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Abstract: A gene encoded WD-40 repeat protein (OsWD1) was isolated from rice cells to study the platform for proteinprotein interactions in germinating seeds. The expression of OsWD1 was found to be specifically induced at 3 d of seed
germination. By ectopic overexpressing (OsWD1-Ox) or RNA interference gene knockdown (OsWD1-Ri) of OsWD1,
respectively. Results revealed that the rice seedlings and grain size were enhanced in OsWD1-Ox lines, but were reduced in
OsWD1-Ri lines. Moreover, the expression of GA-inducible gene, OsEP3A, which was strongly induced in OsWD1-Ox lines
during rice seed germination. By iodine staining in starch containing solid medium, the α-amylase activities were further
enhanced in OsWD1-Ox lines regardless with or without exogenous GA in the medium. These results suggested that OsWD1
might acts as a platform for protein-protein interactions to regulate seedling and seed development in rice by a GA-dependent
manner.
Keywords: Rice, OsWD1, Overexpression, Plant Height, Grain Size, Gibberellin Acid

1. Introduction
The WD-repeat proteins, consisting of a diverse
superfamily of regulatory proteins, were originally identified
from G protein β subunit, termed as β-transducin repeats [1].
Many paralogs and orthologs of WD-repeat proteins in plants
and animals have been reported, and their functions have
been identified to serve as a platform for protein-protein
interaction [2-4]. The WD (Trp-Asp) motif comprising about
40 - 60 residues, are initiated by the GH (Gly-His) dipeptide
of 11-24 amino acids from its N-terminus and typically ends
with the WD dipeptide at the C-terminus, but neither the GH
dipeptide nor the WD dipeptide is absolutely conserved, and
the WD motif is usually found as 4 - 16 tandem repeats
within a single protein [1, 5]. The WD-repeat was marked by
the characteristic core element of (G, V, A, N, S) H-X28-(W,
F) D, where X stands for any amino acid [1] (Figure 1b). It
seems that the WD-repeat units would fold into a higherorder conformation and form a β-propeller, and this structure

is thought to serve as stable platforms for the assembly of
protein complexes or mediators of transient interaction with
other proteins [2, 4-7]. The WD-repeat large family proteins
have been found only in eukaryotes and can be divided into
several subfamilies. These members play important roles in
the regulation of a wide variety of biological processes, such
as signal transduction, light signaling, transcriptional
regulation, cell cycle and cytokinesis, mRNA processing and
protein trafficking [1, 2, 5, 8]. WD-repeat proteins have also
been found to be involved in flowering, anthocyanin
biosynthesis, mitochondrial fission, and chromatin assembly
[9-12]. Such an astonishingly functional diversity may be
explained by the potential role of WD-repeat-related proteins
that can interact with several proteins via coordinating
sequential and/or simultaneously facilitating the formation of
multiprotein complexes [5, 7].
In plants, several WD-repeat proteins have been isolated
showing a wide variety of biological functions. In
Arabidopsis, AGB1 (Arabidopsis heterotrimeric G-protein β
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subunit) encodes a protein that shows significant similarity to
animal G protein β subunits. Mutation of agb1 in
Arabidopsis shows several developmental defects, including
short, blunt fruits, rounded leaves, and shortened floral buds.
Thus, it was proposed that AGB1 played the role of a plant
developmental regulator through the heterotrimeric G-protein
signaling [9]. Another well characterized WD-repeat protein,
COP1, from Arabidopsis, is essential for plant development
and function as a negative regulator of photomorphogenesis
during seedling growth [13-15]. In tomato, LeMSI1 [16],
encodes a WD-repeat protein orthologs of human RB
(retinoblastoma)-binding proteins, RbAp48 [17] and RbAp46
[18], and yeast Msi1 [19]. These proteins are thought to form
a protein complex, and are involved in the negative
regulation of the cell cycle, histone acetylation and chromatin
assembly. Protein-binding activity analysis has shown that
LeMSI1 can interact with human RB, suggesting that it plays
a potential role in cellular growth regulation [16]). In yeast,
Pfs2p encodes a novel regulatory WD-repeat protein, which
was predicted to participate in the pre-mRNA 3’-end
processing by bridging different processing factors, and
thereby promoting the formation of the multiprotein
processing complex [20]. A well known Arabidopsis WDrepeat protein, PRL1, is an SNF1 homologs-binding protein
that shows glucose-dependent interaction with yeast SNF1
and Arabidopsis AKIN10 and AKIN11, mutation of the PRL1
gene, which results in glucose hypersensitivity and
derepression of glucose-regulated genes, indicating PRL1
functions as a negative regulator of Arabidopsis SNF1
homologs [21]. Overexpression of PFWD (Perilla frutescens
WD-repeat protein) in Arabidopsis showed an enhanced
anthocyanin accumulation in aerial parts and reduced
viability, suggesting that PFWD plays a role in the regulation
of anthocyanin biosynthesis [22]. In yeast, Mdv1p containing
seven WD-repeat units at the C-terminal regulatory domain,
acts as a molecular adaptor to regulate the interaction
between Dnm1p and Fis1p, and catalyzes a rate-limited step
in mitochondrial fission [10, 23].
There are about 200 potential WD-40 repeat genes in rice
[24]. Among which the ASP1 (Aberrant Spikelet and Panicle
1), OsLIS-L1 (Lissencephaly type-1-like 1), and OsREL2
(Ramosa1 Enhancer Locus 2) encodes the same protein
(Os08g0162100). The asp1 mutant showed derepression of
axillary bud growth and disturbed phyllotaxy in the
vegetative phase; osrel2 mutant showed several
developmental defects, such as defects in panicle heading,
sterile lemma elongation, and panicle development; and
oslis-l1 mutant showed abnormal developmental phenotypes,
including semi-dwarf, shorter panicle length, and reduced
male fertility [25-27]. Mutation of this gene in rice showed
similar phenotypes that indicated an important role on the
regulation of vegetative and reproductive development. This
study focus on the functional characterization of OsWD1, a
member of WD-40 family in rice, its gene expression was
induced in germinating embryos and senescing leaves. Based
on gene overexpression and double strand RNA gene
silencing strategies, we demonstrated that OsWD1 might play

a positive role on regulation of rice seedling growth and
seeds development.

2. Materials and Methods
2.1. Materials
The rice variety used in this study was Oryza sativa L. cv
Tainung 67 (TNG 67). Immature seeds were dehulled,
sterilized with 2.4% NaOCl for 30 min, washed extensively
with sterile water, and placed on N6 solid medium containing
2, 4-D (2.0 mg/L) for callus induction. After 1 month, callus
derived from scutellum was transferred to a liquid Murashige
and Skoog (MS) medium [28] containing 3% Sucrose and 10
µM 2,4-D to establish a suspension cell culture, or subcultured in fresh N6D agar medium for Agrobacteriummediated gene transformation. The cell suspension was
cultured on a reciprocal shaker at 120 rpm and incubated at
26°C in the dark.
2.2. DNA and Protein Sequence Analysis
The DNA sequence of OsWD1 was compared with the
GenBank database using Blastn program. Information and
homology of amino acid sequence was analyzed using Blastp
at NCBI (http://www.ncbi.nlm.nih.gov/blast). Prediction of
WD40 repeat domains and tertiary structure was done with
the e-mail server at the BMERC (http://bmercwww.bu.edu/wdrepeat/).
2.3. Primers
Sequences of all primers used for PCR amplification of
DNA fragments are listed in Table 1.
Table 1. Primers and their sequences used in this study.
Name
OsWD1-F1
OsWD1-R1
OsWD1-F2
OsWD1-R2
GFP-F3
GFP-R3.1
GFP-R3.2

Sequence
5’- ACTCTCGAGATGAGGAGAAGTTCAAGGAG-3’
5’- CTACTCGAGTTATCTTTCTGGTTGATCAGAA-3’
5’- ACTGGATCCGATCAACCAGCGCTTTGTCC-3’
5’- ACTCTGCAGAGCAGCAATTTACTTTCTAGTT-3’
5’- TATCTGCAGGTGAGCAAGGGCGAG-3’
5’- TCTGTCGACTTACTTGTACAGCTCGTC-3’
5’- TCTGTCGACACGCTGAACTTGTGGC-3’

Gene accession number: OsWD1 (AK111518); GFP (U43284)

2.4. Construction of the Expression Vectors
To construct the vector for ectopic expression of OsWD1
in transgenic rice, a 3357-bp DNA fragment that contained
the complete coding region of OsWD1 was amplified using
the OsWD1-Ox forward primer (OsWD1-F1) and OsWD1-Ox
reverse primer (OsWD1-R1). This DNA fragment was
digested with XhoI, blunt-ended the restriction sites and
cloned into the blunt-ended BamHI site of the pAHC18
expression vector [29]. This recombinant plasmid was
linearized by partial digestion with PstI and inserted into the
PstI site of the pSMY1H binary vector [30] for the
Agrobacterium-mediated gene transformation.
To construct the OsWD1 RNAi vector, a 405-bp DNA
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fragment containing 340 bp of the 3’-untranslated region and
65 bp of the 3’-end coding region of OsWD1 was amplified
using the OsWD1-Ri forward primer (OsWD1-F2) and
OsWD1-Ri reverse primer (OsWD1-R2). This DNA
fragment was digested with BamHI and PstI and cloned into
the BamHI/PstI sites of pBluescript, generating pWK1. A
truncated form of green fluorescent protein (GFP) cDNA was
amplified by PCR using the forward primer (GFP-F3) and
reverse primer (GFP-R3.1). The resulting PCR product was
digested with PstI and SalI and inserted into the PstI/SalI
sites of the pWK1, generating pWK2. A 495-bp DNA
fragment containing 405 bp of the 5’-end of OsWD1 DNA
and 90 bp of the 5’ sequence of GFP was amplified by PCR
using the forward primer OsWD1-F2 and reverse primer
GFP-R3.2. This DNA fragment was digested with KpnI and
SalI and cloned in the antisense orientation into the SalI/KpnI
sites of pWK2, generating pWK3. A 1,620-bp DNA
fragment comprising OsWD1-GFP in both the sense and
antisense orientations was obtained from pWK3 by digestion
with BamHI and ligated into the BamHI site of the AHC18
expression vector, generating pAHC18-OsWD1-Ri. This
RNA silencing construct was linearized by digestion with
HindIII and inserted into the HindIII site of the pSMY1H
binary vector for the Agrobacterium-mediated gene
transformation.
2.5. Plant Transformation
The expression vectors were introduced into
Agrobacterium
tumefaciens
strain
EHA101
by
electroporation. The rice plants were transformed as
described previously [30]. Calli induced from immature rice
embryos were cocultured with A. tumefaciens. Transformed
calli were selected on N6 medium that contained 50 mg/L
hygromycin B.
2.6. Southern Blot Analysis of Transgenic Rice Plants
Genomic DNA was isolated from the suspension-cultured
cells of rice. Ten micrograms of genomic DNA was digested
with restriction enzymes, fractionated in a 0.8 % agarose gel,
and transferred to a nylon membrane. Hybridization was
performed at 42°C using 32P random-primer-labeled full
length of OsWD1 coding region (3357 bp) (Figure 3) or
hygromycin phosphotransferase gene (Figure 4b) as a probe.
2.7. Northern Blot Analysis of Transgenic Rice Plants
Total RNA was isolated from various tissues of
germinating seeds and from suspension-cultured cells using
TRIzol reagent (Invitrogen). The RNA gel-blot analysis was
performed as described [31]. Ten micrograms of total RNA
was electrophoresis in 1% agarose gel containing 10 mM
sodium phosphate buffer (pH 6.5), transferred to a
GeneScreen Plus (NEN/Dupont, Wilmington, DE)
membrane, and hybridized at 42°C with 32P random-primerlabeled gene-specific probe, which was prepared from the 3’untranslated region of OsWD1 (405 bp) (AK111518, the
nucleotide sequence from 3741-4145 bp).
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2.8. RT-PCR Analysis of Gene Expression
The expression levels of OsEP3A in transgenic rice were
evaluated by RT-PCR. Total RNA isolated from embryos of
4 d germinated seeds was used to synthesize first-strand
cDNAs using oligo(dT) primers, which were subjected to
PCR analyses using the primers OsEP3A-RT5 and OsEP3ART3. PCR products were resolved by agarose gel
electrophoresis.
2.9. Iodine Staining in Starch Containing Solid Medium
The middle of rice seeds were cross cut with a razor blade
after dehulled and sterilized. The half-seeds (with embryo)
were placed onto the starch agar (0.2% potato starch, 5 mM
CaCl2, 20 mM sodium succinate pH 5.0, 0.4% phytagel)
plates, in which were supplemented with or without 10 µM
GA3, respectively. After incubated for 3 d, the plate was
flooded with 2 mL iodine solution (0.1% I2, 1% KI), if a
clear area around the half-seed will appear, indicated where
starch had been breakdown into glucose by the α-amylase
activity.

3. Results
3.1. Sequence Analysis of OsWD1
To identify rice genes that are act as a platform for proteinprotein interactions in germinating rice seeds. The OsWD1
(AY111518), which encodes a putative protein of 1133 amino
acids with an estimated molecular mass of 125 kDa, was
selected for further study. After analyzed with the Conserved
Domain Database [32] and EMBL SMART (Simple Modular
Architectur Research Tool) database [33], we found that
OsWD1 contains an α-helical structure of CTLH motif (Cterminal to LisH motif) at the N-terminal (Figure 1a, residues
34-92), and exhibits ten WD-repeat motifs at the C-terminal,
in which five of WD-repeat units between amino acids 354
and 662, the other of five repeats located between amino
acids 821 and 1094 (Figure 1a). Sequence comparison of the
ten WD-repeat units in OsWD1 revealed that each of the
WD-repeat comprises a typically consensus residues (Figure
1b), which was compiled for about 900 potential WD-repeat
units from 152 WD-repeat proteins [5]. The 3-D structure of
OsWD1 protein was also predicted by BMERC (http://
bmerc-www.bu.edu/wdrepeat/), each of the WD-repeat unit
formed a four-stranded (a blade), antiparallel β-sheet, in
which the β1-strand is closest to the central pore and β4strand forms the outer surface of the folded protein (Figure
1b) [5]. There are ten blades within the OsWD1 protein that
fold into a higher-order structure known as β-propeller
(Figure 1c), suggesting that it serves as a platform for
protein-protein interaction. There is a sequence stretch about
159 amino acids located between the first and the second five
WD-repeat units (Figure 1a), suggest that the ten WD-repeat
domains may be divided into two smaller propellers other
than one large propeller.
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Figure 1. Schematic diagrams and consensus sequence analysis of WD-repeat units in OsWD1. (A) OsWD1 consists of 1133 residues and contains ten WDrepeat motifs and a CTLH (C-terminal to Lish motif) α-helical motif at the N-terminal region. (B) Comparison of the ten WD-repeat units in OsWD1. Arrows
indicate that each WD-repeat unit contains a variable and core regions according to Neer et al. [1]. The core regions start with GH and end with WD that
marked with the red letters. The blue color regions are predicted to fold into the β-strand. A consensus sequence compiled for 152 WD-repeat proteins is
shown for comparison [5]. X indicates that any amino acid can be found in that position. The [?] signifies that this variable region is still unidentified. (C) Left
panel: structure of the WD-repeat domains (top view). The tertiary structure prediction was carried out with the e-mail server at the http://bmercwww.bu.edu/wdrepeat. The generated core model coordinates for the ten WD-repeat units as a beta propeller. Right panel: structure of the WD-repeat domains
(side view).

By searching the NCBI database, there are two
unidentified of OsWD1 homologous genes are found,
OsWD2 (Os08g0162100) and OsWD3 (Os01g0254100) in
rice genome, which share 76 % and 71 % amino acid
identity, respectively. Blastp search (Figure 2) revealed that
there are several closest homologs to OsWD1 in different
plant species, as described in the following: TOPLESS from

Arabidopsis thaliana (80% amino acid identity); an unknown
function of WD40 repeat protein from maize (93% amino
acid identity); CTV.2 from Poncirus trifoliate (82% amino
acid identity), a putative WD40 repeat protein predicted in
the Ctv region, Ctv was physically mapped to a 282-Kb
region that confers the broad spectrum resistance to the major
virus pathogen, CTV (Citrus tristeza virus), in citrus [34].
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Figure 2. Multiple sequence alignment of OsWD1 homolog proteins. OsWD1 (AK111518), a WD-repeat protein in rice; AtTOPLESS (At1g15750),
ZeamaysWD (BT061468), an unknown function protein in maize; PtCTV2 (AAN62336), a CTV.2 protein in Poncirus trifoliate. Black boxes indicate completely
identical amino acids; residues conserved across three or four sequences are shaded gray. The numbers indicate the positions of the amino acids within the
individual proteins. Dots indicate gaps in the sequences to allow maximal alignment. Alignment was performed by the Pileup program of the University of
Wisconsin Genetics Computer Group software package; shading of conserved residues was accomplished with the GeneDoc program.

3.2. Temporal Expression of OsWD1 in Germinating Rice
Embryo
To examine the expression level of OsWD1 during rice
seed germination, total RNA was purified from various time
periods of germinating rice embryo and subjected to northern
blot analysis. As shown in Figure 3, the accumulation of
OsWD1 mRNA was not detectable in the embryos of dry

seeds or one day after imbibition (Figure 3, lane 1 and 2), and
then became detectable on day 2 (lane 3) and increased to the
highest level on day 3 (lane 4), then gradually decreased
from day 4 to day 5 (lanes 5 and 6), and became barely
detectable after day 6 (lane 7-11). These results demonstrate
that the expression of OsWD1 in rice plant is
developmentally regulated.
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Figure 3. The gene expression levels of OsWD1 in germinating rice seed.
Rice seeds were germinated for various time periods. Total RNA was
purified from the embryos and subjected to northern blot hybridization using
the OsWD1 3’-untranslated region as a probe.

3.3. Ectopic Expression of the OsWD1-Ox and the
OsWD1-RNAi in Transgenic Rice
To understand the physiological role of OsWD1, both lossand gain-of-function approaches were conducted. A full length
of OsWD1, which encodes 1133 amino acid residues was
fused downstream of the maize ubiquitin gene (Ubi) promoter
(Figure 4a) and transformed into rice callus by agrobacteriummediated gene transformation, to produce the gene
overexpression of OsWD1 in transgenic rice (OsWD1-Ox). To
generate OsWD1-knockdown transgenic rice, the doublestranded RNA gene-silencing method was used. An inverted
repeat of the 3’ end 405-bp specific region of OsWD1 was
fused up- and down-stream of a truncated GFP coding

sequence, and the fusion construct was expressed under the
control of the maize Ubi promoter, thereby introduced into rice
callus by agrobacterium, to create the OsWD1 geneknockdown (OsWD1-Ri) of transgenic rice plants (Figure 4a).
Eight independent transgenic lines were randomly selected
from both transgenic constructs, respectively, followed by
Southern blot hybridization to verify the copy number in those
independent transgenic lines. After hybridization with the
probe prepared from antibiotic resistance gene, hygromycin
phosphotransferase (Hpt), there were at least 5 independent
lines exhibited single copy of transgene in both OsWD1-Ox
and OsWD1-Ri transgenic plants, respectively (Figure 4b). For
northern blot hybridization, total RNA was extracted from five
and four independent T2 transgenic plants of OsWD1-Ox and
OsWD1-Ri, respectively, and the expression levels of OsWD1
mRNA were examined after hybridized with the specific probe
prepared from OsWD1 3’-untranslated region (405-bp). The
OsWD1 mRNA was highly expressed in all OsWD1overexpressing lines (Figure 4c, left panel), whereas the
endogenous OsWD1 mRNA was barely detectable in three
OsWD1-Ri transgenic lines (Figure 4c, right panel). The
OsWD1 knockdown line Ri-1and Ri-2, and OsWD1overexpressing line Ox-1 and Ox-2 were selected for further
study.

Figure 4. Ectopic expression of OsWD1-Ox and OsWD1-Ri constructs in transgenic rice. (A) Schematic diagram of the overexpression of OsWD1(OsWD1Ox) and the double strand RNA gene silencing (OsWD1-Ri) constructs. (B) Genomic DNA gel-blot analyses to identify the copy number of transgene in
transgenic lines. The T1 transgenic rice genomic DNA was isolated from leaves of the OsWD1-Ox and the OsWD1-Ri lines, and digested with PstI and
subjected to gel-blot analysis using hygromycin phosphotransferase gene (Hpt) as a probe. (C) Expression of OsWD1 in T2 transgenic rice seedlings. Total
RNA was isolated from 14-day-old seedlings and subjected to Northern blot analysis using the OsWD1 3’-untranslated region as a probe. Ethidium bromide
staining detected 28S and 18S rRNA bands. OsWD1 overexpressing lines containing OsWD1-Ox-1, -2, -3, -4, and -5; OsWD1 knockdown lines containing
OsWD1-Ri-1, -2, -3 and -4; wild-type (WT).
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3.4. The Seedling Lengths and Seed Size is Increased by
Overexpression (OsWD1-Ox) and Reduced by Gene
Knockdown (OsWD1-Ri) of OsWD1 in Transgenic Rice
The differences in plant heights of T1 transgenic lines were
observed, with OsWD1 overexpressing lines being taller,
whereas OsWD1-Ri transgenic lines being shorter than wildtype plants (Figure 5a, left panel). Elongation of 14-day-old
Ox-1 seedlings was inhibited by uniconazole (Figure 5a, right
panel), indicating that the taller phenotype of Ox-1 was
resulted from over-production of GA. The plant height was
further compared between wild-type and T2 transgenic plants.
Plant heights of 14-day-old Ox-1 transgenic seedlings were
30.5% taller, whereas Ri-1 seedlings were 29% shorter, than
wild-type plants (Figures 5a and 5c). The grain size of the Ox1 and Ox-2 lines were larger than that of wild type. In contrast,
the grain size of Ri-1 and Ri-2 lines were smaller than that of
wild type (Figure 5b). In addition, the 1,000-grain weight
increased by 9.1 % in the Ox-1 line, but decreased by 15.6 %
in the Ri-1 line, as compared with the wild type (Figure 5d).
These results demonstrate that the seedling growth and grain
size are positive affected by OsWD1 in rice.

Figure 5. Plant height and seed size in transgenic rice were increased by
OsWD1-Ox and reduced by OsWD1-RNAi in transgenic rice. (A) Phenotypes
of WT, OsWD1-Ox, and OsWD1-Ri seedlings. Seedlings were grown in 1/2
MS medium for 14 days. (B) Comparison of grain size between WT, OsWD1Ox, and OsWD1-RNAi. Two seeds per line were positioned in a row and
photographed together. (C) Quantification of plant height at seedling stages.
The plant height of 14-day-old seedling was measured. Error bars indicate
standard errors of ten individual plants for each line. (D) Comparison of
grain weight of T2 OsWD1-Ox and OsWD1-Ri lines with wild type (WT).
Grain weights were calculated from five independent transgenic lines.
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3.5. OsWD1 Enhanced the Expression of GA-Inducible
Genes, OsEP3A and α-Amylase
To confirm the higher length in OsWD1-Ox seedlings are
correlated with GA-regulated pathway. The expression levels
of a rice cysteine protease gene, OsEP3A, that is known to be
inducible by GA in germinating embryos [30], was determined.
Total RNA was isolated from rice embryos germinated for 4 d
and subjected to RT-PCR analyses. As shown in Figure 6a, the
abundance of OsEP3A mRNA was increased in embryos of
Ox-1 and Ox-2, but reduced in Ri-1 and Ri-2 as compared with
the wild-type. These studies demonstrated that the expression
of OsEP3A in germinating embryo is enhanced by OsWD1.
Moreover, the well know GA-inducible gene in germinating
rice seed, α-amylase, was also examined by iodine staining of
starch. The mature rice seeds from WT, OsWD1-Ox and
OsWD1-Ri were cross cut in the middle with a razor blade, and
the half-seeds (with embryo) were placed onto the starch agar
plates, in which were supplemented with or without 10 µM
GA3, respectively. After 3 d of incubation, the plate was
stained with iodine solution, if a clear area surrounding the
half-seed was observed, indicated where starch had been
breakdown into glucose by the α-amylase activity. As shown
in Figure 6b, the clear area around each of half-seed was larger
in OsWD1-Ox and smaller in OsWD1-Ri than that of the WT.
These results demonstrated that the role of OsWD1 in
increasing rice seedling growth might through a GA-dependent
regulation pathway.

Figure 6. The expression of GA-inducible genes, OsEP3A and α-amylase,
were enhanced by OsWD1. (A) RT-PCR analysis the expression level of
OsEP3A in the OsWD1-Ox and the OsWD1-Ri lines during seed
germination. Total RNA was isolated from the embryos of 4 d germinated
seeds and subjected to RT-PCR analyses. Rice Actin 1 was used as a loading
control. (B) Detection of α-amylase activity in the OsWD1-Ox and the
OsWD1-Ri lines by iodine staining of starch. The rice seeds were cross cut in
the middle and the half-seeds (with embryo) were placed onto the starch
agar plates. After 3 d of incubation, the plates were flooded with iodine
solution, a clear area surrounding the half-seed will appear where the αamylase activity occurred.

4. Discussion
Many studies have reported that WD-40-related proteins
play a key role in GA signaling and biosynthesis pathways in
plant developmental processes [35-37]. In the present study,
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OsWD1 is temporal and transient expression at early stages of
seeds germination (Figure 3a), suggesting that OsWD1 may be
functional correlation with the seedling growth. Knockout of
OsWD1 caused a shorter phenotype of transgenic rice
seedlings (Figure 5a). On the contrary, overexpression of
OsWD1 caused a taller phenotype that could be inhibited by
external application of uniconazole to block GA biosynthesis
(Figure 5a). Moreover, the expression of GA inducible genes,
OsEP3A and α-amylase, were increased in OsWD1-Ox but
decreased in OsWD1-Ri plants (Figure 6). These studies
indicate that the role of OsWD1 is involved in GA
biosynthesis and/or signaling pathways. There have been
reported that GAs also play important roles in regulating seed
development, and reproductive organ development, including
both male and female flowers [38-40]. In agreement with the
previous studies, we observed that the OsWD1 overexpressing
lines (Ox-1 and Ox-2) produced large seeds, whereas the
OsWD1 knockdown (Ri-1 and Ri-2) lines produced small
seeds (Figure 5b), suggesting that OsWD1 might positively
regulate grain size development in rice.
The OsWD1 shared a very high identity (80%) on the
amino acid sequence with a well known Arabidopsis
TOPLESS (TPL) protein (Figure 2), we therefore suggest
that OsWD1 might function similarly to TPL. Extensive
studies have been demonstrated that TPL or TPR (TPLRELATED) play multiple roles for corepressors to modulate
gene expression in diverse processes, such as auxin and
jasmonic acid (JA) signaling, the flowering time, stress
response, and gibberellic acid (GA) response [41-48]. With
respect to GA, it is one of the most important regulators of
many aspects of plant growth and development, and
DELLAs are major plant growth repressors in repressing GA
responses [49]. Studying the relationship between
nonproteolytic regulation of DELLAs and GA signaling,
Fukazaka et al. [47-48] found that under GA deficient
condition, DELLA can interact with a transcription factor
GAF1 (GAI-ASSOCIATED FACTOR 1), the resulting
GAF1-DELLA complex acts as transcriptional activator to
activate GA biosynthesis genes expression. In the presence of
GA, dissociation of DELLA from GAF1 resulting in the
binding of TPR to GAF1, the formation of GAF1-TPR
complex plays a transcriptional repressor that feedback
inhibition of specific target genes expression. These findings
show that the TPR (TPL) seems to play a role as corepressor
to inhibit biosynthesis of GA in response to GA signal.
However, in contrast to these results, this study demonstrated
that the TPL homolog, OsWD1, might act as a positive
regulator for GA biosynthesis and/or response and enhanced
seedling growth and seed size (Figures 5 and 6). The
conflicting data on the regulation of GA biosynthesis in
Arabidopsis TPR and rice OsWD1, may reflect homologous
genes specific response as well as differences in plant
species, which need to be addressed in the future studies.

5. Conclusion
The expression of OsWD1 in germinating rice embryo is

developmentally regulated. In gain- and loss-of-function
studies, through ectopic gene-overexpressed or -silenced in
transgenic rice plants, OsWD1 was shown to play a positive
role in the seedling and seed development. Furthermore, the
OsWD1 could enhance the expression of GA-inducible
genes, OsEP3A and α-amylase, these results demonstrated
that the OsWD1 plays a role in increasing rice seedling
growth might through a GA-dependent regulation pathway.
These findings not only provide novel clues on the
mechanisms of GA in seed development but also provide a
strategy for improving rice grain size.
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