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Abstract Gibberellic acid (GA) is both necessary and

sufficient to promote fiber elongation in cultured fertilized

ovules of the upland cotton variety Coker 312. This is

likely due to the temporal and spatial regulation of GA

biosynthesis, perception, and subsequent signal transduc-

tion that leads to alterations in gene expression and

morphology. Our results indicate that the initiation of fiber

elongation by the application of GA to cultured ovules

corresponds with increased expression of genes that encode

xyloglucan endotransglycosylase/hydrolase (XTH) and

expansin (EXP) that are involved in promoting cell elon-

gation. To gain a better understanding of the GA signaling

components in cotton, that lead to such changes in gene

expression, two GA receptor genes (GhGID1a and

GhGID1b) and two DELLA protein genes (GhSLR1a and

GhSLR1b) that are orthologous to the rice GA receptor

(GID1) and the rice DELLA gene (SLR1), respectively,

were characterized. Similar to the GA biosynthetic genes,

expression of GhGID1a and GhGID1b is under the nega-

tive regulation by GA while GA positively regulates

GhSLR1a. Recombinant GST-GhGID1s showed GA-bind-

ing activity in vitro that was augmented in the presence of

GhSLR1a, GhSLR1b, or rice SLR1, indicating complex

formation between the receptors and repressor proteins.

This was further supported by the GA-dependent interac-

tion of these proteins in yeast cells. Ectopic expression of

the GhGID1a in the rice gid1-3 mutant plants rescued the

GA-insensitive dwarf phenotype, which demonstrates that

it is a functional GA receptor. Furthermore, ectopic

expression of GhSLR1b in wild type Arabidopsis led to

reduced growth and upregulated expression of DELLA-

responsive genes.

Keywords Cotton fiber � DELLA protein � Gibberellic

acid � Gossypium hirsutum � Phytohormone receptor

Introduction

Gibberellins (GAs) are family of naturally occurring tet-

racyclic diterpenoids, some of which have intrinsic

biological activities that affect many aspects of plant

development. Bioactive GA(s) are known to regulate seed

germination and storage mobilization, stem elongation,

flower initiation, pollen and fruit growth, as well as root

development (Thomas and Hedden 2006). It has also been

established that GA plays an important role in cotton fiber

development. As early as 1973, Beasley and Ting showed

that bioactive GA is required for fiber development in

cultured cotton ovules. Furthermore, endogenous levels of

GA3 were shown to be higher in a long staple cotton cul-

tivar compared to medium and short staple cultivars, which

indicates that GA may have an important role in regulating

fiber elongation (Gokani and Thaker 2002). However, the
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molecular components of the GA signaling pathway from

cotton have not been investigated.

Advances in our understanding of how the GA-signal is

transduced have been achieved primarily through the use of

GA-deficient and GA-insensitive mutants. The most

extensively studied component of the GA signaling path-

way is the DELLA protein, which functions to repress

GA-mediated growth (Peng et al. 1997; Silverstone et al.

1998; Dill et al. 2001; Ikeda et al. 2001; Gubler et al.

2002; Ueguchi-Tanaka et al. 2007). Molecular genetic

analyses have shown that DELLA proteins act as tran-

scription regulators in GA-signal transduction (Zentella

et al. 2007). DELLA proteins constitute a subfamily of the

plant-specific transcriptional repressors known as GRAS

proteins (named for GAI, RGA, and SCR) that contain

functional conserved C-terminal domains (Pysh et al.

1999). The DELLA motif, located in the N-terminal

domain, is required for GA responsiveness. Genome

sequencing revealed the existence of two DELLA protein

genes in Arabidopsis (GAI, and RGA) and three RGA-like

(RGL1, RGL2, and RGL3). In contrast, OsSLR1 is the only

DELLA protein gene in rice (Ikeda et al. 2001). Itoh et al.

(2002), provided a detailed analysis of the functional

domains of OsSLR1 that highlighted the importance of

amino acid residues involved in: (a) GA signal perception,

(b) regulation of transcriptional repression activity,

(c) homodimerization, which is essential for signal per-

ception and repression activity, and (d) transcriptional

suppression activity by domains at the C terminus. Both

rice and Arabidopsis DELLA proteins are localized in the

nucleus where they repress the expression of GA respon-

sive genes. Exposure to GA de-represses gene expression

through the targeted degradation of DELLA proteins via

the SCF E3 ubiquitin ligase/26S proteosome system

(Thomas and Hedden 2006). The recent characterization of

the rice GA insensitive mutant gid1 led to the identification

of the soluble GA receptor GID1 (Ueguchi-Tanaka et al.

2005). GID1 is a hormone-sensitive lipase-like protein that

binds preferentially to bioactive GAs in vitro and interacts

with SLR1 in a GA-dependent manner in yeast and in

planta (Ueguchi-Tanaka et al. 2007). Moreover, over-

expression of OsGID1 in rice resulted in a GA-hypersen-

sitive phenotype. Three orthologous GA receptor genes

(AtGID1a, AtGID1b, and AtGID1c) have been identified

and characterized in Arabidopsis (Griffiths et al. 2006;

Nakajima et al. 2006; Iuchi et al. 2007). As with OsGID1,

the Arabidopsis receptors bind to bioactive GAs, interact

with AtDELLA proteins in a GA-dependent manner

in vivo, and rescue the GA responsiveness of the gid1

mutant (Nakajima et al. 2006).

In order to understand the role of GA signaling in fiber

development, we initiated the characterization of this

pathway in cotton plants. In this report, we describe the

identification of cDNAs that encode two putative cotton

GA receptors (GhGID1a and GhGID1b) and two DELLA

proteins (GhSLR1a and GhSLR1b) and the expression

patterns of these genes in different cotton organs. Expres-

sion of these genes, along with others involved in either

GA biosynthesis or cell wall expansion in response to GA

was also evaluated in cotton ovules. The GA binding

properties of GhGID1s were characterized, and the inter-

action between GhGID1 and GhSLR1 was assayed. The

expression of GhGID1a in GA-insensitive gid1 rice plants

was shown to rescue GA-responsive growth, conclusively

demonstrating that this gene encodes a biologically

functional GA receptor. Finally, ectopic expression of

GhSLR1b in Arabidopsis led to reduced growth and

upregulated expression of AtGID1a, AtGID1b, and the GA

biosynthetic genes, GA20ox2, and GA3ox1, indicating this

gene is involved in the regulation of the GA signaling

pathway.

Materials and methods

Plant growth condition

Cotton plants (Gossypium hirsutum L. cv. Coker 312) were

grown in potting soil in a greenhouse. Transgenic rice

plantlets (Oryza sativa cv. Taichung 65) were hardened and

grown in potting soil in a growth chamber under Tek Light

T5 HO Fluorescent Grow Lights on a cycle consisting of

12 h light at 28�C and 12 h dark at 25�C. Arabidopsis

plants were grown under continuous fluorescent light at

25�C.

Cotton ovule-culture

Cotton ovule culture was performed essentially as

described by Beasley and Ting (1974). Briefly, cotton

ovaries were harvested one-to-two days post-anthesis

(DPA) and surface-sterilized in 10% bleach, 75% ethanol

and washed with sterile H2O. Ovules were dissected from

the ovaries under sterile conditions and immediately

floated on 20 ml of liquid media in 50 ml flasks with at

least three flasks per treatment. The ovules were incu-

bated at 32�C in the dark. To determine the effects of

GA3 on fiber development in vitro, 2 DPA ovule cultures

in media without added hormones were supplemented

with either 5 lM GA3 or with water as a mock treatment.

Ovules were photographed ten days after treatment. To

determine the effects of GA3 on gene expression, 2 DPA

ovules were incubated in minimal media without any

added hormones for 48 h at 32�C in the dark to deplete

endogenous GA and then supplemented with 100 lM

GA3 or with water as a mock treatment for 3 h. The
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ovules were then collected, frozen in liquid nitrogen and

stored at -80�C.

Genomic DNA and RNA isolation

Rice genomic DNA samples were isolated from leaf tissues

using the DNeasy Plant Mini Kit (Qiagen, CA, USA).

Cotton total RNA samples were isolated from stems,

leaves, sepals, and floral buds of mature cotton plants, roots

from 10-day-old seedlings, and petals, bolls and ovules at

the day of anthesis. Total cotton RNA was extracted with

the method of Wan and Wilkins (1994). Rice and Ara-

bidopsis RNA samples were isolated from leaf tissues with

the RNeasy Plant Mini Kit (Qiagen).

Isolation of GhGID1a, GhGID1b, GhSLR1a,

and GhSLR1b cDNAs

Two cotton ESTs (GenBank accession number DW495371

and DT574934), with [70% sequence identity to Oryza

sativa GID1 (AB211399) were identified in the NCBI

GenBank dbEST database using the BLAST program.

These ESTs were used as a starting point to amplify the

GhGID1 cDNAs from cotton fibers. Total RNA from 7 to

10 DPA fibers was used as template for 50 and 30 cDNA

libraries using a RACE (Rapid Amplification of cDNA

Ends) Kit (Clontech). EST-specific primers were designed

and used for amplification of cDNA ends (shown in

Table 1). PCR was performed according to manual

instructions. Sequences of amplified fragments were com-

pared to OsGID1 and primers designed from the 50 and 30

ends of the coding sequence were used for additional PCR

amplification to isolate full-length cDNAs from cotton

fibers. This yielded two full-length GhGID1 cDNAs des-

ignated GhGID1a (DQ829776) and GhGID1b (EF607794).

For the isolation of DELLA cDNAs from cotton, prim-

ers were designed from two full-length GAI/RGA-like

sequences (DQ006269 and AY208992), designated here as

GhSLR1a and GhSLR1b.

Real-time PCR

Quantitative real-time RT-PCR was used to assay relative

gene expression using the ABI PRISM 7000 Sequence

Detection System (Applied Biosystems, CA, USA) with

iTAq SYBR Green Supermix with ROX (BioRad, CA,

USA). Reactions were performed in triplicate and the

absence of genomic DNA and primer dimers was

confirmed by examination of dissociation curves. Oli-

goAnalyzer (Integrated DNA Technologies) was used to

design primers for real-time PCR assays. Table 1 shows

the list of primers used. 18S rRNA was used as the nor-

malizer. The threshold cycles (Ct value) of the target genes

and 18S RNA in different samples were obtained after

quantitative real-time PCR. The relative expression levels

of all samples were calculated according to the ABI

PRISM 7700 Sequence Detection System, User Bulletin #2

(Livak and Schmittgen 2001). The normalizer 18S RNA Ct

value was subtracted from the Ct of the gene of interest

(target gene) to produce Ct value of sample. The dCT value

of the calibrator (the sample with the highest dCT value)

was subtracted from every other sample using the same

primer sets to produce the ddCT value. 2-ddCt was taken

for every sample as the relative expression level.

GA binding assay

For production of recombinant GST-fusion proteins in

E. coli, full-length GhGID1a, GhGID1b, GhSLR1a, and

GhSLR1b cDNA sequences were inserted into pGEX-6P

(Pharmacia). The production of GST-GhGID1a, GST-

GhGID1b, GST-GhSLR1a, and GST-GhSLR1b recombi-

nant proteins and vector control (pGEX6P) was confirmed

by SDS-PAGE (5 ll of soluble protein for GID1s and 3 ll

for SLR1s) and used for binding experiments. Rice SLR1

fused to GST and its negative control (pGEX4T) was

provided by Dr. Makoto Matsuoka (Bioscience and

Biotechnology Center, Nagoya University, Nagoya, Aichi

464-8601, Japan). GA-binding assays were performed as

described by Nakajima et al. (2006) using [1,2,16,17-3H4]-

16,17-dihydro-GA4 and diluted protein extracts from

E. coli that expressed GhGID1a-GST, GhGID1b-GST, or

GST alone. An excess of non-labeled GA4 (50 ll) or a

mock solution (50 ll 10% (v/v) EtOH) was added and the

mixture was incubated at room temperature for 10 min.

Following 40 min reaction, the GA-binding activity in

100 ll of the reaction mixture (400 ll) was detected by gel

permeation chromatography techniques. All data were

calculated from triplicate measurements. For enhanced

GA-activity assay by DELLA proteins, GhSLR1a,

GhSLR1b, OsSLR1, or GST-controls (100 ll of the SDS-

PAGE profile solution) was added.

Yeast two-hybrid assay

The Matchmaker Two-Hybrid System (Clontech) was used

for the yeast two-hybrid experiments. Full-length

GhGID1a cDNA was ligated into pGBKT7 DNA-BD

shuttle vector using the NcoI and EcoRI sites to generate

the bait plasmid. Similarly, full-length GhSLR1a and

GhSLR1b cDNAs were ligated into pGADT7 AD vector

using the NdeI and XhoI sites to generate the prey plasmid.

For construction of pGBKT7-AtGID1a and pGBKT7-

AtGID1b, a SmaI site was introduced upstream of the start

codon and an EcoRI site downstream of the stop codon.

pGBKT7-OsGID1 and pGADT7-OsSLR1 were also used
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as bait and prey, respectively. Vector cassettes for DNA-

BD and -AD were applied as negative controls. These

plasmids were transformed into Saccharomyces cerevisiae

strain AH109. The plate assay was done on 4-DO media

(minimal SD base media minus adenine, histidine, leucine,

tryptophan) plus X-a-Gal for galactosidase activity.

b-galactosidase liquid assays was performed according to

the Yeast Protocols Handbook (Clontech). Both plate and

liquid media assays were supplemented with 10-4 M GA3

to determine GA dependency. Experiments were indepen-

dently conducted at least three times.

Identification of homozygous recessive gid1-3 rice

callus

Seeds of rice gid1-3 were generously provided by

Dr. Makoto Matsuoka. Since homozygous gid1-3 plants

are sterile, they are maintained as heterozygotes. To

identify homozygous recessive gid1-3 rice callus for

transformation, genomic DNA was isolated from callus

tissue and used for PCR analysis with gid1-specific

primers which spans the 150 bp exon deletion from

gid1-3 (see Table 1).

Table 1 PCR primers

Gene Accession

No.

Primer 1 Primer 2 Purpose

OsGID1-
like a

DW495371 AGGGACTCTACGGTCAAGGAGGGAAG AGGGACTCTACGGTCAAGGAGGGAAG 50RACE

GTGGCCGGTTTGGACCTCATTCAAGAT ACGATCGGGTTCTACTTCTTGCCG 30RACE

GhGID1a DQ829776 GGAGTTCTTTTCCAGTCTGGTTT CACTGTCCTTACAACACTATAGTC Full-length

isolation

ACCGGGTTTATCAGCCTTCTTCGT TACAGACACCACAACGGCCTTACA Real-time PCR

OsGID1-
like b

DT574934 GTGGCTCCGTCGACATGATCG GAAGACCCCATCGACCGGGTTG 50RACE

CGTTCGGGCCAAGAGGTCGAAC GGTAGTCGTGGCGGGTTTGGATCT 30RACE

GhGID1b EF607794 CGTCTTGGGGGTGTTCTGA GGGGGAAAGAAACTTTTGTTACGTATG Full-length

isolation

TTTGCAAAGCCGTCGTTGTGTCAG TCTCACCGCAACATGGTGAGCTAT Real-time PCR

GhSLR1a DQ006269 AGCAAAACATATGAAGAGAGATCATCAAGA TCAACTCGAGCTCCTGAGTTAAC Full-length

isolation

AATGACCGGAATTGGACCACCTCA TTCGGGTTCGAGATCGGCTAAACT Real-time PCR

GhSLR1b AY208992 AGCAAAACATATGAAGAGAGATCATCAAGA TCAACTCGAGCTCCTGAGTTAAC Full-length

isolation

AGCTTGAGCAGTTGGAGGAGGTTA AAGAAACGAATCATCCAACGCCGC Real-time PCR

GhGA20ox2 DQ122188 TGCTAGGCCTTAGATGGTTGACGA CCCAAAGTCACTACAATTGGAAGC Real-time PCR

GhGA3ox2 DQ122183 TTCAAGGTGGCCTGATATGCCAGA ACTTTCTGGTCCATCTCCACGCAT Real-time PCR

GhGA2ox BQ404995 TTTCACACTGTTGGCCAGTACCCT CCAACAACACTTCCGGCCTTCAAA Real-time PCR

expansin AY189969 ATGCTTACCTTAACGGCCAAAGCC AGTTTGTCCGAATTGCCAACCAGC Real-time PCR

xth-1 Not

published

GTGCCAGGCCCAGCAA GGCATTAAGGGCTTGATAAGTAGATC Real-time PCR

xth-2 Not

published

GGCAACTCTAAGCAGTGCTTTTCT TGGGTCGTCCCGAAACC Real-time PCR

xth-3 Not

published

TACCCCACCGGAGTGCAT TGTACGTAAAATAGGACACGAAACG Real-time PCR

18S Not

published

AAATACCGCGGCGCTGGCA CGGCTACCACATCCAAGGAA Real-time PCR

OsGID1 AB211399 CCACTTCAAGCTGTCGTACAAC AGTCGGAGATCTCCTCCATGA Real-time PCR

AtGID1a NM 111384 GAAATGGCTGCGAGCGATGAAGTT TTGGCGTTTGCAGTGACTTTACGG Real-time PCR

AtGID1b NM 116166 ACTCATTCCTCCGCCAATAGTGCT AGTTGAGAGCGTTCCATCCATCGT Real-time PCR

AtGA20ox2 NM 124560 TATGCAAGTAGCTTCACCGGCAGA ACCTTCCCAAACTGCTCGAACTCT Real-time PCR

AtGA3ox1 AK227590 TGGTCCGAAGGTTTCACCATCACT TGGCCCATTCAATGTCTTCTTCGC Real-time PCR

PP2A AT1G13320 TAACGTGGCCAAAATGATGC GTTCTCCACAACCGCTTGGT Real-time PCR

The gene along with its GenBank accession number, oligonucleotide sequences, and purpose for primers are shown
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Expression of the GhGID1a gene in the rice gid1-3

mutant

A gene construct consisting of the full-length cDNA for

GhGID1a driven by the CaMV 35S promoter and termi-

nator in pTF101.1 was introduced into rice gid1-3 plants by

Agrobacterium-mediated transformation at the Plant

Transformation Facility in Iowa State University.

Expression of the GhSLR1b gene in wild-type

Arabidopsis thaliana

A gene construct consisting of the full-length cDNA for

GhSLR1b driven by the CaMV 35S promoter and termi-

nator in pCGN was introduced into Arabidopsis thaliana

(ecotype Columbia) by Agrobacterium-mediated transfor-

mation using the floral dip method (Clough and Bent

1998).

Results

GA3-promotes cotton fiber development in vitro

Development of cotton fibers on the upper surface of

ovules floating on liquid medium provides a useful model

for plant-grown fiber (Beasley and Ting 1973, 1974).

Fertilization is typically completed within 48 h post-

anthesis and ovules were harvested from greenhouse-

grown cotton plants (Gossypium hirsutum L. c.v. Coker

312) at this time. Figure 1 shows a comparison of fiber

development between ovules grown without exogenous

phytohormones and those supplemented only with GA3 for

10 days. Both fiber and ovule development is stunted in

ovules cultured on media without hormones (CK), while

addition of 5 lM GA3 promotes the development of both

fibers and ovules. These results confirm that, in this variety,

exogenous GA is necessary and sufficient for the elonga-

tion of cotton fibers on fertilized ovules in culture and

indicates that these cultured ovules are GA-responsive and

do not produce sufficient endogenous GA to support fiber

development.

Cotton orthologs of OsGID1

Complete cDNA sequences orthologous to OsGID1 were

isolated from cotton using reverse transcriptase PCR with

primers designed from two cotton fiber EST sequences

(DW495371 and DT574934). These cDNAs share 86%

sequence identity at the nucleotide level, while the derived

amino acid sequences of the encoded polypeptides are 94%

identical and 97% similar. As shown in the multiple

sequence alignment in Fig. 2a, the deduced amino acid

sequences of GhGID1a and GhGID1b are 77% and 78%

similar with OsGID1, respectively and are more similar to

AtGID1b (89% and 91%, respectively). Strong amino acid

sequences conservation is seen throughout the polypeptides

with the exception of a region between amino acid 89 and

113 of the OsGID1 sequence. Conservation of the HGG and

GXSXG motifs that are characteristic of the hormone-

sensitive lipase-like protein family is evident. Additionally,

Gly-196 and Arg-251, which were shown to be essential for

the interaction between OsGID1 and GA4 in vitro (Ueguchi-

Tanaka et al. 2005) are also conserved in the cotton and

Arabidopsis orthologs. Thus, GhGID1a and GhGID1b

encode candidate OsGID1 orthologs that are likely to pos-

sess GA-binding activity. Phylogenetic analysis (Fig. 2b)

indicates that, while GhGID1a and GhGID1b are more

similar to each other than to the GID1 orthologs from Ara-

bidopsis or rice, they most closely resemble AtGID1b. This

could indicate that these genes represent homologs arising

from the relatively recent polyploidy event that gave rise to

upland cotton (Wendel and Cronn 2003). It is also important

to note that our search for GID1 orthologs in cotton was

Fig. 1 GA-treated cotton

ovules. Ovules from cotton

plants (G. hirsutum cv. Coker

312) were collected 2 DPA and

placed in minimal media

(Beasley and Ting 1973)

containing GA3 (5 lM) or mock

solution (CK). Picture was taken

10 days after treatment. Ovules

were delinted to show size

Plant Mol Biol (2008) 68:1–16 5
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based on the rice GID1 sequence and therefore was not

exhaustive for other GID1 members. The DFCI Gossypium

Gene Index (CGI) (http://compbio.dfci.harvard.edu/tgi/

cgi-bin/tgi/geneprod_search.pl) shows ESTs representing

other putative GID1 genes. As shown in the unrooted

phylogenetic tree in Fig. 2b, these ESTs (TC77256,

TC67732, and EST 1081938) are less similar to GhGID1a

and GhGID1b, and more similar to AtGID1a and

AtGID1c.

Cotton orthologs of OsSLR1

Two cDNAs with strong sequence similarity to the DELLA

protein repressor of GA responses from rice OsSLR1 were

isolated using primers designed from two full-length cotton

cDNA sequences (AAY28970 and AY208992, respec-

tively). These cDNAs designated GhSLR1a and GhSLR1b

share 98% amino acid sequence identity. Based on amino

acid sequence comparison, the protein products of these

genes belong to the DELLA subfamily of the plant-specific

GRAS transcription factors. All GRAS family members

contain a conserved C-terminal region, but their N-termini

are more divergent. Figure 3 shows an alignment of the

deduced amino acid sequences orthologous to SLR1 for

four dicotyledonous species (grape, AAM19210; Arabid-

opsis, CAA72177 and Q9LQT8; cotton, DQ006269 and

AY208992; and tomato, AAP22369) and 3 monocotyle-

donous species (rice, BAA90749.1; maize, CAB51557; and

Fig. 2 Comparison of deduced amino acid sequences from GhGID1s,

AtGID1s, and OsGID1. (a) Sequences from two GhGID1s (DQ829776

and EF607794), three AtGID1s (AGI codes; AT3g05120, AT3g63010,

and AT5g27320) and OsGID1 (AB211399) were aligned using AlignX

from Vector NTI (Invitrogen) and edited with GeneDoc (Nicholas and

Nicholas 1997). Four different shading levels of conservation are

shown. The darkest shade represents 100% conserved. The conservation

of essential amino acid residues are shown above the alignment

columns; which include the conserved hormone-sensitive lipase motifs

(HGG, GXSXG) and the arginine residue (R) found to be essential for

maintaining GA-binding activity in gid1-2 (Ueguchi-Tanaka et al.

2005). (b) An unrooted phylogenetic tree was generated by AlignX and

edited with PhyloDraw (Choi et al. 2000)
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Fig. 3 Comparison of DELLA amino acid sequences from different

dicotyledonous and monocotyledonous plant species. (a) Sequences

from two GhSLR1s (GhSLR1a, DQ006269 and GhSLR1b, AY208992),

two AtDELLAs (RGA, CAA72177 and GAI, Q9LQT8), one grape GAI-

like (VvGAI, AAM19210), one tomato GAI-like (LeGAI, AAP22369),

the rice SLR1 (BAA90749.1), the wheat GAI-like protein (TsGAI,

CAB51555), and a maize GAI-like protein (ZmGAI, CAB51557) were

aligned using AlignX from Vector NTI (Invitrogen) and edited with

GeneDoc (Nicholas and Nicholas 1997). Four different shading levels of

conservation are shown. The darkest shade represents 100% conserved.

Amino acid residues shown to contain biological activity in rice SLR1

(Itoh et al. 2002) are shown above the alignment columns; which include

the DELLA, a Spacer motif, TVHYNP, poly S/T/V, LZ, NLS, VHIID,

PFYRE, and SAW. (b) An unrooted phylogenetic tree was generated by

AlignX and edited with PhyloDraw (Choi et al. 2000)

Plant Mol Biol (2008) 68:1–16 7
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wheat, CAB51555). Several distinct domains are indicated

including the nuclear localization signal (NLS) and those

essential for GA signal perception and GA-dependent

repression of gene expression (Itoh et al. 2002; Ueguchi-

Tanaka et al. 2007). These include: (1) the N-terminal

region containing the DELLA and TVHYNP domains that

are conserved in all DELLA protein sequences analyzed. A

spacer region between the DELLA and TVHYNP domains

also plays an important role in mediating the GA signal in

rice, however, Ueguchi-Tanaka et al. (2007), showed that

it was not necessary for interaction with GID1. This spacer

is present in DELLA sequences from monocot species but,

interestingly, is not present in the DELLA sequences

derived from dicot species. (2) Transcriptional repressor

activity of SLR1 depends on conserved sequence domains

in the C-terminal region. These include VHIID, PFYRE,

and SAW domains that are found in all DELLA proteins

(Itoh et al. 2002). The LZ domain promotes dimer forma-

tion and is necessary for the transmission of the GA signal

via SLR1 degradation. Another region with regulatory

properties is a homopolymeric region rich in serine/threo-

nine and valine (poly S/T/V). In Arabidopsis, this region

has been suggested to be a target site for O-GlcNAc

modification that leads to increased repressive function

(Silverstone et al. 1998). However, deletion of this

sequence from rice OsSLR1 negatively affected its tran-

scriptional repressor activity (Itoh et al. 2002). The authors

proposed that the discrepancy may be due to differences in

the regulatory mechanism between rice and Arabidopsis,

which is consistent with the low level of sequence con-

servation between the different DELLA proteins shown in

Fig. 3a. As with GID1, the amino acid sequences of the

two SLR1 cDNAs derived from cotton are more similar to

each other than to those of other species (Fig. 3b).

Expression of GA-signaling genes in cotton organs

Quantitative real-time PCR was used to analyze the rela-

tive expression of GhGID1a, GhGID1b, GhSLR1a, and

GhSLR1b in cotton: stems, leaves, roots, petals, sepals,

buds, bolls, and 0 DPA ovules. As shown in Fig. 4,

expression of these genes was detected in all tissues tes-

ted. Highest levels of GhGID1a transcripts were seen in

petals, followed by roots, ovules, sepal, bolls, and buds

and lowest transcript levels were seen in leaf and stem.

Expression of GhGID1b follows a similar pattern to

GhGID1a but relatively lower levels of transcript were

seen in petals. The similarity in expression patterns of

GhGID1a and GhGIDb indicates that these genes are

likely to play redundant roles in the GA signaling path-

way. Although the relative abundance of GhGID1a

transcripts in petals may indicate that this gene plays a

predominant role in flowers. With the exception of ovules,

the expression of the GhSLR1 genes follows a reciprocal

pattern to the expression profile of the GhGID1 genes.

Highest levels of both GhSLR1 transcripts were seen in

ovules, buds, leaf and, to a lesser extent, stem, roots,

petals, bolls, and finally sepals.

Fig. 4 Expression profile of

GhGID1s and GhSLR1s in

cotton tissues. Relative

transcript levels of individual

genes in different tissue

samples, as determined by

SYBR-Green real-time PCR.

18S was used as the internal

reference. Bars show the mean

of three replicates with ±SE
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GA3-responsive gene expression in cultured ovules

In order to better understand the function of GA in pro-

moting cotton fiber growth, the expression of selected

genes involved in GA metabolism and plant cell elongation

was analyzed. GA homeostasis in a variety of plant species

has been found to be tightly linked to the activities of

enzymes involved in a feed-back mechanism that regulates

GA biosynthesis and catabolism (Sponsel and Hedden

2004; Sun 2004). When GA levels are high, genes that

encode the GA biosynthetic enzymes GA 20-oxidase2

(DQ122188) and GA 3-oxidase2 (DQ122183) are sup-

pressed while the gene for the GA deactivating enzyme,

GA 2-oxidase (BQ404995), is activated. Quantitative real-

time PCR was carried out on RNA samples isolated from

cultured ovules that were treated with 100 lM GA3 for 3 h

after they had been acclimated for 48 h in minimal media

without hormones. Consistent with the GA feed-back reg-

ulation model, GhGA20ox2 and GhGA3ox2 mRNAs were

moderately down-regulated in GA3-treated cotton ovules

while GhGA2ox transcripts were up-regulated, relative to

untreated ovules (Fig. 5). It should be noted that in the

same experiment, GhGA20ox1 and GhGA3ox1 were

expressed at very low levels, and their expression was not

influenced by GA application (data not shown). Identifi-

cation of additional GA biosynthetic members and further

analysis is underway to determine which gene members

play a predominant role in ovule and fiber development.

However, similar to GhGA20ox2 and GhGA3ox2,

GhGID1a and GhGID1b transcripts were down-regulated

in response to GA treatment. Conversely, expression of

GhSLR1a was up-regulated in GA-treated cotton ovules,

consistent with the expression of RGA and SLR1 in Ara-

bidopsis and rice, respectively (Silverstone et al. 1998;

Ogawa et al. 2000; Itoh et al. 2002). However, expression

of the GhSLR1b was not significantly altered. These results

indicate that expression of genes involved in both GA

metabolism and responsiveness are under feed-back regu-

lation in cotton ovules.

Gibberellic acid promotes the expression of genes

involved in cell elongation in Arabidopsis and deepwater

rice (Smith et al. 1996; Xu et al. 1996; Cho and Kende

1997; Lee and Kende 2002; Ogawa et al. 2003). For

example, genes that encode xyloglucan endotransglycosy-

lase/hydrolase (XTH) and expansin, which promote

primary cell wall loosening (Nishitani 1997), are up-

regulated by GA. As shown in Fig. 5, expression of cotton

expansin, XTH-1 and XTH-2 was increased in GA-treated

ovules, while expression of XTH-3 was not significantly

altered under these conditions.

GA binding activity of GhGID1

Ueguchi-Tanaka et al. (2005) showed that a GST-GID1

fusion protein had high affinity for biologically active GAs

such as GA4, GA1 and GA3. To examine the GA binding

activity of GhGID1a and GhGID1b the interaction between

recombinant GST-GhGID1 fusion proteins and GA4 was

estimated using a competition binding assay between tri-

tiated GA4 derivative (16,17-dihydro-GA4) and unlabelled

GA4. Figure 6a shows the SDS-PAGE profile of the

recombinant proteins (25 kDa for GST and 39 kDa for

GhGID1-GSTs) from E. coli extracts that were used for the

binding experiments. Total GA-binding activity of each

Fig. 5 GA-responsive genes

from cultured ovules. Cotton

ovules were collected at 2 DPA

and placed in minimal media

(Beasley and Ting 1973) for two

days at 32�C in the dark. Ovule

were then treated with GA3

(100 lM) or water (CK) for 3 h.

RNA was extracted and

reversed transcribed. mRNA of

GA-responsive genes were

measured by real-time PCR

using SYBR Green. 18S was

used as internal reference. Error

bars are the standard deviation

from three replicates
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GhGID1 fusion protein is shown in Fig. 6b and specific GA

binding activity shown in Fig. 6c. Specific binding (B-UB)

was calculated by subtracting the non-specific binding

activity (UB, bound radioactivity not displaceable by

excess unlabeled GA) from the total binding activity (B).

Both GhGID1a-GST and GhGID1b-GST showed clearly

detectable GA binding activity compared to GST alone.

The level of GA binding is comparable to the activity of

the Arabidopsis and rice GA receptors (Ueguchi-Tanaka

et al. 2005; Nakajima et al. 2006). Therefore, based on

these experiments, it is apparent that GhGID1a and

GhGID1b qualify as GA binding proteins, which supports

the hypothesis that these proteins represent GA perception

components of the cotton GA-signaling cascade.

Cotton and rice DELLAs increase the binding activity

of the GhGID1s in vitro

Nakajima et al. (2006), showed that the presence of the

Arabidopsis DELLA proteins (RGA, GAI) increased the

GA-binding activity of the Arabidopsis GA receptors

(AtGID1s) in vitro. This DELLA-dependent enhancement

of GA binding does not appear to require a specific

DELLA protein. To examine whether the GA binding

activity of the GhGID1s is also augmented by DELLA

proteins, GA binding assays were conducted in the pres-

ence of GhSLR1a, GhSLR1b or OsSLR1. The binding

reactions containing tritiated GA4 derivative with either

GhGID1a or GhGID1b was supplemented with GhSLR1a,

GhSLR1b, OsSLR1, or GST and binding activity was

measured (Fig. 7). Addition of either GhSLR1 increased

the GA-binding activity of both GhGID1s (Fig. 7a) and a

similar increase in GA-binding activity of both GhGID1s

was detected in the presence of OsSLR1 (Fig. 7b). None of

the SLR1s themselves had any specific GA-binding activity

(data not shown). These results demonstrate that the GA

binding affinity of GhGID1s is enhanced in the presence of

DELLA proteins, and this interaction is independent on the

source of the DELLA protein.

Interaction of GA-signaling components

from cotton, rice and Arabidopsis in vivo

GA-dependent binding of the GA receptor to the DELLA

protein is a fundamental requirement for GA signal trans-

duction in rice and Arabidopsis (Ueguchi-Tanaka et al.

2005; Nakajima et al. 2006). This interaction leads to the

ubiquitin-dependent degradation of SLR1, releasing its

transcriptional repression of GA dependent gene expres-

sion. To determine if the putative cotton GID1 and SLR1

orthologs exhibit similar protein–protein interactions,

binding between these proteins was assayed using the yeast

two-hybrid system. In addition, the ability of these cotton

proteins to interact with GID1 and SLR1 from rice and

Arabidopsis was also assayed. In this experiment, the bait

plasmid (GBK) contained the cotton, rice, or Arabidopsis

GID1 coding sequences fused with the Gal4 DNA binding

domain and the cotton, rice, or Arabidopsis DELLA coding

sequences were fused with the Gal4 transcriptional acti-

vation domain in the prey plasmid (GAD). Following co-

transformation into yeast strain AH109, interaction

between these fusion proteins reconstitutes a functional

bipartite transcription factor that activates the expression of

selectable marker and reporter genes. Therefore, growth of

colonies on minimal media indicates productive interaction

between the bait and prey molecules. While transformation

of bait or prey plasmids individually did not rescue cell

growth either in the presence or absence of GA (10-4 M

GA3), co-expression of OsGID1 and OsSLR1 resulted in

robust growth in the presence of GA (Fig. 8), confirming

the interaction between these protein reported by Ueguchi-

Tanaka et al. (2005, 2007). Likewise, co-expression of

GhGID1 and either of the GhSLR1a or GhSLR1b fusion

proteins produced strong GA-dependent growth in yeast

cells. Furthermore, GA-dependent cell growth was also

rescued by co-expression of GhGID1 and OsSLR1 dem-

onstrating that the cotton GID1 ortholog can bind to the

rice DELLA protein. However, after numerous attempts,

co-expression of OsGID1 and either of the GhSLR1 fusion

proteins did not rescue the growth of yeast cells, indicating

that these proteins do not interact in yeast. On the other

Fig. 6 GA-binding of GhGID1s. (a) GST-GhGID1a/b fusion pro-

teins. Cotton GA-receptors were cloned into the pGEX6-1P vector

and expressed in E. coli. Crude protein extract was separated by SDS-

PAGE. * marks the recombinant proteins. (b) The GA-binding

activity is shown on the top panel. (c) The specific activity

(replaceable activity by cold GA) on the lower panel was calculated

by the subtraction of ‘‘cold GA(+)’’. Both GhGID1s bound ca.

1,000 dpm of tritiated GA while vector control had no detectable GA

binding activity
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hand, when AtGID1a or AtGID1b was co-expressed with

the GhSLR1 fusion proteins, interaction was observed on

the plate assays between all combinations in the presence

of GA3. Interestingly, colonies formed in the absence of

GA3 after prolonged 5-day incubation, indicating that there

may be weak GA-independent interaction between

AtGID1s and GhSLR1s (Fig. 8). Recently, Nakajima et al.

(2006), reported that AtGID1b is able to weakly interact

with some AtDELLAs in the absence of GA.

Analysis of b-galactosidase activity was used to quan-

tify protein–protein interactions in these yeast two-hybrid

experiments. As shown in Fig. 8b, strongest activity was

detected with interactions between homologous OsGID1/

OsSLR1 and GhGID1a/GhSLR1b fusion proteins. It should

be noted, that this analysis was done in the yeast strain

(AH109), and the activity of the OsGID1/OsSLR1 was

lower than what was previously observed in Y187 yeast

cells (Ueguchi-Tanaka et al. 2005). This difference is due

to the strength of the promoters driving the b-galactosidase

gene in the different yeast strains. Somewhat lower levels

of activity were seen with interactions between GhGID1a/

GhSLR1a fusion proteins and with heterologous fusion

proteins. Again, no interaction was detected between

OsGID1 and either GhSLR1a or GhSLR1b. Activity for

AtGID1a, AtGID1b and the GhSLRs, was detected. Of

the AtGID1/GhSLR1 combinations, AtGID1a showed

Fig. 7 Enhanced GA-binding activity of GhGID1s in the presence of

the cotton and rice DELLA proteins, in vitro. (a) GST-SLR1s fusion

proteins. Cotton DELLA genes (GhSLR1a and GhSLR1b were cloned

into the pGEX6-1P vector and expressed in E. coli. The rice SLR1

fused to GST and its negative control (vector: pGEX4T) was provided

by Dr. Matsuoka as a His-tag purified grade. Crude protein extract

was separated by SDS-PAGE. * marks recombinant proteins. (b)

Enhanced GhGID1 binding activity. The enhancement of the activity

by the addition of either GhSLR1a or GhSLR1b was detected as seen

on the top panel. The lower panel shows the enhancement of the

activity by the addition of OsSLR1. The enhanced rate for GhGID1a

was lower than that for GhGID1b

Fig. 8 In vivo interaction of GID1s and SLR1s in yeast-two hybrid

assays. Each GID1 was used as bait, while SLRs were used as prey

(Vector1/Vector2). Left panel shows the selection of surviving

colonies (positive interaction) on quaternary drop out media (-his,

-ade, -trp, and -leu) containing X-a-Gal for galactosidase activity and

supplemented with or without GA3 (10-4 M). Bar graph on the right

shows b-galactosidase activity in liquid assays (Millar Units). Values

for ±SE were determined from triplicate measurements. All exper-

iments were repeated three times
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the strongest interaction with GhSLR1a, while all other

combinations had relatively weaker interaction.

Expression of the GhGID1a gene in rice gid1-3 leads

to phenotype rescue

To determine if GhGID1a is a functional GA receptor, in

planta, the ability of GhGID1a to rescue GA responsive-

ness in GA insensitive gid1-3 rice plants was analyzed.

Transgenic gid1-3 rice plants that express a GhGID1a

transgene gene under the control of the CaMV 35S pro-

moter were produced. Because gid1-3 mutants are sterile

and are consequently maintained as F1 heterozygotes, it

was necessary to identify rice calluses derived from indi-

vidual F2 embryos that were homozygous for gid1-3 prior

to transformation. Since the gid1-3 allele results from a 116

nt deletion, it can be easily distinguished from the wild-

type allele using a PCR assay. Figure 9a shows the phe-

notypes of eight gid1-3 seedlings while Fig. 9b, shows the

genotypes of the same seedlings. Four seedlings of normal

height (1, 2, 3, and 8) were confirmed to be homozygous

for the wild-type GID1 allele, while two-dwarfed seedling

(4 and 5) were homozygous for gid1-3, and two semi-dwarf

plants (6 and 7) were heterozygous. Ten independent

transformation events were obtained that were homozygous

for the gid1-3 allele and carried the GhGID1a transgene.

These transgenic plants showed growth characteristics

ranging from tall, fully rescued plants, partially rescued

plants of intermediate height and fully dwarfed plants

(Fig. 9c). Analysis of the expression of the GhGID1a

transgene in mature transgenic rice plants showed that the

level of transgene expression clearly correlated with plant

height (Fig. 10). The tallest plants had the highest levels of

GhGID1a transgene expression while transgene expression

was virtually undetectable in the shortest plants. The dif-

ferences in GhGID1a transgene expression are likely due to

different insertion sites of the transgene in the rice gid1-3

genome. These experiments clearly demonstrate that

GhGID1a can act as a functional GA receptor in planta.

Ectopic expression of GhSLR1b in wild-type

Arabidopsis

Several lines of biological and physiological data have

demonstrated that DELLA proteins regulate growth by

acting as negative regulators of GA signaling. Alterations

in DELLA function often lead to changes in plant archi-

tecture and gene expression (Alvey and Harberd 2005).

The use of GA- and DELLA-deficient Arabidopsis mutants

have made it possible to identify genes that are DELLA-

induced (Zentella et al. 2007). Some of the genes identified

include those that encode GA biosynthetic enzymes, spe-

cifically GA20ox2 and GA3ox1, which catalyze the lasts

steps of bioactive GA synthesis, as well as the GA receptor

genes, AtGID1a and AtGID1b. Furthermore, DELLA was

shown to interact with the promoter regions of AtGID1a

and AtGID1b genes (Zentella et al. 2007). To determine

the biological function of GhSLR1b, we developed

Fig. 9 Genetic rescue of rice

gid1-3 with cotton GhGID1a.

(a) Gross morphology of

homozygous recessive mutant

gid1-3 (1, 5) is shown in

comparison with heterozygous

mutant gid1-3 (6, 7), and wild-

type (1, 2, 3, 8) rice plants. PCR

shows 150bp deletion (lower

band). (b) Gross morphology of

8 independent transformation

events with varying degree of

phenotype rescue (a–h). PCR

shows the presence of gid1-3
(lower band) and GhGID1a
(higher band) in all lines

amplified from genomic DNA
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transgenic Arabidopsis plants that carry the GhSLR1b gene

driven by the CaMV 35S promoter. This resulted in the

generation of transgenic plants with altered morphology,

Although some of the kanamycin-resistant transgenic

plants were severely stunted and died before maturity,

other plants that were somewhat less severely stunted

survived and were fertile. Figure 11a, shows the phenotype

of two representative transgenic lines in comparison to

wild-type Arabidopsis. Also shown (Fig. 11b), is the

reduced size of flowers and siliques of transgenic line, d1.

To correlate the phenotype with gene expression, real-time

PCR was used to assay the relative levels of the GhSLR1b

transcripts, along with the expression of selected DELLA-

responsive genes, AtGID1a, AtGID1b, AtGA20ox2, and

AtGA3ox1 in transgenic GhSLR1b plants and non-trans-

genic control plants. As shown in Fig. 11c, expression of

the transgene was strongly expressed and expression of

DELLA-responsive genes was upregulated. The internal

reference gene, AT1G13320, which encodes a protein

phosphatase 2A (Czechowski et al. 2005), was also

Fig. 10 Transgene expression

of transgenic rice corresponds

with degree of recovered

phenotype. Three of ten

independent transformation

events with different degrees of

rescue are shown (f, e, and d)

which correspond to Fig. 9.

RNA from transgenic plants

including wild-type (WT) was

reverse transcribed. GhGID1a
mRNA levels were determined

by SYBR Green real-time PCR

using cotton GhGID1a-specific

primers. 18S was used as

internal reference. Bars show

the mean of triplicate

measurements showing ±SE.

ND = not detected

Fig. 11 Ectopic expression of GhSLR1b in Arabidopsis. (a) Pheno-

type of two representative transgenic Arabidopsis lines (d1 and d2)

harboring 35S:GhSLR1b, and non-transformed (WT) Arabidopsis at

same age. (b) Flowers and siliques were removed from WT and d1 for

picture at same flowering position. (c) RNA from transgenic plants

including wild-type was reverse transcribed. GhSLR1b, AtGID1a,
AtGID1b, GA3ox1, and GA20ox2 mRNA levels were determined by

SYBR Green real-time PCR. 18S was used as internal reference.

Y-axis shows relative expression. PP2A was used as a control. Bars

show the mean of triplicate measurements showing ±SE
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included. Taken together, these results indicate that

GhSLR1b encodes a functional DELLA protein.

Discussion

In cotton, the world’s leading natural fiber crop, phyto-

hormones are thought to be critical promoters of fiber

development (Beasley and Ting 1973, 1974; Chen et al.

1996; Momtaz 1998; Gokani and Thaker 2002). By a

process that is not yet understood, approximately one in

four epidermal cells on a growing ovule are determined to

become fibers. In Gossypium hirsutum, fiber initials form

within a few days to a few hours prior to anthesis,

depending on the region of the ovule (Ryser 1999). While

originally believed to be signaled by ovule fertilization,

fiber initiation occurs before fertilization, indicating that

the two processes (fertilization and fiber initiation) are not

mutually dependent (Sun et al. 2005). Evidence indicates

that auxin (IAA) is important for epidermal cell differen-

tiation into fibers (Beasley and Ting 1973, 1974; Seagull

and Giavalis 2004), at which time they become competent

to elongate. However, their elongation is suppressed until

fertilization is complete and the appropriate hormone sig-

nal is received (Davidonis 1999). As shown in Fig. 1, GA

is both necessary and sufficient to promote fiber elongation

in cultured fertilized ovules of Coker 312. Thus, in these

cultured ovules, fiber cell elongation depends on a GA

signal apparently originating from outside the ovule.

Therefore, we hypothesize that GA signaling is also critical

for cotton fiber development in planta. Our results indicate

that the promotion of fiber elongation by the application of

GA to cultured Coker 312 ovules corresponds with

increased expression of genes for XTH and EXP that are

involved in promoting cell wall expansion (Fig. 5). In

addition, expression of genes that encode GA20ox2 and

GA3ox2, which catalyze the production of bioactive GAs,

is partially suppressed by exogenous GA while expression

of the gene for GA2ox, which irreversibly metabolizes

bioactive GAs to inactive forms, is up-regulated. These

results agree with the feed-back model for GA biosynthesis

recently proposed for Arabidopsis, maize and pea (Thomas

and Hedden 2006).

Although other phytohormones, including auxin (Beas-

ley and Ting 1973, 1974; Shen et al. 1978; Zheng and Xu

1982; Chen et al. 1988), brassinosteroids (Sun et al. 2005),

and ethylene (Shi et al. 2006) have also been shown to

promote fiber elongation on cultured ovules, it is currently

not known where and if these signals converge. Certainly a

non-Euclidian pattern of connectivity of these different

hormones would capacitate the plant to produce the same

output via different strategies (Chow and McCourt 2006).

Therefore, in order to develop a more clear view of their

relationship, it is important that we understand the func-

tional components of these signaling pathways, something

which has been partially accomplished for the brassinos-

teroid pathway (Sun et al. 2004). However, it is also

possible that these hormones are autonomous and exert

their action through independent mechanisms. Since cotton

fiber development can only be investigated in cotton,

characterization of the orthologous components of the

cotton GA signaling pathway is a necessary enabling step

toward a more complete understanding of their

development.

The recent discovery and characterization of the GA

receptor protein GID1 in rice (Ueguchi-Tanaka et al. 2005,

2007) and the orthologous receptors in Arabidopsis (Nak-

ajima et al. 2006), as well as the demonstration of the

mechanisms responsible for regulating GA-responsive

gene expression (Griffiths et al. 2006; Zentalla et al. 2007)

has provided important new insight into the details of this

system. Therefore, we describe here, the characterization of

GA-receptors (GhGID1a and GhGID1b) and DELLA

protein transcriptional repressors of GA-signaling

(GhSLR1a and GhSLR1b) from cotton. These proteins are

highly similar to each other and to orthologous proteins in

rice and Arabidopsis (Figs. 2, 3). Our results indicate that

the genes that encode these factors are widely expressed in

cotton plants with highest levels of GID1 in developing

flower petals and maximal SLR1 levels were seen in ovules

(Fig. 4). We further demonstrate that GhGID1 is a GA

binding protein (Figs. 6, 7) and that it interacts with

GhSLR1 in a GA-dependent manner (Fig. 8). The strong

structural and biochemical conservation between GhGID1a

and OsGID1 indicates that these proteins are likely to be

functionally homologous and this was confirmed by the

transgenic rescue of GA-insensitive gid1 rice plants

(Fig. 9). The growth of these transgenic rice plants corre-

lated with the degree of transgene expression (Fig. 10).

Although sequence conservation between GhSLR1 and

OsSLR1 orthologs is less extensive than between GhGID1

and OsGID1, yeast two-hybrid analyses clearly indicate

strong protein–protein interactions between GhGID1

and GhSLR1 proteins. In addition, the augmentation of

GhGID1-dependent GA binding by the addition

of GhSLR1 (Fig. 7) further supports the conclusion that

GhSLR1 is the functional DELLA protein partner

of GhGID1. The interaction between GhGID1a and

GhSLR1b appears to be somewhat stronger than the

interaction between GhGID1a and GhSLR1a in quantita-

tive yeast two-hybrid assays. This and the more robust

augmentation of GhGID1a-dependent GA binding by

GhSLR1b than by GhSLR1a indicate that GhGID1a may

have higher affinity for GhSLR1b than GhSLR1a. The

biological consequences of this difference, if any, remain

to be investigated. The functional significance of the
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heterologous interaction between GhGID1a and OsSLR1 in

yeast two hybrid experiments was confirmed by the rescue

of GA-dependent growth in gid1 rice plants by ectopic

expression of GhGID1. Conversely, after numerous

attempts, we failed to see any interaction between OsGID1

and GhSLR1a or GhSLR1b in yeast two-hybrid assays.

Although we do not have an explanation for this, we pre-

dict that ectopic expression of OsGID1 in cotton is unlikely

to increase their responsiveness to GA. On the other hand,

AtGID1a and AtGID1b interacted with both GhSLR1a and

GhSLR1b. The strongest interaction occurred between

AtGID1a and GhSLR1a, while the interaction of all other

combinations was relatively weaker. Although this inter-

action occurred in the presence of GA, there was also

detectable interaction in the absence of GA after prolonged

incubation. The significance of this GA-independent

interaction between AtGID1 forms and GhSLR1s in yeast

is currently not known.

Since ectopic expression of GhSL1b in wild-type Ara-

bidopsis led to reduced growth and upregulation of GA-

biosynthetic and GID1 gene expression (Fig. 11), it is

apparent that GhSLR1b encodes a functional DELLA

protein that can affect GA signaling in a heterologous

species. The upregulated expression of GA20ox2, GA3ox1

and GID1a and GID1b in GhSLR1-expressing plants

(Fig. 11c) and not the control gene (PP2A) indicates that

GhSLR1b can act as a transcriptional regulator of these

GA-synthesis and GID1 genes.

With the identification and analysis of GA signal

transduction factors, we are now in position to generate

transgenic cotton plants with altered GA sensitivity as a

means to study the role of GA in cotton and fiber devel-

opment. Generation of plants that over-express the GA

receptor and the signal repressor protein is now underway.

We anticipate that these experiments will lead to new

strategies that can be used for genetic alteration of cotton

fiber development and thus improve the competitiveness of

the cotton industry.
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