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We have recently isolated a rice circadian clock-related mutant carrying a null mutation in Os-GIGANTEA(GI) gene, the
solo ortholog of Arabidopsis GI. Time-course global transcriptome analyses of leaves from wild-type and osgi mutant
grown in the field have revealed that Os-G/ affects gene expression of more than half of genes on rice 44k microarray.
To better understand the biological significance of circadian clock function in growth and development of rice, we here
investigated the gene expression involved in phytohormone biosynthesis. Here we found that mRNA levels of a few
major genes encoding GA2-oxidase which can inactivate bioactive gibberellins (GAs) were remarkably increased in 0sgi-1
plants. This suggests that Os-G/ functions to maintain bioactive GA level through the regulation of the GA-deactivating
enzyme genes in rice. Consistently, osgi-1 plants showed semi-dwarf phenotype with reduced internode and leaf sheath

elongation.

Molecular genetics using Arabidopsis have revealed that circa-
dian clocks control variety of physiological responses includ-
ing flowering, hypocotyl elongation and guard cell opening.!
We have recently identified a rice circadian-clock related
mutant, os-gigantea (0sgi) mutant.” Os-GI is the solo ortholog
of GIGANTEA (GI) in the Arabidopsis circadian system."**
Time-course extensive transcriptome analyses of osgi-1 leaves
grown in the field revealed that Os-GI affects gene expres-
sion of approximately 75% of genes among 27,201 genes and
is required for strong amplitudes and proper phase-setting of
global gene expression under natural field conditions.? These
field-transcriptome data imply that circadian clock in rice
affects various physiological traits during growth and develop-
ment of rice. In fact, a critical deficiency of photoperiodic flow-
ering of osgi-1 plants has been shown due to a great reduction
of mRNA levels of Hd3a, a rice florigen gene, and Ehdl, an
inducer of Hd3a under laboratory short-day conditions.*® To
deeper understand the molecular function of circadian clock
in rice, we are comparing the field-transcriptome data between
wild-type (the cultivar Norin 8) and osgi-/ plants and trying to
find out key gene controlled by circadian clock systems. In this
study, we analyzed the expression of phytohormone biosyn-
thetic genes since circadian clock modulates hormonal action
through the transcriptional regulation of phytohormone-
related genes in Arabidopsis.®
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The transcriptome analyses were performed by using leaves of
wild-type and osgi-1 plants sampled for 1 d (24 h) at 2-h intervals
(total 13 time points).? At each of time point, eight arrays were
used with two replicates at four developmental stages. Because
each microarray raw data converted to a logarithm fits to normal
distribution, we first normalized all wild-type and osgi-I microar-
ray data converted to log, using the gspline method, which was
implemented in R and included in the Bioconductor package
(www.r-project.org/).” Mean of all eight normalized array data
sets per time point was used for further analysis. In this case,
we did not focus on the difference of developmental stages and
instead used as eight replicated samples per time point to high-
light the Os-GI in the diurnal rhythms. We then listed up genes
involved in seven phytohormone biosynthetic pathways, gibberel-
lin (GA), abscisic acid (ABA), auxin, brassinosteroid, cytokinin
(CK), jasmonic acid (JA) and ethylene for this study (Table S1)
based on recent publication on the comprehensive transcriptome
analysis of phytohormone biosynthesis and signaling genes during
rice anther development.® Hirano et al. also showed that bioactive
GA, free IAA, bioactive CK and ABA were detected in leaf blades,
indicating that phytohormone biosynthesis works in rice leaves.®
To address whether Os-GI regulates the expression of phytohor-
mone biosynthetic genes, the mean of the gene expression levels
for 24 h and their ratios between wild-type and osgi-1 plants were
calculated (Fig. 1). Although most tested genes showed only slight
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Figure 1 (See previous page). Comparison of gene expression levels of phytohormone biosynthetic genes. Average mRNA levels during 24 h in the
wild-type (WT) and osgi-1 plants are indicated as single color gradient. Their ratios (FC; fold change) between WT and osgi-1 are indicated as different
color gradient. Red and green colors indicate higher and lower expression in osgi-1 mutant, respectively. A simplified view of each phytohormone
biosynthetic pathway and genes involved in the indicated step are described in left sides of the expression data. Asterisks on right shoulder of gene
name indicate that peaked expression level was lower than 2°. Color gradient display was drawn by means of software, MeV_4_7.%
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periods described in the recently published paper.

Figure 2. Diurnal expression profiles of the selected OsGA2ox genes, GIDT and SLRT. Average calibrated data were expressed as log, scale. Data are
represented as means + SE (n = 8). Yellow and black boxes below sampling time indicate day and night periods are referred from the estimated photo-

differences between wild-type and osgi-1 plants (less than 2-fold),
however, some were remarkably affected in osgi-1 (bright red or
green boxes indicated in Fig. 1). Among them, we found that
some members in gene families are consistently changed in osgi-1.
In GA biosynthesis, four of nine OsGA20x genes were upregu-
lated in osgi-I (3- to 5.8-fold increase). Three of five Os/M T genes
in JA biosynthesis were downregulated in osgi-1 (2.6- to 4.5-fold
reduction). In ABA biosynthesis, two OsSDR genes in osgi-1 were
increased with lesser extent (1.5- to 3.9-fold increase). In addition,
the expression of OsKO2 gene in early step of GA biosynthesis
was reduced in osgi-1 plants. In auxin biosynthesis, OsTAAL2 is
highly expressed in osgi-1. Alchough genetic studies in Arabidopsis
have demonstrated that 7AA! is essential for a local auxin pro-
duction in elongating hypocotyl and growing root,”'® biological
action of TAA in leaves remains unknown. Furthermore, Os-GI
affected the gene expression of OsABAS8ox1, OsYUC6, OsLOX2;2,
OsACS5, OsACO3 and OsIPT4 genes (Fig. 1).

Considering the fact in which equal or much higher expres-
sion of their palalogous genes in both wild-type and osgi-1 plants
suggests minor effects by Os-GI for these steps in each phytohor-
mone biosynthesis, we focused on expression of OsGAZ2o0x genes.
GA 2-oxidase encoded by OsGA20x genes can deactivate bioac-
tive GAs or its precursors irreversibly to reduce bioactive GA lev-
els.!? Both quantitative analyses of endogenous GA levels and
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gene expression analyses of GA biosynthetic genes have indicated
circadian regulation of GA biosynthesis in other plant species.'*¢
In RiceXPro, a public database of rice gene expression profil-
ing,” spatio-temporal gene expression patterns of OsGA20ox,
OsGA30x2 and OsGA2o0x genes (especially OsGA200x2 and
OsGA20x6), revealed that leaf organs are one of the major
expression sites during rice life cycle. The expression patterns of
OsGA20x2, OsGA20x3, OsGA20x5 and OsGA20x6 in our data
generally showed diurnal oscillation that become high during
daytime in wild-type leaves (blue lines in Fig. 2). Interestingly,
this expression pattern is highly similar to the diurnal fluctua-
tion pattern of endogenous GA,, an inactive GA, in sorghum,
another monocotyledonous plant.”® In contrast, in osgi-1, the
diurnal expression of these OsGA20x genes were consistently
elevated than those of wild-type in all time points tested (red
lines in Fig. 2). The results suggest that Os-GI represses major
OsGA2o0x genes in order to maintain a proper bioactive GA level.
Consistently with their elevated gene expression, osgi-I plants
showed a semi-dwarf phenotype (Fig. 3A). We also revealed that
the semi-dwarfism in osgi-1 plants is mainly derived from reduced
length of internode and leaf sheath, respectively (Fig. 3B and C),
corresponding to organs that GA induces elongation to control
the rice plant stature.!” On the other hand, panicle length in
osgi-1 slightly longer than that of wild-type (Fig. 3D), suggesting
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exclude this due to a weak GA deactivation activ-
ity of OsGA20x9."

In ABA actions, there is a consistency of
higher OsSDR expression with the accumulation
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80 1] of more sucrose and starch in osgi-/ (Fig. 1),?
since Arabidopsis ABA2 gene encoding a SDR
is induced by sugar treatment and ABA can
promote transcription of starch biosynthetic

40 gene in sugar storage processes.”>* In addition,

osgi-1 might have more opened guard cells than
the wild-type,” possibly due to changes in ABA
actions. In JA action, whereas JA-Ile, not JA-Me,
0 is the biologically active compound,*** the effect
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S < 5 Although quantitative measurements of phyto-

hormones are necessary to confirm the changes of

0 0 genes, the differences of gene expression reported

wT osgi-1 WT osgi-1 in this study give us some hints to understand

how Os-GI modulates growth and development
of rice.

Figure 3. Semi-dwarf phenotype of osgi-1 plant. (A) Photograph of 90-day-old WT and
0sgi-1 plants grown under natural field conditions. Bar indicates 20 cm. (B) Total internode
length of WT and osgi-1 plants. (C) Leaf sheath length at same developmental stage.

(D) Panicle length. Bars are expressed as the mean £ SE(n=9inBand D,n=3in C).
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In Arabidopsis, circadian clock regulates rhythmic hypocotyl
elongation through transcriptional regulation of the GA recep-
tor genes.'® However, there were no obvious differences of gene
expression of rice GA receptor, GIDI, and the DELLA protein,
SLRI (Fig. 2).” Although the expression level of OsGA20x9 was
also high in both wild-type and osgi-I plants (Fig. 1), we could

Note
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