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Bioactive gibberellins (GAs) are essential endogenous regulators of plant growth. GA signaling is mediated via GAI, a
nuclear member of the GRAS family of plant transcription factors. Previous experiments have suggested that GAI is a
GA-derepressible repressor of plant growth. Here we test this hypothesis by examining the effects of the expression of
Arabidopsis GAI in transgenic Basmati rice. High-level expression of GAI caused dwarfism and reduced GA responses,
and the strength of this effect was correlated with the level of transgene expression. In particular, the expression of

 

GAI abolished the GA-mediated induction of rice aleurone 

 

�

 

-amylase activity, thus implicating GAI orthologs in the
well-characterized cereal aleurone GA response. The GA derepressible repressor model predicts that high-level ex-
pression of GAI should confer dwarfism, and these observations are consistent with this prediction.

INTRODUCTION

 

The gibberellins (GAs) are tetracyclic diterpenoid hormones
that are essential for normal plant growth and development
(Hooley, 1994). GA-related mutants are known in a variety of
species and can be subdivided into GA-deficient mutants (in
which genes that regulate GA biosynthesis are affected;
Hedden and Kamiya, 1997) and mutants in which the GA re-
sponse is affected (Harberd et al., 1998; King et al., 2001). In
the last few years, molecular genetic analysis of the Arabi-
dopsis GA response mutant 

 

gai

 

 has resulted in significant
advances in our knowledge of how the GA signal is transmit-
ted through the plant (Richards et al., 2001). 

 

gai

 

, like the nu-
merous GA deficiency mutations of Arabidopsis (Koornneef
and van der Veen, 1980), confers a dark green, dwarfed plant
phenotype (Koornneef et al., 1985; Peng and Harberd, 1993,
1997a, 1997b; Wilson and Somerville, 1995). However, un-
like the GA-deficient mutants, 

 

gai

 

 mutants are not GA defi-
cient (in fact, they contain increased levels of endogenous
GAs; Talon et al., 1990; Peng et al., 1999a), and they exhibit
reduced growth responses to exogenous GAs (Koornneef et
al., 1985; Wilson and Somerville, 1995).

 

gai

 

 was cloned via 

 

Ds-

 

transposon insertional mutagene-

sis (Peng et al., 1997). 

 

GAI

 

 (the wild-type gene) encodes a
protein (GAI) that belongs to the GRAS family of putative
plant transcriptional regulators (Peng et al., 1997; Pysh et
al., 1999; Richards et al., 2000, 2001). GAI is related closely
to another GRAS family member, RGA, an Arabidopsis pro-
tein that also is involved in GA signaling (Harberd et al.,
1998; Silverstone et al., 1998). 

 

gai

 

 is a dominant mutation,
suggesting that it encodes a product that is altered in struc-
ture and function (Peng and Harberd, 1993; Wilson and
Somerville, 1995; Peng et al., 1997). Comparisons of the
DNA sequences of 

 

GAI

 

 and 

 

gai

 

 showed that 

 

gai

 

 encodes a
mutant protein that lacks a segment of 17 amino acids from
close to the N terminus of the protein (Peng et al., 1997).
Recent observations have shown that GAI/RGA orthologs
in dominant reduced GA response mutants of maize and
wheat carry mutations that also cause deletions or trunca-
tions in the N-terminal regions of the proteins that they en-
code (Peng et al., 1999b). Loss or alteration of this region of
the protein apparently causes the genetically dominant re-
duced GA responses that are characteristic of these vari-
ous mutants.

The close sequence similarities between GAI and RGA
suggest that they may play very similar roles in GA signal-
ing. This suggestion is supported by observations of the
phenotypic properties of mutant plants that lack GAI or
RGA. Mutations that confer RGA deficiency cause partial
suppression of the dwarf, dark green, GA deficiency pheno-
type conferred by the 

 

ga1-3

 

 mutation (which substantially
blocks GA biosynthesis; Silverstone et al., 1997, 1998). Sim-
ilarly, mutations that confer GAI deficiency partially sup-
press the phenotypic effects of paclobutrazol, an inhibitor of
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GA biosynthesis (Peng et al., 1997). Thus, both GAI and
RGA act as negative regulators of GA responses. Further-
more, it has been proposed that GAI and RGA are GA dere-
pressible repressors of GA responses and that the gai
mutant protein is a repressor that is less responsive to the
derepressive effects of GA (Peng et al., 1997; Harberd et al.,
1998; King et al., 2001; Richards et al., 2001).

The observations with Arabidopsis, wheat, and maize also
suggested that GAI/RGA orthologs play conserved roles in
GA signaling across the plant kingdom. Here we describe
experiments in which we expressed the Arabidopsis 

 

GAI

 

 and

 

gai

 

 open reading frames (ORFs) in rice. Previously, we showed
that Basmati rice carrying constructs with the potential to
express 

 

gai

 

 was dwarfed and had altered GA responses
(Peng et al., 1999b). Here we extend these observations,
showing that even a relatively low level of expression of Ara-
bidopsis 

 

gai

 

 causes these effects, thus indicating that 

 

gai

 

 is
highly active in rice, despite the millions of years since the
divergence of the Arabidopsis and rice lineages. We also
show that high-level expression of the wild-type Arabidopsis

 

GAI

 

 ORF also causes dwarfism and reduced GA responses
in rice and that the strength of this effect correlates with the
level of gene expression. This observation is actually a pre-
diction of the GA derepressible repressor model of GAI ac-
tion, as described in Discussion.

The response of the aleurone cells of cereals to GA is one
of the best understood hormone responses in plants. In es-
sence, GA, released by the embryo during germination, is
perceived by receptors that are thought to reside in the
plasma membranes of the aleurone cells (Hooley et al.,
1991; Gilroy and Jones, 1994). This signal then initiates 

 

�

 

-amy-
lase synthesis (via transcriptional up regulation of 

 

�

 

-amylase
genes) and secretion of 

 

�

 

-amylase from aleurone cells into
the endosperm. In the endosperm, the 

 

�

 

-amylase digests
the starch reserves, making sugars available to the germi-
nating seedling. Many factors appear to influence the trans-
mission of the GA signal through the cell after the primary
perception event, including heterotrimeric G proteins, lipids
(inositol triphosphate and diacylglycerol), Ca

 

2

 

�

 

, calmodulin,
cyclic GMP, cytosolic pH, and protein phosphorylation
(Bethke et al., 1997). The expression of 

 

GAmyb

 

, a gene
identified originally in barley, is up regulated by GA, and its
product, a myb-type transcription factor, appears to regu-
late 

 

�

 

-amylase gene expression (Gubler et al., 1995). Our
transgenic rice lines enabled us to determine whether GAI/
gai, identified originally on the basis of their effects on plant
stem elongation, also affect the cereal aleurone GA re-
sponse. Here we show that the expression of 

 

gai

 

 and 

 

GAI

 

 in
rice inhibits the GA-regulated production of 

 

�

 

-amylase by
the rice aleurone layer. This is an important observation be-
cause it links two significant areas of GA research: the ge-
netics of plant stature mutants and the biochemistry of the
GA-mediated cereal aleurone 

 

�

 

-amylase response (Harberd
et al., 1998). In short, our observations show that GAI/RGA
and orthologs are central to GA signaling in a wide variety of
species and GA responses.

 

RESULTS

Recovery of Primary Transformant Basmati Rice Plants 
Expressing 

 

GAI

 

 and 

 

gai

 

DNA constructs expressing the Arabidopsis 

 

GAI

 

 and 

 

gai

 

ORFs were developed as described in Methods. These con-
structs allow the expression of 

 

GAI

 

 or 

 

gai

 

 from the cauli-
flower mosaic virus (CaMV) 35S and maize ubiquitin (Ubi)
promoters. Four constructs were made (CaMV35S::

 

GAI

 

,
Ubi::

 

GAI

 

, CaMV35S::

 

gai

 

, and Ubi::

 

gai

 

; Figure 1A). These
DNAs then were used in transformation experiments, using
the particle bombardment transformation method (Christou
et al., 1991; Sudhakar et al., 1998). We regenerated 41 inde-
pendent transgenic rice plants and performed polymerase
chain reaction (PCR) analyses to confirm the presence of
the 

 

GAI

 

 or 

 

gai

 

 ORFs in each of them (data not shown). In to-
tal, we obtained eight independent Ubi::

 

GAI

 

 plants, 16 inde-
pendent Ubi::

 

gai

 

 plants, nine independent CaMV35S::

 

GAI

 

plants, and eight independent CaMV35S::

 

gai

 

 plants. Ge-
nomic DNA gel blot analyses further confirmed the presence
of the transgenes in the genomes of each of these plants
(data not shown). All of these primary transformants were al-
lowed to set seed by self-pollination, and the resulting (R1)
seed were collected for further analysis. Many of the primary
transformants exhibited an obvious dwarf phenotype (data
not shown), and this article is concerned with the molecular,
physiological, and visual characterization of this heritable
phenotype in subsequent generations. The pedigree of the
different lines described in this article is summarized in
Methods.

 

Molecular Characterization of R1 Plants

 

We investigated transgene segregation and expression in
the R1 plants derived from each of the 41 primary transfor-
mant lines. PCR analysis of 40 R1 plants from each line (us-
ing primers gai-1 and gai-2; Figure 1A) showed that in each
case the 

 

GAI

 

 or 

 

gai

 

 transgene segregated with a ratio that
approximated to three plants carrying the transgene for ev-
ery one plant that did not (data not shown). These results in-
dicated that, as expected from previous observations (Kohli
et al., 1998; Maqbool and Christou, 1999; Fu et al., 2000),
the transgenes in these lines were integrated at single ge-
netic loci. Genomic DNA gel blot analyses of a representa-
tive sample of 11 of these R1 plants (previously shown to be
carrying a transgene by PCR analysis), using a radiolabeled

 

GAI

 

 ORF probe, are shown in Figure 1B. Digestions were
with BamHI (which cuts once within the transgenes; Figure
1A) or were double digestions using both BamHI and EcoRI.
This double digestion released an 

 

�

 

1.6-kb DNA fragment
containing the 

 

GAI

 

 or 

 

gai

 

 ORF (note that this fragment is
slightly smaller in constructs containing 

 

gai

 

 than in con-
structs containing 

 

GAI

 

; Figure 1A). In most cases, sibling
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pairs were assayed from lines transformed with the
CaMV35S::

 

GAI

 

 or the Ubi::

 

gai

 

 construct (e.g., plants a and b
are sibling R1 progeny of a primary transformant carrying
the CaMV35S::

 

GAI

 

 construct; see Figure1B).
In the BamHI digests, each transformant line showed a

different pattern, indicating that in each case the transgene
was inserted into a different part of the genome. Further-

more, the signal intensity varied from line to line, indicating
some difference in the number of transgenes at a locus (Fig-
ure 1B). Sibling plants exhibited similar patterns, although
the intensity of the pattern varied from sibling to sibling (Fig-
ure 1B). This variation in intensity may reflect segregation of
the transgene, with homozygous plants yielding a more in-
tense signal than hemizygous plants (although unequal

Figure 1. Generation and Preliminary Characterization of Transgenic Rice Plants Expressing Arabidopsis GAI or gai.

(A) Maps of the constructs showing transcription units, relevant restriction sites, and primers used for PCR and RT-PCR (arrows). The GAI and
gai ORFs are �1.6 kb in size; the gai ORF is slightly smaller than the GAI ORF as a result of its characteristic 51-bp internal deletion (Peng et al.,
1997). nos, nopaline synthase. Bar represents hybridization probe used in (B).
(B) DNA gel blot analysis of R1 transgenic plants after digestion of genomic DNA with BamHI or with BamHI and EcoRI using a radiolabeled Ar-
abidopsis GAI ORF as probe. There is no detectable hybridization of the probe to digests of DNA from untransformed Basmati rice plants (Con-
trol). Plants were G38-4 (a), G38-17 (b), G39-3 (c), G39-8 (d), G41-22 (e), G41-26 (f), g51-1 (g), g51-6 (h), g58-1 (i), g58-2 (j), and g59-1 (k). The
arrow marks the position of the intact �1.6-kb ORF.
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sample loading also might contribute to this variation in sig-
nal intensity). In the BamHI–EcoRI double digests, most of
the lines displayed the 

 

�

 

1.6-kb 

 

GAI/gai

 

 ORF fragment (Fig-
ure 1B, arrow), indicating the existence of at least one intact
coding region in the transgenes that these lines contain. In
several cases, additional fragments were seen, indicating
the existence of additional, rearranged copies of the 

 

GAI/gai

 

ORF. In sibling plants i and j (Figure 1B), no 

 

�

 

1.6-kb
BamHI–EcoRI fragment was observed, indicating that there
was no intact copy of the 

 

gai

 

 ORF in the g58 transformant
line. Plants c and d showed a relatively simple integration
pattern and appeared to carry only a single insertion with an
intact 

 

GAI

 

 ORF. Plant k also showed a relatively simple inte-
gration pattern but contained an incomplete 

 

gai

 

 ORF (as
shown by DNA sequencing; data not shown).

 

Expression of 

 

GAI/gai

 

 Transcripts in R1 Plants

 

GAI/gai

 

 transcripts in selected R1 plants were visualized us-
ing RNA gel blot and reverse transcriptase (RT)–mediated-
PCR analyses (Figure 2). These analyses revealed a wide
variation in the degree of 

 

GAI/gai

 

 expression in the different
lines. 

 

GAI/gai

 

 transcripts were not detected in plants g58-1,
g58-2, g59-1 (samples 11, 12, and 13 in Figure 2) or in the
nontransgenic control. As shown above (Figure 1B), these

plants did not carry intact 

 

gai

 

 ORFs, consistent with the lack
of detectable 

 

gai

 

 expression. Plants G36-1 and G36-2 (Fig-
ure 2, samples 1 and 2) carried an intact 

 

GAI

 

 ORF (data not
shown), and the lack of detectable transcripts in these
plants may be attributable to transgene silencing. Two
plants from line G39 (G39-3 and G39-8; samples 5 and 6 in
Figure 2) exhibited a high level of expression of 

 

GAI

 

 (seen in
both the RNA gel blot and RT-PCR assays; Figure 2). Plants
from line G41 (G41-22 and G41-26; samples 7 and 8 in Fig-
ure 2) differed with respect to 

 

GAI

 

 transcript levels. G41-22
had high levels of 

 

GAI

 

 transcripts that were clearly detect-
able in both RNA gel blot and RT-PCR analyses, whereas
G41-26 had lower levels of 

 

GAI

 

 transcripts that were barely
detectable by RNA gel blotting and were clearly detectable
only in the more sensitive RT-PCR assay. Plants G38-4 and
G38-17 (samples 3 and 4 in Figure 2) and g51-1 and g51-6
(samples 9 and 10 in Figure 2) also had relatively low tran-
script levels, with transcripts being clearly detectable only
by RT-PCR (Figure 2).

 

Expression of Arabidopsis 

 

gai

 

 Causes Reduced Height 
and Altered GA Response in Transgenic Rice

 

We showed previously that the growth and GA responses of
Basmati rice can be altered by the Ubi::

 

gai

 

 transgene (Peng

Figure 2. RNA Gel Blot and RT-PCR Analyses of the Expression of GAI or gai Transcripts in Transgenic Rice.

(A) UV fluorescence of ethidium bromide–stained gel containing RNA from plants (nontransgenic control and 1, G36-1; 2, G36-2; 3, G38-4; 4, G38-
17; 5, G39-3; 6, G39-8; 7, G41-22; 8, G41-26; 9, g51-1; 10, g51-6; 11, g58-1; 12, g58-2; and 13, g59-1) used for the hybridization shown in (B).
(B) RNA gel blot analysis of RNA shown in (A) using a radiolabeled GAI ORF as probe.
(C) RT-PCR analysis of GAI/gai transcript levels in RNA from R1 plants. RT-PCR amplification was for 25 cycles using the gai-1 and gai-2 prim-
ers (see Methods and Figure 1A).
(D) RT-PCR control showing that actin transcripts are detected consistently in all of the samples used for the GAI/gai RT-PCR experiment
shown in (C).
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et al., 1999b). Segregant seedlings carrying this transgene
exhibited reduced GA responses, whereas segregants lack-
ing the transgene responded normally to GA. Adult plants
carrying the transgene were dwarfed with respect to control
segregants lacking the transgene (Peng et al., 1999b).
These results suggested that overexpression of Arabidopsis

 

gai

 

 can cause reduced height and GA response in rice.
We measured the heights of 2-month-old R2 plants de-

rived from transformation experiments using the Ubi::

 

gai

 

 and
CaMV35S::

 

gai

 

 constructs (Figure 3A). These results con-
firmed that dwarfism was conferred by expression of the

 

gai

 

-containing transgenes. As shown above, plant g51-1 ex-
pressed levels of 

 

gai

 

 transcript that were detectable by RT-
PCR (Figure 2C, sample 9). R2 progeny of this plant were
uniformly dwarfed (Figure 3A). In contrast, plant g58-2 lacked
detectable 

 

gai

 

 transcripts and lacked an intact 

 

gai

 

 ORF (Fig-
ure 1B, sample j; Figure 2, sample 12). R2 progeny of plant
g58-2 were not dwarfed (Figure 3A). In addition, Figure 3A
shows that the R2 progeny of two additional plants that
contained an intact gai ORF (g56-9 and g48-3) were
dwarfed with respect to the control, with the g56-9 plants
being more severely dwarfed than the g51-1 plants and the
g51-1 plants being less severely dwarfed than the g48-3
plants. In further experiments, we investigated a possible
cause of this variation in dwarfing severity. For example, as
shown in Figure 3B, plant g56-9 was more severely dwarfed
than plant g51-1, which was itself dwarfed compared with the
untransformed control. The relative heights of these plants
were mirrored by gai transcript levels (as revealed by RNA
gel blot analysis; Figure 3B), such that the plant expressing
higher gai transcript levels was more severely dwarfed than
the plant expressing lower gai transcript levels.

We also tested the GA responsivity of seedlings and
2-month-old plants. In seedling tests, performed as described
previously (Peng et al., 1999b), R2 progeny of plant g58-2,
which did not express detectable levels of gai transcripts,
exhibited normal seedling GA responses (data not shown).
R2 progeny of plant g51-1 (which expressed gai transcripts
at a relatively low level; Figure 3B) and plant g56-9 (which
expressed gai transcripts at a higher level; Figure 3B) did not
respond to exogenous GA (data not shown). The reduced
GA responses of plants expressing gai were maintained into
adulthood, because 2-month-old Ubi::gai-expressing plants
did not elongate in response to exogenous GA, whereas
control plants did (Figure 3C).

High-Level Expression of Arabidopsis GAI Causes 
Reduced Height and Altered GA Responses in 
Transgenic Basmati Rice

Because transgenic expression of Arabidopsis gai conferred
dwarfism and reduced GA responses in Basmati rice, we
sought to determine the effect of expression of the wild-type
GAI ORF on rice phenotype. We analyzed transgenic plants
carrying GAI under the control of either the CaMV 35S pro-

moter or the Ubi promoter. As shown in Figure 4A, the R2
progeny of plant G36-2 (which did not contain detectable
levels of GAI transcript; Figure 2, sample 2) were the same
height as control, nontransgenic plants. Plants G38-17,
G39-8, G41-22, and G41-26 expressed detectable levels of
GAI transcript from the CaMV 35S promoter (Figure 2, sam-
ples 4, 6, 7, and 8), and the R2 progeny of these plants all
were dwarfed compared with the control (Figure 4A). Plants
in which GAI expression was driven by the ubiquitin pro-
moter also exhibited dwarfism (Figure 4A).

Interestingly, there was significant variation (between line
variation) in the severity of the dwarfism observed in each of
the GAI-expressing lines. Additional experiments (Figure 4B)
revealed a correlation between GAI transcript level and plant
height. Plants that contained relatively high levels of GAI
transcript were severely dwarfed, and plants that contained
relatively low levels of GAI transcript were less dwarfed.

We also analyzed the GA responses of transgenic Bas-
mati rice plants expressing GAI. For example, plant G41-26
exhibited a relatively low level of GAI transcripts (Figure 2,
sample 8). R2 progeny of G41-26 showed a clear growth re-
sponse to GA (Figure 4C). In contrast, as shown above,
plant G39-3 exhibited fairly high GAI transcript levels and
substantially reduced height (Figure 2, sample 5, and Figure
4B). R2 progeny of G39-3 showed a greatly reduced growth
response to GA (Figure 4C).

GA 20-Oxidase Transcript Levels Are Upregulated by 
Expression of gai and by High-Level Expression of GAI 
in Transgenic Rice

GA 20-oxidase enzymes catalyze the penultimate step in
the biosynthesis of biologically active GAs (Hedden and
Kamiya, 1997), and a cDNA sequence encoding a 20-oxi-
dase from japonica rice has been identified. Using this and
other 20-oxidase sequences, we designed degenerate prim-
ers for the amplification of a 20-oxidase–encoding fragment
from Basmati (indica) rice genomic DNA and then extended
this fragment (to obtain a full-length gene) using 5� and 3�

rapid amplification of cDNA ends (see Methods). DNA se-
quence analysis revealed that this gene was �98% identical
to the reported 20-oxidase gene from japonica rice (data not
shown).

In many plants, endogenous GA levels are subject to neg-
ative feedback regulation (Hedden and Croker, 1992). For
example, in Arabidopsis, the levels of transcripts encoding
enzymes that catalyze relatively late steps in the GA biosyn-
thesis pathway (20-oxidase, 3�-hydroxylase) are downregu-
lated by active GAs (Chiang et al., 1995; Phillips et al., 1995;
Xu et al., 1995; Cowling et al., 1998) and upregulated in the
gai mutant (Xu et al., 1995; Peng et al., 1997, 1999a; Cowling
et al., 1998). To determine if this is the case in Basmati rice,
the Basmati 20-oxidase probe was used to investigate 20-
oxidase transcript levels in young seedlings (1 week old).
20-Oxidase transcripts were clearly detectable in these
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Figure 3. Phenotypic Analysis of Transgenic Basmati Rice Plants Expressing gai.

(A) Histogram showing heights of 2-month-old R2 plants. Mean heights (error bars represent �SE) of 20 plants derived from self-pollination of R1
plants g51-1, g56-9, g58-2, g48-3, and control (untransformed) Basmati 370 rice plants are shown.
(B) Five-month-old plants derived from self-pollination of g56-9, g51-1, and control (untransformed) Basmati 370 rice plants. Beneath the plants,
the UV fluorescence of an ethidium bromide–stained gel containing RNA prepared from each plant is shown. Beneath the UV fluorescence, an
RNA gel blot hybridization from this gel, using a radiolabeled GAI ORF probe, is shown.
(C) Responses to GA treatment in Ubi::gai plants. Two-month-old R2 plants derived from self-pollination of g51-1 were sprayed with 100 �M
GA3 (�GA) or water once per day for 1 week and photographed 1 week after the final sprays.
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seedlings, but they were greatly reduced within 8 hr and no
longer detectable within 16 hr of being treated with GA (Fig-
ure 5A). 20-Oxidase transcript levels were unaffected by
water control treatments (data not shown). Thus, 20-oxidase
transcript levels were negatively regulated by GA in Basmati
rice.

We also investigated 20-oxidase transcripts in transgenic
rice plants expressing GAI or gai. All of the plants investi-
gated in these experiments were dwarfed (data not shown),
all contained GAI or gai transcripts (Figure 5B), and all
showed increased 20-oxidase transcript levels compared
with a control, nontransgenic rice plant (Figure 5B). Thus,
expression of GAI or gai caused increased 20-oxidase levels
in Basmati rice.

GA-Mediated Induction of Rice Aleurone �-Amylase 
Activity Is Inhibited in Transgenic Rice Expressing GAI 
and gai

Treatment of cereal aleurone cells with exogenous GA re-
sults in increased secretion of �-amylase by those cells, one
of the best characterized GA responses of plants (Bethke et
al., 1997). We sought to determine if this GA response is al-
tered in transgenic Basmati rice expressing Arabidopsis GAI
or gai using a rice distal half-grain �-amylase assay (see
Methods). Distal half-grains lack an embryo (the source of
the GA that activates �-amylase production in aleurone
cells) and therefore produce very low levels of �-amylase in
the absence of exogenous GA. A 60-hr incubation of wild-
type distal rice half-grains in 1.0 �M gibberellic acid (GA3)
resulted in a substantial induction of �-amylase activity with
respect to control incubations in the absence of GA3 (Table
1). However, distal half-grains expressing Arabidopsis GAI
or gai exhibited clear differences in secreted �-amylase ac-
tivity. First, in all cases, half-grains from lines expressing
GAI or gai and incubated in the absence of GA3 secreted
less �-amylase activity than control wild-type half-grains.
Second, the GA-mediated induction of �-amylase activity
exhibited by control (wild-type) half-grains was blocked
completely or almost completely in half-grains from all of the
GAI- or gai-expressing lines (Table 1). These results show
that the expression of either Arabidopsis GAI or gai in trans-
genic Basmati rice can block the GA-induced secretion of
�-amylase by rice aleurone cells.

DISCUSSION

The cloning of the Arabidopsis GAI and RGA genes was a
major step forward in our understanding of how GA regulates
plant growth and development (Peng et al., 1997; Harberd
et al., 1998; Silverstone et al., 1998). More recently, the
cloning of GAI orthologs from cereals and other plants has

shown that GAI/RGA sequence and function are highly con-
served, despite the wide evolutionary divergence between
monocots and dicots (Peng et al., 1999b; Richards et al.,
2001). This functional conservation suggested that it would
be possible to study various aspects of GAI/gai function in
transgenic rice plants expressing these proteins.

In this study, we have shown that the dwarf phenotype
and reduced GA responses of transgenic Basmati rice
plants carrying constructs containing Arabidopsis gai were
associated with the expression of the transgene at the tran-
script level. Plants expressing gai exhibited a dwarf pheno-
type, whereas plants lacking detectable gai transcripts did
not. In addition, the degree of dwarfism exhibited by these
plants was related to the amount of gai transcript that the
plants contained.

Furthermore, we have shown that expression of the wild-
type (GAI) gene in Basmati rice also causes dwarfism and
reduced GA response in an expression level–dependent
manner. Low-level GAI expression causes relatively mild
dwarfism and reduced, although still detectable, elongation
in response to GA. High-level GAI expression results in
more severe dwarfism and completely abolishes any detect-
able growth response to exogenous GA. The effect of vary-
ing GAI expression in rice is very different from the effect of
varying gai expression. Even relatively low levels of gai ex-
pression cause clear dwarfism and an abolished GA growth
response.

Our experiments have shown that overexpression of Ara-
bidopsis GAI or gai in Basmati rice affects several different
aspects of rice growth and development that are GA re-
sponsive. Thus, adult plant height, seedling and adult growth
response to exogenous GA, regulation of 20-oxidase tran-
script levels, and induction of �-amylase secretion by aleu-
rone cells are affected by the expression of GAI or gai in
rice. These findings suggest that all of these processes are
regulated by a GAI/RGA ortholog in normal rice, quite possi-
bly the product of the rice equivalent of the maize d8 and
wheat Rht-B1a/Rht-D1a genes (Peng et al., 1999b; Ogawa
et al., 2000).

The Arabidopsis gai (mutant) allele encodes a protein that
lacks a 17–amino acid N-terminal segment and confers
dwarfism (Peng et al., 1997). The GAI (wild-type) allele en-
codes a normal protein that does not confer dwarfism (Peng
et al., 1997). Given this, the observation that expression of
the wild-type GAI gene in rice causes dwarfism may seem
surprising. However, these new observations actually are
compatible with the derepressible repressor model of GAI
function. According to this model (described by Peng et al.,
1997, 1999b; Harberd et al., 1998; King et al., 2001; Richards
et al., 2001), GAI functions as a repressor of plant growth
whose action is opposed by GA, whereas gai is a repressor
that is relatively resistant to GA action. One possible predic-
tion of this model is that plants in which GAI is accumulated
to higher levels than normal (e.g., as when GAI is “overex-
pressed” in transgenic rice) might be dwarfed, because the
normal balance between GA and GAI would be upset.



1798 The Plant Cell

Figure 4. Phenotypic Analysis of Transgenic Basmati Rice Plants Expressing GAI.

(A) Histogram showing mean heights of 2-month-old R2 plants. Mean heights (error bars represent �SE) of 20 plants derived from self-pollination
of a control plant and of plants G36-2, G38-17, G39-8, G41-22, G41-26, G43-5, and G45-3.
(B) Five-month-old R2 plants expressing GAI and derived from R1 plants G43-5, G39-3, G41-22, G45-3, and G38-17. Beneath the plants, the
UV fluorescence of an ethidium bromide–stained gel containing RNA prepared from each plant is shown. Beneath the UV fluorescence, RNA gel
blot hybridization of RNA from this gel, using a radiolabeled GAI ORF probe, reveals a range of GAI transcript levels.
(C) Responses to GA treatment in R2 plants derived from plant G41-26 (homozygous for a CaMV35S::GAI transgene and containing relatively
low GAI mRNA levels) and from plant G39-3 (homozygous for a CaMV35S::GAI transgene and containing relatively high levels of GAI mRNA).
The 2-month-old plants were sprayed with 100 �M GA3 (�GA) or water once per day for 1 week and photographed 1 week after the final sprays.
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Low-level expressors might be dwarfed but correctable by
GA treatment; high level expression of GAI might cause se-
vere dwarfism that is not recoverable by GA. This is pre-
cisely what is seen, providing further evidence that the
derepressible repressor model provides a useful framework
for understanding GAI/RGA function in GA signaling.

At the biochemical level, the cereal aleurone �-amylase
response is the best understood GA response in plants, and
experimental studies of it have implicated a number of dif-
ferent key signaling systems in its mediation (Bethke et al.,
1997). Here we have shown that the expression of Arabi-
dopsis GAI and gai in rice blocks the GA-induced secretion
of �-amylase by rice aleurone tissue. This observation is im-
portant because it provides a link between the �-amylase
response and GAI, a protein originally identified via stature
mutant genetics. Such a link had been suggested by the ob-
servation that wheat plants carrying the Rht-B1c allele (a se-
verely dwarfing allele of the Rht-B1a gene, a wheat ortholog
of GAI; Börner et al., 1996; Peng et al., 1999b) exhibits a
reduced aleurone �-amylase response to GA (Gale and
Marshall, 1973). Our experiments show directly that GAI
(and perhaps RGA) are key components of the �-amylase
response regulation by GA. Interestingly, transient assay
experiments have shown that expression of the barley

ortholog (HvSPY) of another GA signaling component origi-
nally identified via Arabidopsis genetics (SPY) largely abol-
ishes the GA-induced activation of an �-amylase promoter
(Robertson et al., 1998). Future work will reveal how GAI/RGA
and SPY interact with the various biochemically identified
components of GA signaling in aleurone, in particular GAmyb
(a transcription factor thought to mediate GA-regulated
�-amylase gene transcription; (Gubler et al., 1995) and the
putative plasma membrane–associated gibberellin recep-
tor (Hooley et al., 1991; Gilroy and Jones, 1994). However, it
seems likely that GAI/RGA influences GAmyb levels, because
GAmyb transcript levels are increased in the barley sln mutant
(Gómez-Cadenas et al., 2001) and the barley SLN gene is an
ortholog of Arabidopsis GAI/RGA (P. Chandler, F. Gubler, A.
Marion-Poll, and M. Ellis, personal communication).

In addition to its significance for the understanding of GA
signaling, the observation that GAI or gai expression causes
dwarfism in transgenic rice may have important conse-
quences for the future genetic improvement of rice. Al-
though dwarf rice lines already have been used extensively
in world agriculture on account of their increased grain
yields and resistance to lodging, these lines often are not
suited to particular growing environments or to local taste
and texture preferences. We have shown that transgenes
expressing GAI or gai can be transferred easily to locally fa-
vored rice varieties, with the potential of creating a range of
dwarfed derivative lines, all of which can be tested further
for yield increases.

METHODS

Plant Material, Gene Constructs, Transformation, and Notation 
of Lineages

Mature seed–derived rice callus (Oryza sativa cv Basmati 370) was
used for particle bombardment and regenerated under 50 mg/L

Figure 5. Rice 20-Oxidase Transcripts Are Upregulated by Expres-
sion of GAI or gai.

(A) RNA gel blot analysis of 20-oxidase transcripts in GA-treated Bas-
mati rice seedlings. One-week-old seedlings were sprayed with 100 �M
GA3. Leaf RNA samples were prepared 8, 16, and 24 hr after treatment.
(B) The relationship between 20-oxidase and gai/GAI transcripts in
transgenic rice plants. Top, UV fluorescence of an ethidium bro-
mide–stained gel containing RNA prepared from plants G43-5 (a),
G39-8 (b), g51-1 (c), g48-3 (d), and a control, untransformed Bas-
mati rice plant. Beneath the UV fluorescence is an RNA gel blot hy-
bridization from this gel, using a radiolabeled GAI ORF probe.
Beneath this is shown a further hybridization, using a radiolabeled
20-oxidase probe.

Table 1. GA-Mediated Induction of �-Amylase Activity in
Deembryonated Half-Grains

�-Amylase Activity (milliunits/g)

Source of R2 Seeda

Incubated in
Buffer Alone 

Incubated in
Buffer � 1.0 �M GA3

Control plant 11.39 � 0.41 1029.06 � 12.11
G38-2 1.66 � 0.14 1.65 � 0.17
G39-3 1.94 � 0.11 3.53 � 0.17
G41-26 2.25 � 0.08 2.67 � 0.07
g51-1 0.39 � 0.06 0.34 � 0.03

a Ten R2 seed in each line derived from homozygous R1 plants
(G41-26, G38-2, G39-3 [all CaMV35S::GAI] and g51-1 [Ubi::gai])
were deembryonated and then treated with GA3 or left untreated, as
appropriate.
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hygromycin selection as described previously (Christou et al., 1991).
The GAI and gai open reading frames (ORFs) were cloned into con-
structs under the control of maize ubiquitin (Ubi) or cauliflower mo-
saic virus (CaMV) 35S promoters (Figure 1A). Cobombardment with
an hpt-containing plasmid (which confers hygromycin resistance;
Christou et al., 1991) permitted the selection of cotransformants. A
preliminary analysis of Ubi::gai R1 plants has been published else-
where (Peng et al., 1999b).

Transgenic lineages derived from 41 independent transformation
events are described in this article. Individual plants are denomi-
nated as follows. Lines G36, G38, G39, and G41 were derived from
transformation experiments using the CaMV35S::GAI transgene.
Line g48 was derived from transformation experiments using the
CaMV35S::gai transgene. Lines G43 and G45 were derived from
transformation experiments using the Ubi::GAI transgene. Lines
g51, g56, g58, and g59 were derived from transformation experi-
ments using the Ubi::gai transgene. Thus, G denotes lines derived
from transformation with constructs containing the wild-type (GAI)
gene, and g denotes lines derived from transformation with con-
structs containing the mutant (gai) gene. R1 generation plants are
the self-pollination–derived progeny of primary transformants.
Thus, for example, plant G38-4 is plant number 4 of a batch of
plants obtained from planting R1 seed from line G38. R2 generation
plants were obtained from self-pollination of R1 plants. In all cases,
the R2 plants described came from families that were not segregat-
ing for the transgene. Thus, all R2 plants were homozygous for the
transgene that they contain.

DNA and RNA Gel Blot Analyses

Genomic DNA was isolated from leaves using the Nucleon Phy-
topure Plant DNA Extraction Kit (Amersham). Five-microgram DNA
aliquots were digested overnight using BamHI and/or EcoRI, frac-
tionated by electrophoresis on 0.8% agarose gels, and transferred
onto Hybond N� membranes (Amersham). Total RNA was extracted
using Trizol reagent (Gibco BRL), and 15-�g aliquots were fraction-
ated by electrophoresis through denaturing 1.2% agarose gels. The
fractionated RNA was transferred to Hybond N membranes (Amer-
sham). Probes were synthesized by random primer labeling in the
presence of �-32P-dCTP, and hybridization and high stringency
washing were performed as described previously (Fu et al., 2000).
The 20-oxidase probe identifies a single band in DNA gel blot exper-
iments with Basmati rice DNA (data not shown).

PCR and RT-PCR Analyses

DNA was isolated from single leaflets �2 cm in length according to
the method of Edwards et al. (1991). Total RNA was extracted using
the RNeasy Plant Mini Kit (Qiagen, Valencia, CA). RNA samples were
treated with RQ1 RNase-free DNase (Promega), and reverse tran-
scriptase–mediated polymerase chain reaction (RT-PCR) was per-
formed using the Access RT-PCR system (Promega) in 50-�L
reaction volumes. The primer pairs used for PCR and RT-PCR were
gai-1 (5�-GACGACGGTAACGGCATGGA-3�) and gai-2 (5�-TGCAGC-
CGCAAACCCAGCAG-3�), which were derived from N-terminal and
C-terminal coding sequences, respectively, of the GAI ORF (Peng et
al., 1997; Figure 1A). For each plant, rice actin-1 transcripts also
were amplified as a constitutive expression control.

�-Amylase Assays

The activity of �-amylase secreted from distal deembryonated half-
grains of rice was measured. Rice seed were surface-sterilized by
washing with sodium hypochlorite for 15 min and then washed with
sterile distilled water. Then, half-grains were deembryonated and
transferred aseptically to 5 mL of aqueous buffer (0.02 M calcium
chloride, 0.05 M sodium citrate, and 10 mg/L streptomycin sulfate,
pH 6.2) containing (or lacking) 1.0 �M gibberellic acid (GA3). Incu-
bation was at 25�C on an orbital shaker at 100 rpm for 60 hr. After
incubation, half-grains were ground in their buffer with a Polytron
blender and centrifuged at 1600g for 15 min. Two separate 2-mL
aliquots (experimental and blank) of the supernatant were incu-
bated at 37�C for 10 min, after which a Phadebas tablet (Pharmacia
and Upjohn) was added to one of the aliquots (experimental). The
aliquots were incubated at 37�C for another 30 min and vortexed
every 10 min. To stop the reaction, 0.5 mL of 0.5 M NaOH was
added to both aliquots, which were then vortexed and centrifuged
at 700g for 10 min. �-Amylase activity then was calculated from the
difference in OD620 measured from the experimental and blank
aliquots.

Cloning and Sequence Analysis of Basmati 370 GA 20-Oxidase

Total RNA was isolated from young seedlings of wild-type Basmati
370 rice. RT-PCR was performed using primer pairs 5�-TTC-
ATATGGCCCGGCGGANNN-3� and 5�-GTCGGAGAAGGCCTGAAA-
NN-3� derived from the japonica rice 20-oxidase sequence (Gen-
Bank accession number OSU50333) and other plant 20-oxidase
sequences. PCR products were cloned in pGEM-T vector (Pro-
mega). Sequencing was performed using the ABI Prism Big-Dye
Terminator Cycle Sequencing Ready Reaction Kit (PE–Applied
Biosystems, Foster City, CA). Full-length 20-oxidase sequence
was obtained using 5� and 3� rapid amplification of cDNA ends
methods (Gibco BRL).

GA Treatments

GA3 was dissolved in methanol and then in sterile water. A 100-�M
solution of GA3 was used to spray the leaves of rice plants.
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