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Isolation and Characterization of a Novel Mutation That Confers 
Gibberellin-Sensitive Dwarfism in Arabidopsis thaliana 

Moon-Soo Soh*  
Department of Molecular Biology, Sejong University, Seou1143-747, Korea 

Gibberellins (GAs) regulate diverse aspects of plant growth and development. Despite extensive analysis of the GA- 
metabolic pathway, only a few genes have been identified as regulatory components of GA metabolism. In searching 
for those genes, we screened and isolated a novel dominant mutant, GA-sensitive dwarfl-lD (gsdl-lD), from Arabi- 
dopsis thaliana. This mutant exhibited the characteristic phenotypes of GA-deficient mutants, including semi-dwarf- 
ism, dark-green leaves, late-flowering, and reduced fertility. Exogenously applied GA rescued the gsdl-lD mutant 
phenotypes, implying that this phenomenon was likely due to a reduced level of GA. Likewise, transcripts of GA- 
responsive genes were affected by this gsdl-lD mutation, which genetic analysis showed to be semi-dominant and 
monogenic. Chromosomal mapping of the GSD1 locus indicated that it resides on the middle of Chromosome 3, 
where no loci related to GA metabolism exist. These results suggest that the GSD1 locus encodes a novel regulatory 
component controlling the bioactive GA level in A. thaliana. 
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As sessile and multicellular organisms, plants must 
coordinate growth and differentiation between cells 
in response to both endogenous and external stimuli. 
Plant hormones, now weft-characterized, play pivotal 
roles in this coordination (Davies, 2004). For exam- 
ple, gibberellins (GAs) control diverse aspects of 
development, including germination, stem elonga- 
tion, flowering, and floral/fruit development (Rich- 
ards et al., 2001 ). Molecular genetics studies with GA- 
deficient mutants, in which normal growth can be 
restored by application of exogenous GA, have identi- 
fied most of the genes for GA-metabolic enzymes 
(Koornneef and Van der Veen, 1980; Hedden and 
Phillips, 2000). Biologically active GAs are synthesized 
from geranylgeranyl diphosphate that is converted to 
ent-kaurene, which in turn is oxidized to ent-kau- 
renoic acid. The ent-kaurenoic acid becomes further 
oxidized to GA12, which is subject to oxidative modi- 
fication at C-20 and to 3-]3 hydroxylation, thus produc- 
ing biologically active GA1 and GA4. Hydroxylation of 
C-2 by GA 2-oxidases (GA2ox) inactivates those bio- 
logically active GAs (Hedden and Phillips, 2000). 

Cellular GA concentrations are regulated by both 
endogenous and exogenous stimuli. Expression of 
ent-copalyl diphosphate synthase (CPS), catalyzing 
the first committed step of GA biosynthesis, is associ- 

ated with particular developmental stages, in a ceil 
type-specific manner (Silverstone et al., 1997). Expres- 
sion of GA 20-oxidases (GA2Oox) and GA 3-oxidases 
(GA3ox) genes, whose products catalyze the final 
steps of GA biosynthesis, are down-regulated by GA 
itself. In contrast, GA2ox genes are induced by GA 
(Chiang et al., 1995; Cowling et al., 1998; Xu et al., 
1999; Yamaguchi and Kamiya, 2000; Olszewski et 
al., 2002). Furthermore, other plant growth regula- 
tors, including auxin, brassinolide, and polyamines, 
may affect GA biosynthesis by altering the expression 
of genes for GA metabolic enzymes, including GA2Oox, 
GA3ox, and GA2ox (Ross eta[., 2000; Bouquin eta[., 
2001 ; Alcazar eta[., 2005). These genes are also con- 
trolled by external stimuli, e.g., photoperiod and red/ 
far-red light (Wu et al., 1996; Yamaguchi et al., 1998). 
However, the molecular mechanisms by which such 
stimuli affect the expression of genes for GA-meta- 
bolic enzymes are largely unknown. 

Several regulatoJ 7 factors control GA biosynthesis. 
For example, a basic [eucine zipper protein of tobacco, 
designated RSG (for REPRESSION OF SHOOT 
GROWTH), up-regulates ent-kaurene oxidase (KO), 
thereby increasing the cellular GA concentration 
(Fukazawa et al., 2000; Ishida et al., 2004). In addi- 
tion, the KNOX homeodomain protein, NTH15 (Nic- 
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otiana tabacum homeobox 15); a MADS domain 
protein, AGL15 (AGAMOUS-LIKE 15); and AP2-type 
transcription factors, DDF1 (DWARF AND DELAYED 
FLOWERING1)/DDF2 (DWARF AND DELAYED 
FLOWERING2) have been characterized to reduce 
levels of bioactive GA (Tanaka-Ueguchi et al., 1998; 
Sakamoto et al., 2001; Magome et al., 2004; Wang 
et al., 2004a). However, how plants regulate those 
levels remains poorly understood. Besides transcrip- 
tional regulation, it is conceivable that post-transcrip- 
tional regulation of the GA metabolic enzymes may 
account for dynamic changes in GA concentrations in 
response to endogenous and exogenous stimuli. 
Obviously, additional regulatory factors for GA metab- 
olism must be identified. 

In searching for additional regulatory factors for GA 
metabolism, we have screened semi-dwarf mutants that 
can be rescued by exogenous GA. Here, we report a 
novel dominant GA-sensitive dwarf mutant, CA-sensi- 
tive dwarfl- l (gsdl- l D), in Arabidopsis. Its phenotypes 
are similar to those of GA-deficient mutants. Our objec- 
tive was to conduct genetic analyses and determine 
possible roles for GSD1 in GA metabolism. 

MATERIALS AND METHODS 

Plant Material and Growth Conditions 

Arabidopsis thaliana ecotype Col-0 was used as the 
wild type. The gsdl-lD mutant was identified from 
transposon-tagging pools, N41981 (The Nottingham 
Arabidopsis Stock Centre, NASC, USA). CS3432 (tet- 
raploid gi-2 co-/ Col-0 Arabidopsis) was obtained 
from the Arabidopsis Biological Resource Center 
(ABRC). General growth conditions of plants were as 
described (Soh et al., 1999; Yang et al., 2003). Plants 
were grown in soil at 22-23"C under either long days 
(LD; 16-h photoperiod) or short days (SD; 8-h photo- 
period). For the gibberellin application, plants were 
grown in soil and sprayed twice a week with 100 ~M 
GA-~ solutions starting at Day 7 after sowing. Plant 
height, silique length, fertility rate, and flowering time 
were recorded as described by Tyler et al. (2004). 

RT-PCR 

Total RNA from 2-week-old plants was extracted 
with an RNeasy Miniprep kit (Qiagen, Germany). 
Reverse transcription (RT)-PCR analysis was per- 
formed by treating 2 j.tg of total RNA with RNase-free 
DNase, then reverse-transcribing it using the Super- 

script II RT-PCR kit (Invitrogen, USA), according to the 
manufacturer's instructions. For semi-quantitative RT- 
PCR expression studies, the following primers were 
used: AtGA3oxl, 5'-GCGACTAACCAAATCGGT-3' and 
5'-GGACAAACCGGGTAGTGA-3'; AtGA20ox1, 5'-AT- 
CTCTGAGGCCTGTAAG-3' and 5'-GAAGGATGGTA- 
AGAGATG-3'; LTP-like (At2g45180), ,5'-CTCCTTCACA- 
TI-CATCCCAAA-3' and 5'-TGAGGAACTTTC]-I-GCCA- 
CA-3'; and Ubiquitin, 5'-GATCTTTGCCGGAAAACAA- 
lq-GGAGGATGGT-3' and 5'-CGAC]-I-GTCATTAGAA- 
AGAAAGAGA- TAACAGG-3'. 

Genetic Mapping 

The chromosomal location of the gsdl- lD muta- 
tion was determined by genetic mapping with SSLP 
(Simple Sequence Length Polymorphism) markers, as 
described by Lukowitz et al. (2000). F~ seeds were 
obtained from the cross between the gsdl- lD mutant 
(Col background) and Ler plants, and then scored for 
dwarf phenotypes. DNA was prepared from individ- 
ual F2 wild type-like plants and used for SSLP map- 
ping. For fine mapping of gsdl-lD, we generated 
SSLP markers that can detect polymorphism between 
Ler and Col, based on data for Insertion/Deletion 
polymorphism (InDel; The Arabidopsis Information 
Resource, TAIR). Primers for the MODI-1 SSLP marker 
included 5'-GAT1-CCCAClq-ATCAACCATCTCC-3' and 
5'-CGAGTATTACAAACCAAGCTTCAG-3'. For the 
MIF6-1 marker, the primers were 5'-ACATATCGCGGT- 
CATTGTCA-3' and 5'-CTCGGGAA]TrCTCATCCAA-3'. 

RESULTS 

Isolation ofgsdl-lD Mutant 

We isolated a mutant by genetic screening for semi- 
dwarfism from transposon-tagged mutant pools in A. 
thaliana. This mutant, designated CA-sensitive dwarf1-1 
(gsd/-1D), showed smaller and dark-green leaves, 
compared with the wild type (Fig. 1A). It also exhib- 
ited delayed flowering and semi-dwarf phenotypes 
(Fig. 1B, 1C). Late-flowering occurred regardless of 
photoperiodic conditions, but was enhanced under 
SD. Floral morphology also was altered, with anther 
development being impaired. As a result, fertility was 
lower than for the wild type (Fig. 2). The pleiotropic 
phenotypes of the gsdl-lD mutant were reminiscent 
of CA-deficient and GA-insensitive mutants, suggest- 
ing this gsdl- lD mutation impairs GA metabolism or 
the GA-signaling pathways. 
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Figure 1. Phenotypes ofgsdl-lD mutant and wild-type plants. A. Seedlings were grown in soil for 14 d under long-day (LD) 
conditions. Scale bar indicates 5 mm. B. Plants were grown in soil for 42 d under LD conditions. C. Plants were grown for 166 
d under short-day (SD) conditions. DAG, days after germination. 

Application of Exogenous GA Rescues Phenotypes 
of gsdl-lD Mutant 

To test if ourgsdl-lD mutant phenotypes were due 
to reduced levels of bioactive GA or defects in GA- 
signaling, we examined whether exogenously applied 
GA could rescue the gsdl-lD mutant phenotypes. 
Plants were sprayed with GA3 twice per week. The 
semi-dwarfism and delayed-flowering phenotypes 
were restored to normal phenotypes by this treatment 
(Fig. 2). In addition, the impaired floral development 
and partial sterility were attenuated by exogenous 
GA3. These results suggest that the gsdl-lD mutant 
phenotypes were not caused by defective GA-signal- 
ing, but likely by a reduction in bioactive-GA levels. 

Expression of GA-Responsive Genes and GA-Bio- 
synthetic Genes 

Developmental responses to GA involve changes in 
gene expression, including feedback control of GA- 
biosynthetic genes (Ogawa et al., 2003). To test 
whether GA-dependent gene expression was altered 
in the gsdl-lD mutant, we measured transcript levels 
of three GA-responsive genes (Ogawa et al., 2003) -- 
lipid transfer protein (LTP)-Iike, GA3ox l, and GA2Ooxl 
-- in wild-type and gsdl-lD mutant plants. Transcripts 
for GA20oxl and GA3oxl were increased, whereas 
that of LTP-like was reduced in the mutant, compared 
with levels in the wild type (Fig. 3). This result is con- 
sistent with our hypothesis that the gsdl-lD mutant 
has less bioactive GA. 

Genetic Analysis of gsdl-1 D Mutant 

F1 seedlings derived from crosses between the wild 
type (Col) and the gsdl-lD mutant had shortened pet- 
ioles, dark-green leaves, and semi-dwarfism (Fig. 4A, 
4B). F2 plants derived from the wild-type and mutant 
plants segregated at 3:1 (data not shown). These 
genetic analyses indicated that the gsdl-lD mutant is 
dominant and monogenic. Although this mutation was 
identified from a transposon-ta~ged pool, it did not 
show co-segregation with the transposon. 

To test whether the dominance by gsdl-lD was 
due to a haplo-insufficient or a gain-of-function muta- 
tion, we performed gene-dosage experiments (Timpte 
et al., 1994). Triploid plants with two copies of the 
GSD1 wild-type allele and one copy of the gscll-lD 
mutant allele were generated by crossing the homozy- 
gousgsdl-lD mutant to a tetraploid line. If the gsdl- 
1D mutant phenotype was due to such haplo-insuffi- 
ciency, the triploid plants would have exhibited a 
wild-type phenotype. However, our F1 triploid plants 
(GSD1/GSD1/gsdl-ID) displayed a semi-dwarf phe- 
notype (Fig. 4B) similar to that of a GSD1/gsdl-ID 
heterozygous mutant, thereby suggesting that gsdl- 
1D is likely a gain-of-function mutation. 

Finally, to determine the chromosomal location of 
the gsdl-lD mutation, we selected 125 F2 plants with 
a wild-type phenotype, as derived from a cross 
between the wild type (Ler) and the gsdl-lD mutant. 
These were used for genetic mapping with SSLP 
markers. The GSD1 locus resides on the middle of 
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Figure 2. Effects of exogenous GA on phenotypes ofgsdl-lD mutant. Plants were grown in soil under LD (16-h photoperiod), 
either with (+GA) or without spraying with 100 t~M of GA:~. A. Plant morphology of 18-d-old mutant and wild-type (WT) plants. 
Scale bar shows 5 mm. B. Heights of 60-d-old plants. Values are averages for at least 15 plants. C. Numbers of rosette leaves at 
flowering stage. Values are averages for at least 15 plants. D. Primary inflorescence stems from 44-d-old mutant and WT plants, 
grown under LD conditions. E. Percent of fertile siliques on primary inflorescence. Values are averages for at least 15 plants. F. 
Primary inflorescence stems from mutant and WT plants. G. Number of seeds per fertile silique on primary inflorescence, as 
counted from at least 10 fertile siliques per plant. Values are averages for at least 10 plants. Error bars indicate standard devia- 
tions. 

Chromosome 3, between MOD1-F and NIT1.2 (Fig. 
4C). In its vicinity, no loci exist that are related to GA 
metabolism or signaling, which suggests that GSD1 
defines a new genetic locus controlling GA metabo- 
lism in Arabiclopsis. 

DISCUSSION 

Coordinated regulation of the bioactive phytohor- 
mone level is critical to the developmental plasticity 
of higher plants coping with environmental fluctua- 
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Figure 3. Expression of GA-responsive genes. Ten-day-old 
seedlings grown on MS-suc media were incubated for 24 h 
with MS solution (-) or MS solution containing 50 ~tM of GA~ 
(+). Afterward, total RNAs were extracted for semi-quantita- 
tive RT-PCR analysis. UBQ10 served as control. Similar 
results were obtained twice, from two independent experi- 
ments. 

tions (Haberer and Kieber, 2002; Ljung et al., 2002; 
Wang et al., 2004b; Kwon and Choe, 2005). In the 
case of gibberellins, only a few molecular compo- 
nents have been characterized to control genes 
encoding GA-metabolic enzymes. These include a 
KNOX protein, NTH15 (Sakamoto et al., 2001); the 
bZIP protein RSG (Fukazawa et al., 2000); AP2 tran- 
scription factors, DDF1/DDF2 (Magome et al., 
2004); and a MADS-domain protein, AGL15 (Wang 
et al., 2004a). However, the molecular components 
and regulatory mechanisms by which plants control 
their GA metabolism remain poorly characterized. 
Here, we have described the isolation and charac- 
terization of a novel dominant mutant, gsdl-lD, in 
Arabidopsis. 

We propose that GSD1 functions as a regulator of 
GA metabolism, based on the following observations. 
First, pleiotropic phenotypes of our gsdT-1D mutant 
are similar to those of GA-deficient or defective GA- 

Figu re 4. Genetic analyses of gsdl- 1D mutant. A. Morphologies of wild-type (GSD 1/GSD 1 ), gsdl- 1D heterozygote (GSD1/gsdl - 
1D), and gsdl-lD homozygote (gsdl-lD/gsdl-lD) plants grown for 3 weeks under LD conditions. Scale bar represents 5 mm. 
g. Height phenotypes for adult plants. Lengths of primary inflorescences were averaged from at least seven plants grown for 8 
weeks. Error bars indicate standard deviations. C. Genetic mapping of GSD1 locus, with position shown along with actual num- 
ber of recombinants. Hatched box indicates relative position of centromere for Chromosome 3. 
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signaling mutants, i.e., shortened petioles, small 
dark-green leaves, delayed flowering, altered CA- 
responsive gene expression, and reduced fertility. In 
particular, the late-flowering phenotype of the gsd?- 
/D mutant is more pronounced under short-day 
conditions, a phenomenon consistent with previous 
findings that CA plays a central role in the flowering 
of SD-grown plants (Wilson et al., 1992; Moon et 
a[., 2003). Second, application of exogenous CA 
rescues the mutant phenotypes of gsdT-1D plants. 
This result indicates that the GA-signaling pathway is 
not altered by that mutant but, instead, the gsdl-lD 
mutation affects CA metabolism, lowering the level 
of bioactive GA. It is notable that seeds of the gsd?- 
1D mutant germinated normally (data not shown) 
and retained at least partial fertility (Fig. 3). In this 
respect, the gsdl-lD mutant resembles two CA-bio- 
synthetic mutants -- ga4 and gas that have fewer 
bioactive GAs than wild-type plants (Talon eta]. ,  
1990). Therefore, these findings suggest that GA bio- 
synthesis is partially inhibited in the gsclT-TD 
mutant. 

It remains to be characterized how the gsd?-TD 
mutation affects CA metabolism. Our data from the 
gene-dosage experiments indicate that this muta- 
tion likely is not a loss-of-function allele but, rather, 
a gain-of-function allele. This gain-of-function nature 
implicates several possible functions for GSDI: 1) 
the gsdl-lD mutation might be a hypermorph; the 
wild-type protein may function as a negative regula- 
tor for the bioactive GA level, whereas the mutant 
protein may either repress CA biosynthesis or acti- 
vate CA catabolism. 2) if the gsdl-lD mutation is a 
neomorphic allele, then the wild-type GSD1 may 
not be involved in CA metabolism. This issue could 
be resolved by further research on the positional 
cloning of the C5D1 gene and the loss-of-function 
mutation of gsdl-TD. Moreover, the affected step of 
CA biosynthesis by the gsdl-TD mutation should be 
demonstrated in future studies. 

One of the most desirable traits in crop breeding is 
dwarfism. Genetic engineering of the bioactive CA 
level has resulted in dwarf crop varieties that are 
resistant to wind and have increased yields (Evans, 
1993; Spielmeyer et al., 2002; Sakamoto et al., 
2003). Identification of the novel regulatory locus, 
CSDT, would not only shed light on the regulatory 
mechanisms of CA metabolism, by which plants 
have adapted their plastic development in response 
to endogenous/exogenous stimuli, but would also 
provide a novel opportunity for the generation of 
dwarf crop varieties. 
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