of small seeds. The
dwarfism of our transformants was observed to be caused by
shortening of all internodes, not only particular ones (data not
shown). Microscopic observations showed no significant dif-
ferences in the length of internode cells between the dwarf
transformants and the control plants (data not shown), which
suggests that the shortening of internodes may be attributable
to a decrease in the number of cells per internode and so
probably to reduction of cell division frequency. All seeds
produced by every T1 transformant were normal in width but
short in length compared with the seeds from the control
plants, i.e., a normal cultivar plant, a transgenic plant express-
ing b-glucuronidase, and the group 2 plants (Fig. 1A).

In genomic Southern analysis with RGA1 as the probe, the
different T1 transgenic plants showed different patterns of
hybridization (Fig. 1C), indicating that they contain the anti-
sense RGA1 gene at separate chromosome sites. The number
of antisense RGA1 genes integrated for each T1 transgenic
plant remains unconfirmed, but several antisense RGA1 genes
seemed to have been inserted into the chromosomes for every
plant.

Antisense Suppression of the a Subunit of a Heterotrimeric
G Protein in Rice: Analysis of T2 Generation. T2 seeds
produced by four T1 transformants, Anti a-1, Anti a-15, Anti
a-19, and Anti a-22, were grown to analyze their morpholog-
ical phenotypes. Each T2 line (a set of T2 plants obtained with
T2 seeds from a T1 transformant) had two types of plants, one
exhibiting dwarf traits and the other, apparently normal cul-
tivar phenotypes (Fig. 2 for Anti a-19 and Anti a-22). All T2
plants exhibiting dwarf traits contained the antisense RNA,
but not the endogenous mRNA (sense RNA), for the a
subunit. Every apparently normal cultivar plant contained the
endogenous mRNA for the a subunit, whether the antisense
RNA was present or not. The dwarf T2 plants set seeds of small
sizes, whereas the apparently normal cultivar plants set normal
seeds. The results show that the abnormal phenotypes are
caused by the absence of the endogenous mRNA for the a
subunit, and this trait is transmitted to some of the offspring.

Expression of the Gene for the a Subunit in Normal
Cultivar Plant. Northern blot analysis with control cultivars
showed that the internodes of 1.5-mo-old plants carried sig-
nificant amounts of the mRNA for the a subunit (Fig. 3A), but
those of 3-mo-old plants contained only a little mRNA (data
not shown), suggesting that the heterotrimeric G protein may
play a role in young internodes. The leaves and roots of normal
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cultivar plants contained only small amounts of mRNA for the
a subunit.

The florets accumulated a large quantity of the mRNA (Fig.
3B). In situ hybridization showed that the mRNA was present
mainly in the bases of the stamen, pistil, lemma, and palea
before flowering and in the pericarp of the ovary after
fertilization (Fig. 3 C–E), which shows that the profile of
tissue-specific expression of the gene for the a subunit changes
during reproductive growth. The tissues, in which the mRNA
for the a subunit is largely expressed in the control cultivars,
correspond to those in which the T1 and T2 transformants
show growth abnormalities.

Restriction Fragment Length Polymorphism (RFLP) Map-
ping of the a -Subunit Gene. The a-subunit gene was located
between RFLP markers P71 and G1458 on chromosome 5 in
the rice high-density genetic linkage map (25) (Fig. 4A). The
position was close to the mutated locus of Daikoku dwarf
(d-1), which had been determined by integrated linkage map-
ping (Fig. 4A) (27). The Daikoku dwarf (d-1) mutant has
pleiotropic phenotypes such as dwarfism and the setting of
small seeds. This mutant was the first dwarf mutant to have
been identified by genetic analysis in Japan (28). More than 10
alleles of Daikoku dwarf (d-1) had been isolated from muta-
genic libraries by chemical mutagens and g-ray irradiation. The
morphological characteristics of Daikoku dwarf (d-1) closely

resembled those of our transformants that lacked endogenous
RGA1 mRNA after treatment by antisense technology. Thus,

FIG. 2. Morphology of T2 transgenic rice plants and their seeds (T3
seeds). Each eight T2 seeds from Anti a-19 (A) and Anti a-22 (B) were
grown to analyze morphological phenotypes. Dwarf, dwarf plants;
NC-like, apparently normal-cultivar-like plants. The white arrowheads
indicate flowering (heads). (Upper and Lower) Under the plant
photographs are Northern blots with the DIG-labeled sense and
antisense RNAs, respectively, as probes. The arrows (Upper and
Lower) indicate the antisense and sense (endogenous) RNAs, respec-
tively, for the a subunit.

FIG. 1. Abnormal morphology of T1 transgenic rice plant carrying antisense RGA1 and their seeds (T2 seeds). (A) Morphology of the transgenic rice
(4 mo old) and its seeds. Individual transgenic plants produced independently are designated as Anti a-1, Anti a-4, Anti a-5, and so on; Anti a, antisense
RGA1 (cDNA for the a subunit of rice heterotrimeric G protein). Only the numbers of the individual transgenic plants are indicated below the plant
pictures. Dwarf, dwarf plants; NC-like, apparently normal-cultivar-like plants; NC, normal cultivar (Nipponbare); IG, a transgenic plant expressing
b-glucuronidase, a control for the transgenic plants with antisense RGA1. The white arrows indicate flowering (heads). T2 seeds from the transgenic plants
are shown under the respective plants. (B) Northern blot analysis. See A for the numbers and NC. Total RNA (10 mg) from whole plants was loaded onto
each lane. (Upper) The antisense RNA that is indicated by an arrow. (Lower) The sense RNA (endogenous mRNA) for the a subunit that is indicated
by an arrow. (C) Southern blot analysis. See A for the numbers and NC (Upper). The arrow shows the a-subunit gene in the normal cultivar.

Plant Biology: Fujisawa et al. Proc. Natl. Acad. Sci. USA 96 (1999) 7577



Daikoku dwarf (d-1) may have a mutation in the a- subunit
gene.

Analysis of the Rice Mutant Daikoku Dwarf (d-1). Two
alleles of Daikoku dwarf (d-1), DK22 and ID-1, showed
dwarfism and set small seeds under our growth conditions, as
compared with their recurrent parents, Nipponbare and Shio-
kari, respectively. In DK22, a low level of endogenous mRNA
for the a subunit was detected (Fig. 4B Lower), which strongly
suggests that DK22 is a mutant in the a-subunit gene. On the
other hand, ID-1 contained the endogenous mRNA for the a
subunit at a similar level to that in its recurrent parent (Fig. 4B
Lower).

cDNAs for the a subunits in five alleles of Daikoku dwarf
(d-1) (DK22, ID-1, CM1361–1, DKT-1, and DKT-2) and four
normal cultivars (Nipponbare, Shiokari, Kinmaze, and
Taichung 65) were synthesized by RT-PCR. DNA fragments at
lengths of approximately 1,400 bp were synthesized for all
plants with the primers described in Materials and Methods.
The RGA1 sequences of the all normal cultivars (Nipponbare,
Shiokari, Kinmaze, and Taichung 65) were identical (data not
shown). Fig. 5 shows the aligned sequences of the mutated
regions of Daikoku dwarf (d-1) (Fig. 5A) and a schematic
diagram of the structure of the a subunit of rice heterotrimeric
G protein and the positions of mutations in five alleles of
Daikoku dwarf (d-1) (Fig. 5B).

In CM1361–1, an insertion of 19 bp was present between the
nucleotide positions of 354 and 355 in the cDNA (RGA1) for
a normal cultivar. Thus the translation product would lack
several functional domains: the GTP-binding regions (C), (G),
and (I), the effector-binding regions (1), (2), and (3), and the
receptor-binding region. In DKT-2, a region between the
positions of 932 and 979 in RGA1 had been deleted, which
would cause the loss of the GTP-binding region (G) in the
translation product. In ID-1, a 2-bp-deletion was observed at
the positions of 1,003 and 1,004 in RGA1, which results in a
frameshift mutation. DK22 and DKT-1 were one-point mu-
tants; the exchanges of G for T (positions 598 in RGA1) and

A for T (positions 1,075 in RGA1) had occurred in the former
and latter mutants, respectively, which result in the generation
of ochre and amber mutants for the former and latter,
respectively. The results show that Daikoku dwarf (d-1) is a
mutant in the a-subunit gene of a heterotrimeric G protein in
rice.

DISCUSSION

This study presents two lines of evidence for the involvement
of rice heterotrimeric G protein in the development of normal
internodes and seeds. First, the reduction of the endogenous
mRNA for the a subunit by introduction of antisense cDNA
into rice resulted in abnormal phenotypes such as short
internodes and small seeds. Second, all alleles of a dwarf rice
mutant, Daikoku dwarf (d-1), with similar abnormal pheno-
types to those of the dwarf transformants had mutated in the
coding region of the a-subunit gene. The mutated loci of other
allele of Daikoku dwarf (d-1), HO541, was determined by
map-based cloning to be located in the a-subunit gene (29). As
the a-subunit gene is present as a single gene in rice (9) and
Arabidopsis (7, 13), all alleles of Daikoku dwarf (d-1) did not

FIG. 3. Accumulation of endogenous mRNA for the a subunit of
a heterotrimeric G protein in a normal rice cultivar. (A) Northern blot
analysis of the mRNA in various tissues at the vegetative growth stage
(1.5 mo old). Node A, upper node; Internode, internode between the
upper and lower nodes; Node B, lower nodes and internodes. (B)
Northern blot analysis of the mRNA from florets at reproductive
growth stages (4 mo old). Floret-Be, f lorets 3 days before fertilization;
Floret-Af, f lorets 3 days after fertilization. (C–E) In situ hybridization
of florets, the longitudinal sections of florets on 10 days (C) and 3 days
(D) before flowering and 3 days after fertilization (E). The DIG-
labeled antisense RNAs were used as a probe. Positive hybridization
signals are indicated in blue. Bars 5 100 mm. GL, glume; LE, lemma;
OV, ovary; PA, palea; PE, pericarp; PI, pistil; ST, stamen.

FIG. 4. Map of the a-subunit gene on chromosome 5 in normal
cultivar and accumulation of the endogenous mRNA for the a subunit
in alleles of Daikoku dwarf (d-1). (A) Map on chromosome 5 on the
basis of the result from the Rice Genome Research Program. cM,
centimorgan. 1, RFLP markers used in this study are indicated on the
right side of chromosome 5. The position of the a-subunit gene was
mapped between RFLP markers P71 and G1458. The distances
between P71 and RGA1 and between RGA1 and G1458 are approx-
imately 3.5 cM and 6.4 cM, respectively. 2, The approximate locus of
Daikoku dwarf (d-1) cited from the data by Yoshimura et al. (27).
RFLP markers are indicated on the right side of chromosome 5. The
RFLP marker XNpb81 is identical with RFLP marker G81 used in map
1. The distances between XNpb81 and d-1 and between G81 and
RGA1 are approximately the same (36 cM and 40 cM, respectively).
(B) Analysis of Daikoku dwarf (d-1). 1, Nipponbare (a normal
cultivar); 2, Daikoku dwarf (d-1), DK22, from the recurrent parent,
Nipponbare; 3, Shiokari (a normal cultivar); 4, Daikoku dwarf (d-1),
ID-1, from the recurrent parent, Shiokari. (Top) Morphology of
flowering plants. The white arrows indicate flowering (heads). (Mid-
dle) Morphology of their seeds. (Bottom) Northern blot analysis.
Poly(A)1 RNA (2 mg) from whole plants was loaded on each lane and
hybridized with the DIG-labeled antisense RNA (pGEM-RGA1) as a
probe. The sense RNA (endogenous mRNA) for the a subunit is
indicated by an arrow.
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contain the normal a-subunit gene. Because Daikoku dwarf
(d-1) can survive and produce progeny, but not develop
normally, the heterotrimeric G protein may function in a signal
transduction pathway(s) required only for normal growth of
specific, and not all, tissues in rice plants. The G protein also
seems to participate in the normal development of rice leaves
and panicles, but more precise observation may be needed to
establish the abnormal traits of the leaves and panicles in the
transformants and mutants.

We emphasize that the morphological abnormalities ob-
served in the T1 transformants were caused by suppression of
endogenous mRNA for the a subunit and not disruption of the
a-subunit gene itself or of any particular gene(s) through
insertion of the antisense RGA1 gene. Southern blot analysis
of our transgenic plants supports this assessment. In addition,

the abnormal phenotypes are inherited by the progeny, al-
though the rate of segregation in the T2 transformants was not
simple, for example, 3:1, because multiple antisense genes have
been integrated into different chromosomes in the T1 trans-
formants. Because some T2 transformants showed normal-like
phenotypes, the possibility of artificial disruption of chromo-
somes during transformation may be ruled out.

The extent of accumulation of antisense RNA, the rate of
suppression of the endogenous mRNA, and the level of the
translation product varied among transgenic plants to which an
antisense gene had been introduced (30), and some plants
contain no or little endogenous mRNA (31, 32). We obtained
two different types of transgenic rice plants expressing the
antisense RNA in this study; one had no or little endogenous
mRNA and showed abnormal phenotypes, and the other
contained a significant amount of antisense RNA but endog-
enous mRNA at an amount nearly equal to that for the normal
cultivar and showed a normal cultivar-like phenotype. Prob-
ably, the former transformants might contain so much anti-
sense RNA that all endogenous mRNA might hybridize with
the antisense RNA. We suspect that the hybridized RNA is
broken down, and so no a subunit is synthesized. We also
suppose that the latter may not contain the antisense RNA at
the threshold level required to reduce the endogenous mRNA
and thus to completely suppress the a subunit.

As mentioned in the Introduction, plant heterotrimeric G
protein has been proposed to function in various signal trans-
duction systems, including light-mediated gene expression
(14), defense responses (15, 16), regulation of ion channels in
guard cells (17), activation of phospholipase D (18), and
secretion of a-amylase from aleurone cells (19). These pro-
posals have been based on studies by using activators and
inhibitors of the mammalian G proteins, but the reagents do
not necessarily affect only the G proteins, as they also seem to
display effects on calmodulin, phospholipase C, or small G
proteins (1, 2, 33). These pharmacological studies have pre-
sented rather indirect evidence for the functions of the plant
G protein. In contrast, our present work clearly shows that the
G protein plays an important role in the normal development
of rice internodes and seeds. Thus the most significant question
raised by this study is how the G protein is involved in the
normal development; in other words, how rice internodes and
seeds become abnormal when the G protein does not work.

We suppose that cell division in the internodes may be
reduced when the G protein does not function, because no
significant difference was observed in the cell length between
the cells in the corresponding internodes of normal cultivar
and the dwarf transformant. This proposal is supported by the
fact that, in normal cultivar, the mRNA for the a subunit exists
at a high level in the young, but not in the mature, internodes.
Kamijima supposed that the dwarf gene in Daikoku dwarf
(d-1) might exert an inhibitory effect on cell division during the
elongation of internodes (34). At present, the question remains
of how the G protein functions in cell division.

Concerning seed development in rice plants, the lemma and
palea are considered to play important roles in determining
the size of rice seeds (35). The endogenous mRNA for the a
subunit is not present at significant levels in the lemma and
palea of the normal cultivar; it accumulates in the base of these
tissues before pollination. We thus speculate that the base of
the tissues needs the G protein to develop normal tissues. The
pericarp of the ovary may also play a part in the development
of normal-sized seeds.

Like heterotrimeric G proteins in mammals and yeast, the
plant G protein must mediate an extracellular signal(s) to
effectors. The other important question raised in this study is
which signal(s) is mediated by the G protein to result in normal
development of rice internodes and seeds. An allele of
Daikoku dwarf (d-1), a 2-bp deletion mutant (see Fig. 5), has
been proposed to be a gibberellin-insensitive mutant (36),

FIG. 5. Comparison of the nucleotide sequences of the cDNA of
the a subunit (RGA1) of the recurrent parents with those from five
alleles of Daikoku dwarf (d-1). (A) Sequences of the mutated regions
of Daikoku dwarf (d-1), CM1361–1, DK22, DKT-1, ID-1 and DKT-2
are aligned. The numbers of nucleotides correspond to those in RGA1
of Nipponbare. The RGA1 sequences of the all recurrent cultivars
(Nipponbare, Shiokari, Kinmaze, and Taichung 65) were identical and
these recurrent cultivars were indicated as NC (normal cultivar). (B)
Schematic diagram of the structure of the a subunit of rice hetero-
trimeric G protein and the positions of mutations in five alleles of
Daikoku dwarf (d-1). Highly conserved regions among the a subunits
from various plants and animals, four GTP-binding sites (A, C, G, and
I) and two of three effector-binding regions (EBR1 and 2), are
indicated by closed boxes and bars, respectively. The regions, which
show low homology among the plant and animal subunits, a bg-binding
region, one of three effector-binding regions (EBR 3) and a receptor-
binding region (RBR), are indicated by open bars. The positions of
stop codons generated by mutations in the cDNAs from four alleles of
Daikoku dwarf (d-1), CM1361–1, DK22, ID-1, and DKT-1, are
indicated by closed circles. A GTP-binding site (G), which is deleted
in the cDNA of DKT-2, is indicated as an open box.
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because it produces little a-amylase even when gibberellin
(GA3) is applied. The gibberellin-induced expression of the
a-amylase gene in the oat aleurone layer has been shown to be
affected by an activator of the mammalian G proteins, mas-
toparan 7 (19). In deepwater rice, gibberellin seems to play
roles in the G2yM phase transition and subsequent enhance-
ment of DNA synthesis during cell division (37). Thus we
surmise that gibberellin may be the most probable candidate
for an exogenous molecule(s), of which the signal(s) is trans-
mitted through the G protein to the genes that conduct normal
development of rice internodes and seeds. Because gibberellin
is known to play a role in controlling chlorophyll content (38,
39), the abnormal phenotype in which the leaves of our
transformants and Daikoku dwarf (d-1) are dark green may
also be explained in connection with the plant hormone. If the
exogenous molecule for the G protein is truly gibberellin, the
Daikoku dwarf (d-1) may be a useful material for studying the
signal transduction from gibberellin to genes.
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