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Phytochromes confer the photoperiodic control of flowering in rice (Oryza sativa), a short-day plant. To better
understand the molecular mechanisms of day-length recognition, we examined the interaction between
phytochrome signals and circadian clocks in photoperiodic-flowering mutants of rice. Monitoring behaviors of
circadian clocks revealed that phase setting of circadian clocks is not affected either under short-day (SD) or
under long-day (LD) conditions in a phytochrome-deficient mutant that shows an early-flowering phenotype
with no photoperiodic response. Non-24-hr-light/dark-cycle experiments revealed that a rice counterpart gene
of Arabidopsis CONSTANS (CO), named PHOTOPERIOD SENSITIVITY 1 (Heading date 1) [SE1 (Hd1)],
functions as an output of circadian clocks. In addition, the phytochrome deficiency does not affect the diurnal
mRNA expression of SE1 upon floral transition. Downstream floral switch genes were further identified with
rice orthologs of Arabidopsis FLOWERING LOCUS T (FT). Our RT-PCR data indicate that phytochrome
signals repress mRNA expression of FT orthologs, whereas SE1 can function to promote and suppress mRNA

expression of the FT orthologs under SD and LD, respectively. This SE1 transcriptional activity may be
posttranscriptionally regulated and may depend on the coincidence with Pfr phytochromes. We propose a
model to explain how a short-day plant recognizes the day length in photoperiodic flowering.
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Plant reproductive organs develop following the recogni-
tion of various environmental cues, in order for plants to
survive and leave offspring efficiently. Light is one of the
major environmental stimuli in the control of flowering.
In addition to the intensity and quality of light, the du-
ration per day, or photoperiod, is a major determinant of
the timing of flowering. The molecular mechanisms of
this photoperiodic response are largely unknown (Thom-
as and Vince-Prue 1997; Thomas 1998; Simpson et al.
1999; Samach and Coupland 2000).

In the long-day plant Arabidopsis, photoreceptor mu-
tations that affect flowering time have been extensively
analyzed (Levy and Dean 1998; Whitelam et al. 1998;
Thomas 1999; Casal 2000; Lin 2000). The Arabidopsis
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blue-light receptor gene CRYPTOCHROME 2 (CRY2)
promotes flowering under long-day (LD) conditions, in-
dicating an important role of CRY2 in the photoperiodic
control of flowering (Guo et al. 1998; Mockler et al.
1999). Under far-red-rich light conditions, PHYTO-
CROME A (PHYA) also promotes flowering of Arabidop-
sis in day-length extension experiments (Johnson et al.
1994). In contrast, analyses of phytochrome B (phyB) mu-
tants have revealed that PHYB inhibits flowering under
both LD and short-day (SD) conditions (Goto et al. 1991;
Mazzella et al. 2001). Paradoxically, overexpression of
PHYB also results in early flowering in Arabidopsis
(Krall and Reed 2000). Redundancy of Arabidopsis phy-
tochrome genes further makes the contribution of PHYB
unclear: for example, PHYTOCHROME D and PHYTO-
CHROME E genes are known to have some overlapping
functions with PHYB in floral induction (Devlin et al.
1998, 1999; Quail 1998). The CRY2 function in floral
promotion requires red-light signaling mediated by
PHYB under continuous light conditions, indicating that
CRY2 antagonizes the PHYB inhibitory action of flow-
ering (Guo et al. 1998; Mockler et al. 1999). Although the
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phytochrome signal transduction for flowering still re-
mains to be revealed, nuclear localization (Sakamoto and
Nagatani 1996; Kircher et al. 1999) and interaction with
specific DNA-binding proteins (Martinez-Garcia et al.
2000) of the active Pfr form of phytochromes strongly
suggest that phytochromes can function as transcription
factors. Rapid changes of transcriptional profile medi-
ated by PHYA may support this hypothesis in Arabidop-
sis (Tepperman et al. 2001).

Circadian clocks are also involved in the photoperi-
odic control of flowering. The Arabidopsis circadian
clock component genes LATE ELONGATED HYPO-
COTYL (LHY), CIRCADIAN CLOCK ASSOCIATED 1
(CCA1), and TIMING OF CAB EXPRESSION 1 (TOC1)
regulate their gene expression reciprocally to form a
negative feedback loop as part of a central oscillator
(Schaffer et al. 1998; Wang and Tobin 1998; Strayer et al.
2000; Alabadi et al. 2001). Ectopic expression of LHY and
CCA1 results in late-flowering phenotypes with loss of
various circadian rhythms (Schaffer et al. 1998; Wang
and Tobin 1998).

The role of photoreceptors in the entrainment of cir-
cadian clocks has been well characterized in Arabidopsis
(Devlin and Kay 2001). In the phyA mutant, periods of
circadian rhythms in cab2::luc lengthen at low fluence
rates of both red and blue lights (Somers et al. 1998). In
phyB, cab2::1uc periods lengthen at high fluence rates of
red light (Somers et al. 1998). On the other hand,
cab2::Iuc periods lengthen in cryl under blue-light con-
ditions, whereas cab2::luc periods are not much different
in cry2 mutants from those in the wild-type plants
(Somers et al. 1998). In contrast, the periods of cryl and
cry2 were longer in white-light conditions than those in
the wild-type plants (Devlin and Kay 2000), indicating
that red-light signaling modifies CRY function for the
entrainment of circadian clocks. Regardless of the im-
portant roles of these photoreceptors in the entrainment
of circadian clocks, these effects on circadian clocks are
not enough to explain the flowering-time phenotypes in
these photoreceptor mutants.

The CONSTANS (CO) gene encodes a zinc-finger-type
transcription factor and is known to play a key role in
the photoperiodic control of flowering in Arabidopsis
(Putterill et al. 1995). Direct target genes of the CO tran-
scription factor have been identified as FLOWERING
LOCUS T (FT) and SUPRESSOR OF OVEREXPRES-
SION OF CO 1, both of which have roles in floral pro-
motion in Arabidopsis (Onouchi et al. 2000; Samach et
al. 2000). Recently, it has been shown that Arabidopsis
CO mRNA expression is controlled by circadian clocks
and is mainly detected at night (Suarez-Lopez et al.
2001). In addition, CO mRNA expression levels are
largely unaffected by photoperiod, although the daily du-
ration of CO mRNA expression is longer under LD than
SD conditions.

In addition to the molecular genetic studies in the past
decade, many physiological studies on flowering have
been performed since the first report of photoperiodism
in 1920 (Garner and Allard 1920). The external coinci-
dence model—a refined version of Biinning’s hypothesis

Phytochrome external signal in photoperiodism

(Binning 1960)—is one of the best-supported physiologi-
cal models for explaining day-length measurement (Pit-
tendrigh and Minis 1964; Thomas and Vince-Prue 1997;
Carre 2001). In this model, light plays two distinct roles:
one for the entrainment of circadian clocks to set a pho-
toinducible phase in the day cycle, and the other as an
external light signal to transduce the presence of sun-
light to downstream pathways. The coincidence be-
tween the photoinducible phase and the external light
signal produces promoting or inhibitory signals for floral
differentiation in long-day and short-day plants, respec-
tively. This model may bring to mind that CO is in-
volved in the setting of the photoinducible phase, al-
though it is not known whether the external coincidence
model fits with molecular mechanisms of Arabidopsis
floral transition.

By analysis of a rice phytochrome-deficient mutant,
termed photoperiod sensitivity 5 (se5), we previously
showed that light-stable phytochromes confer photope-
riodic control of flowering in rice (Oryza sativa), a
short-day plant (Izawa et al. 2000). In addition, the Head-
ing date 1 (Hd1) gene, a major flowering-time QTL
(quantitative trait locus), was recently identified with a
rice ortholog of the Arabidopsis CO gene and was shown
to be allelic to a rice mutant termed photoperiod sensi-
tivity 1 (sel; hereafter referred to as SE1 because the
mutant line in this work was originally identified as an
sel mutant), although, unlike CO, SE1 may repress flow-
ering under LD conditions and promote it under SD con-
ditions (Yano et al. 2000). Therefore, in this study, we
examined the roles of phytochrome signaling and circa-
dian clocks in the photoperiodic flowering of rice. Our
results show that phytochrome signals function as ex-
ternal signals to repress mRNA expression of rice floral-
inducer genes homologous to Arabidopsis FT, whereas
SE1 functions as an output of circadian clocks entrained
by given photoperiods to control FT orthologs. These re-
sults led us to propose a model to explain the molecular
mechanisms of day-length recognition in the photoperi-
odic flowering of rice.

Results

The se5 mutation does not affect the behavior
of circadian clocks in LD and SD photoperiods

The null mutation in the SE5 gene, which is involved in
phytochrome chromophore biosynthesis, results in com-
plete loss of the photoperiodic response in rice (Izawa et
al. 2000). Phytochromes could affect flowering by alter-
ing the phase of entrainment of the circadian clock
(Somers et al. 1998), thus changing the coincidence be-
tween light and a critical circadian phase. Therefore, we
examined the behavior of the circadian clock in the se5
mutant. First, rhythmic mRNA expression of circadian-
clock-controlled genes (ccgs) of rice was analyzed by
RNase protection assays. Two rice ccgs, OsLHY, which
is homologous to the Arabidopsis LHY and CCA1 genes
(Schaffer et al. 1998; Wang and Tobin 1998), and CABIR
(Luan and Bogorad 1992), were rthythmically expressed in
se5 mutants as well as in the wild type in both constant
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light (LL) and constant darkness (DD; Fig. 1A). LHY and
CCA1 genes are members of the Arabidopsis circadian
clock’s central components (Alabadi et al. 2001). An-
other ccg, CATA, of a rice catalase gene more robustly
showed rhythmic mRNA expression in se5 mutants un-
der LL than in the wild type (data not shown). These
results indicate that a circadian clock functions in the
se5 mutants.

To determine the effect of the se5 mutation on the
entrained phase of circadian clocks in different photope-
riods, we next examined diurnal mRNA expression of
OsLHY under LD and SD conditions (Fig. 1B). Diurnal
mRNA expression of CABIR and CATA was also exam-
ined (data not shown). The results clearly indicate that
the phase of these ccgs was not affected in se5 mutants
under these photoperiods. To evaluate the effects on cir-
cadian clocks more precisely, we further used a
cablr::luc bioluminescence reporter system of rice (Sugi-
yama et al. 2001) and examined rhythmic luciferase ex-
pression in DD and LL conditions after LD and SD en-
trainments (Fig. 1C; data not shown). The cablr:luc ex-
pression patterns revealed no significant effect of the se5
mutation on the entrainment of circadian clocks under
different photoperiods. We therefore conclude that the
entrainment of circadian clocks is not affected by the se5
mutation under LD or SD conditions, and that the defect
of photoperiodic flowering in se5 is not caused by defects
in the phase of circadian clocks.

Flowering responses in rice under non-24-h
photoperiods

The absence of effects on the entrainment of circadian
rhythms in se5 mutants led us to examine the effect of
circadian clocks on the flowering response in rice under
non-24-h photoperiods. The phase of circadian rhythms
in non-24-h photoperiods was monitored in wild-type
rice seedlings by using cablr::luc reporter gene expres-
sion. Under SD (10 h light/14 h darkness, 10L14D) and
LD (14 h light/10 h darkness, 14L10D) conditions, typi-
cal diurnal luc expression with a 24-h period was ob-
served (data not shown). In a 36-h photoperiod compris-
ing 24 h light/12 h darkness (24L12D), a clear rhythmic
expression with a 36-h period was observed (Fig. 2A). In
this photoperiod, an atypical waveform with two inter-
vals of rising cab1r::luc expression in a cycle, once before
light-off and once before light-on, was observed. In a
48-h photoperiod comprising 36 h light/12 h darkness

(36L12D), a 48-h-period rhythmic luc expression was ob-
served with no anticipation of light-on (Fig. 2B). Thus,
there are apparent two peaks in the 48-h period, one after
light-on and the other for subjective day. In constant
light (24 h light, 24L), weak rhythmic cablr::Iuc expres-
sions with a 24-h period were observed (Fig. 2C). Under
constant light, we used a temperature cycle comprising
12 h at 30°C/12 h at 25°C to entrain the circadian clock
with a 24-h period. Therefore, the effects of these atypi-
cal photoperiods on the phase of circadian clocks may be
explained by the following. In 24L12D, lights go out just
after the cablr:luc trough; thus, plants have a light
night, then are reset and have a dark night on each cycle.
In 36L12D, lights go out roughly at the cablIr::luc peak,
only a few hours before the expected phase in the 24-h
light/dark cycles such as SD and LD. In 24L, light does
not function as a zeitgeber (or environmental cue to set
the clock), but the 24-h temperature cycles may do so. If
phases with low expression of cablr::luc were consid-
ered as a subjective night for rice plants, tested plants
under these 24L12D, 36L12D, and 24L conditions might
be exposed to the external light longer than those under
SD and LD, even in the subjective night.

Flowering responses of rice mutants were next exam-
ined in these photoperiods (Fig. 2D). The wild-type rice
plants (cv. Norin8, N8; cv. Ginbouzu, GIN) did not
flower at 120 d after sowing under 24L, 24L12D, or
36L12D photoperiods. This indicates that these photo-
periods caused extremely late flowering in the wild-type
plants when compared with that under SD and LD con-
ditions. On the other hand, se5 plants with the N8 ge-
netic background flowered at ~50 d in 24L and 36L12D
photoperiods as well as in SD and LD conditions. In con-
trast, se5 plants took >60 d to flower in the 24L12D
photoperiod. This result indicates that se5 can respond
to the atypical phase setting of circadian clocks under
24112D.

Flowering time of another rice mutant, sel, was also
analyzed. Recently, sel was shown to be allelic to the
Hd1 gene of rice, a major flowering-time QTL that en-
codes a putative zinc-finger transcription factor ortholo-
gous to the Arabidopsis CO protein (Yano et al. 2000).
The sel mutant in this study contains a null allele of SE1
in the GIN background, because there is a 43-bp deletion
in the coding region (data not shown). The sel plants did
not flower at 120 d in the 24L photoperiod condition,
showing a remaining photoperiodic response in sel. In
addition, sel plants flowered at ~60-80 d in light condi-

Figure 1. Circadian clock behavior in the se5 mutant. (DD) 24 h darkness; (LL) 24 h light; (WT) wild type. (A) Rhythmic mRNA
expression of two rice ccgs, OsLHY and CABIR, under constant light conditions in RNase protection assays. RNA samples were
harvested every 2 h from leaves of 1-month-old rice plants. Leaves from three to five plants were mixed. (Left, DD) After 5 d of
entrainment (12L12D). (Right, LL) After the same entrainment. A rice actin or ubiquitin fragment was used as a control probe. (B)
Diurnal mRNA expression of OsLHY under LD and SD conditions in RNase protection assays. RNA samples were harvested every 2
h. (Top) RNase protection assay. The ubiquitin is a control probe. (Bottom) Normalized data. (C) Rhythmic cabir::luc expression in
DD after SD and LD entrainments. Rhythmic cabir::luc expression in 7-day-old rice seedlings was measured after 5 d of entrainment
(10L14D for SD entrainment; 14L10D for LD entrainment). (Left, DD) After SD entrainment. (Right, LL) After LD entrainment.
Averages of six or seven measurements were plotted with standard deviations. Representative of two or three independent experi-

ments.
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Figure 2. Circadian clock behavior and flowering responses in non-24-h photoperiods. (A) Rhythmic cabir::luc expression in 24L12D
and subsequent DD. Five-day-old seedlings were used for measurements. Averages of six seedlings are plotted with standard devia-
tions. Representative of two experiments. (B) Rhythmic cablr::luc expression in 36L12D. Five-day-old seedlings were used. Averages
of six seedlings are plotted with standard deviations. (C) Rhythmic cablr::luc expression in 24L. Five-day-old seedlings were used.
Averages of six seedlings are plotted with standard deviations. Plants were grown under the 24-h temperature cycle (12 h at 25°C/12
h at 30°C) shown at the top. (D) Flowering time in non-24-h photoperiods. Heading dates after sowing were measured as flowering
times. Averages were plotted with standard deviations. Plant numbers are shown in parentheses. Representative of two or three
experiments. (se5) se5 mutant with Norin8 genetic background; (sel) sel mutant with Ginbouzu genetic background; (N8) cv. Norin
8; (GIN) cv. Ginbouzu. Lines 1, 2, and 3 represent sel se5 mutant lines derived from three F, sel se5 plants.

tions of SD, LD, 24L12D, and 36L12D, indicating that
the atypical phase settings of circadian clocks did not
cause any drastic delay of flowering in sel plants, unlike
in the wild-type plants.

To analyze sel se5 double mutants, we tested three
lines derived from different F, individuals of a cross be-
tween sel and se5, to be sure about the phenotypes of the
sel se5 double mutant. Because an F, population be-
tween N8 and GIN did not show segregation at flowering
time, there is no major QTL for flowering between them
(Okumoto et al. 1991). Double-mutant sel se5 plants
showed dramatically early-flowering phenotypes under
these photoperiods, as did se5 plants, but flowered
slightly later than se5 plants in SD, LD, 24L, and 36L12D
conditions (Fig. 2D), indicating that SEI can promote
flowering slightly in the se5 background. No significant
difference in flowering time was observed between sel
se5 and seb5 plants under the 24L12D condition. These
results indicate that se5 is completely epistatic to sel in
the 24L12D-photoperiod condition; in all other condi-
tions, the sel se5 double mutant is intermediate but
closer to the se5 single mutant. Therefore, SE5 inhibits
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flowering in all tested conditions, whereas SE1 inhibits
flowering except in SD and in 24L (where the sel muta-
tion has no effect) or in the se5 background (where its
promoting effect is revealed). Phytochrome’s inhibition
of flowering is apparently strong in rice and can exist
independently of SE1. It is, however, possible that SE1
may require phytochrome signal transduction to inhibit
flowering, because SE1 promotes flowering in the se5
mutant background.

The se5 mutation does not affect the diurnal mRNA
expression of SE1 upon floral transition

The flowering-time experiments showed that flowering
under atypical entrainment conditions is not drastically
delayed in sel mutant plants. In addition, it has recently
been shown that the CO gene functions as an output of
circadian clocks to control flowering in Arabidopsis
(Sudrez-Lopez et al. 2001). Therefore, we examined SE1
mRNA expression in se5 mutants by RT-PCR analysis.
First, SE1 mRNA expression was examined in 20-day-old
rice plants (Fig. 3A), because inflorescence meristems be-
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Figure 3. SEI mRNA expression in se5 mutant. (A) Diurnal SEI mRNA expression under long-day (LD) conditions by RT-PCR
analysis. RNA samples were harvested from 20-day-old rice plants every 2 h from leaves of plants grown under LD conditions after
sowing. Leaves from three to five plants were mixed into one sample. The DNA blot was hybridized with specific radioactive probes
to perform a quantitative analysis. Radioactive signals were quantified with a BAS 2000 image analyzer. The normalized data for
ubiquitin expression are plotted. Average values and standard deviations from three RT-PCR data are shown. Representative of two
independent experiments. (B) Diurnal SEI mRNA expression under short-day (SD) conditions by RT-PCR analysis. RNA samples were
harvested from 28-day-old rice plants in the same way as in A. One RNA sample of se5 in SD conditions is missing, so we do not show
one data at 18:00. The DNA blot was hybridized with specific radioactive probes to perform a quantitative analysis. Radioactive signals
were quantified with a BAS 2000 image analyzer. The normalized data for ubiquitin expression are plotted. Average values and
standard deviations from four RT-PCR data are shown. Representative of two independent experiments.

come microscopically visible in se5 plants under LD at
20 d after sowing (data not shown). SEI mRNA expres-
sion occurred mainly at night under LD conditions, al-
though some SEI mRNA expression was detected in the
daytime. SEI mRNA levels under LD conditions were
similar to those under SD conditions, although the du-
ration of SE1 mRNA expression was slightly longer un-
der LD than under SD conditions (data not shown). In se5
mutant plants, no apparent difference in SEI mRNA ex-
pression was detected under LD conditions compared
with expression in the wild type (Fig. 3A).

We next examined SEI mRNA expression in 28-day-
old rice plants (Fig. 3B), because se5 shoot apical me-
ristems may change to inflorescence meristems under
SD conditions at ~28 d after sowing. Note that se5 plants
flowered 1 wk later under SD than under LD conditions
(Fig. 2D). In 28-day-old rice plants, SEI mRNA expres-
sion was also detected mainly at night and was similar to
expression in the 20-day-old plants, but the diurnal ex-
pression patterns were more robust under both LD and
SD conditions compared with those in 20-day-old rice
plants (data not shown). In se5 plants, SEI mRNA ex-
pression was very similar under SD conditions to that in
the wild type (Fig. 3B). This indicates that SEI expression
was not affected upon the floral transition of se5 plants
under SD conditions. These results of SEI expression
indicate that the se5 mutation does not greatly affect the
diurnal expression of SEI mRNA upon floral transition.
In addition, clear reduction of SEI mRNA expression
was observed under LD conditions in 28-day-old se5
plants compared with that in the wild type (data not
shown). But, we believe that this reduction is not related
to floral transition of se5 plants, because RNA samples
were obtained 1 wk after the floral transition.

FTL, a member of the FT-like small gene family,
is involved in floral promotion in rice

Because SEI mRNA expression was not greatly affected
upon floral transition by the se5 mutation, we searched
for rice genes homologous to the Arabidopsis flowering-
time genes in databases and examined the mRNA gene
expression of the homologous genes in se5. This search
led us to find several rice genes homologous to the Ara-
bidopsis FT gene (hereafter termed FT-like genes; Fig.
4A). A phylogenic analysis revealed that the FT-like
genes comprise a small gene family in the rice genome
(Fig. 4B). One of the FT-like genes was identical to the
Hd3a gene, a flowering-time QTL that was recently iso-
lated in rice (Yano et al. 2001). Hd3a has been genetically
shown to have a floral promotion effect under SD con-
ditions (Monna et al. 2002.).

To determine whether these FT-like genes are in-
volved in rice floral induction, we transformed cDNA of
one FT-like gene, termed FTL, driven by a maize ubiqui-
tin promoter (UBQ::FTL), into rice. All of the regener-
ated UBQ::FTL plants produced a terminal tissue at the
tips in culture boxes after three to five leaves had devel-
oped (Fig. 4C,L). In the control group of regenerated
plants, no panicles formed when they grew in culture
boxes. Then the plants were transferred into growth
chambers, and flowered after more than 10 leaves had
developed (Fig. 4F). All UBQ:.FTL plants showed elon-
gation of internodes, which is a morphological marker of
floral transition in rice. In addition, most axial me-
ristems also produced similar terminal tissues in
UBQ::FTL plants (Fig. 4C), whereas the axial meristems
became dormant in the control plants (data not shown).
Many of the terminal tissues were composed of many
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glumes that alternately developed (Fig. 4]). In some
cases, the terminal tissues contained a terminal floret at
the tip, instead of a panicle (Fig. 4D,H,I,K). These termi-
nal florets were composed of several stamen-like organs
and a pistil-like organ (Fig. 4D,E,H,I,K). This terminal-
bud phenotype was similar to Arabidopsis terminal
flower (tfl) mutants and LEAFY and FT co-overexpressers
of Arabidopsis (Bradley et al. 1997; Kobayashi et al.
1999). This indicates that common molecular mecha-
nisms are involved in floral architecture formation be-
tween rice and Arabidopsis and that antagonistic action
between TFL and FT may also be conserved in rice. Our
data therefore indicate that the ectopic expression of FTL
resulted in floral induction, elongation of internodes,
loss of apical dominance, and production of terminal
flowers at the tip (Fig. 4L). Thus, like Arabidopsis FT,
rice FTL expression is related to floral promotion.

FT-like gene expression is regulated by interaction
between SE5 and SE1 genes in rice

Preliminary RT-PCR analyses showed that eight of the
FT-like genes were expressed in rice leaves and six of
them were up-regulated in leaves of se5 plants grown
under 24L, compared with the wild type (data not
shown). Therefore, the mRNA expression patterns of
three FT-like genes, Hd3a, RFT1, and FTL, were exam-
ined in detail by a quantitative RT-PCR method. We first
used the same RNA samples as those used for assessing
SE1 expression to determine the effect of the se5 muta-
tion on FT-like mRNA expression. Ectopic expression of
rice Hd3a and RFT1 genes resulted in early-flowering
phenotypes (Yano et al. 2001; M. Yano, pers. comm.) as
in UBQ::FTL plants (Fig. 4), indicating that all three FT-
like genes are involved in floral promotion in rice. In the
wild-type plants, Hd3a and RFT1 mRNA expression was
up-regulated under inductive SD conditions, but not un-
der LD conditions (Fig. 5A). Under SD conditions, Hd3a
and RFT1 mRNA was diurnally expressed with a peak
before dawn. FTL mRNA expression was detected under
both LD and SD conditions, although mRNA levels were
higher under SD than under LD conditions (Fig. 5A).
These results indicate that these FT-like gene expres-
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sions are responding to different photoperiods, although
the responses to a certain photoperiod may vary among
them. In se5 plants, all three genes were more highly
expressed under both LD and SD conditions than in
wild-type plants (Fig. 5A). Under SD conditions, the
mRNA expression patterns of FT-like genes were similar
in se5 plants to those in wild-type plants. Under LD con-
ditions, mRNA expression of FT-like genes in se5 plants
was strong but not clearly diurnal. These results indicate
that phytochrome signals repress FT-like gene expres-
sion under both LD and SD conditions, but in different
ways.

In sel mutants under SD conditions, all tested FT-like
mRNA expression levels were reduced before dawn,
whereas mRNA expression levels in the daytime were
not greatly affected (Fig. 5B). These results indicate that
the SE1 gene functions as an activator of FT-like genes
before dawn under SD conditions. Interestingly, al-
though the second peak of Hd3a expression in wild-type
GIN plants was apparent in daytime under SD, there
were no such apparent daytime peak of Hd3a expression
in the wild-type N8 plants (Fig. 5A,B). This may be ow-
ing to genetic variations between those varieties. Under
LD conditions, in contrast, significant effects of the sel
mutation on FT-like gene expression were not detected
because of the very low levels of FT-Iike gene expression
of 30-day-old plants in both sel and wild type plants
(data not shown). Therefore, we next examined mRNA
expression of FT-Iike genes under LD conditions at dif-
ferent developmental stages. In the wild type, RFT1
mRNA expression gradually increased under LD condi-
tions from 40 to 60 d and then slightly decreased at 70 d
(Fig. 5C). In contrast, Hd3a and FTL mRNA expression
was not greatly increased under LD conditions until 70 d
after sowing. The results showed that mRNA expression
levels of the RFT1 gene expression were developmen-
tally regulated under LD conditions, suggesting distinct
roles of FT-like genes in rice development. In the sel
mutant, mRNA expression levels of all three FT-like
genes were higher than those in the wild type plants (Fig.
5C). These results indicate that the SE1 gene functions
as a repressor in FT-like gene expression under nonin-
ductive LD conditions.

Figure 4. FT-like gene family in rice and phenotypes of UBQ::FTL plants. (A) Amino acid comparison among rice FT-like genes. Two
genes, FT and TSF, belong to the FT family in Arabidopsis. Only amino acids that are not conserved are highlighted. (B) A phylogenic
analysis of the FT-TFL family in Arabidopsis and rice. All six members in Arabidopsis are shown with (At) in this tree. Clustal W and
NJ methods were used for the alignment and phylogenic tree, respectively. Bootstrap values are shown at branches. (C) A regenerated
rice plant transformed with UBQ::FTL. A terminal flower is visible at the tip of the plant (arrowhead). All axial buds produced several
leaves with terminal tissue. Bar, 1 cm. (D) Magnification of the terminal flower in C. There is a pistil-like structure at the center
(arrowhead). A root was developed at the base of this floret (arrow). Bar, 1 mm. (E) Cross-section of the terminal flower in C.
Stamen-like filamentous structures were observed around the pistil-like organ (arrowheads). Bar, 1 mm. (F) A developing panicle in the
wild-type rice plant. Bar, 1 cm. (G) A mature floret of the wild-type rice. The floret was dissected to reveal internal organs. Bar, 5 mm.
(H) Another rice terminal flower of a UBQ::FTL plant. Glumes were removed. Bar, 5 mm. (I) SEM image of the terminal flower in H.
Bar, 5 mm. (]) A terminal tissue with many glumes that developed alternately. Several roots developed at the bases of this terminal
tissue. Bar, 1 mm. (K) A terminal flower in glumes. An anther-like structure protruded next to the pistil-like organ (arrowhead). Bar,
1 mm. (L) Schematic presentation of UBQ::FTL phenotypes. Rice leaves are represented as thin lines (sheaths) with attached diamond
shapes (blades). Florets are shown as oval shapes. The wild-type (WT) rice panicle is composed of primary and secondary branches with
several florets. The terminal floret of UBQ::FTL plants is shown as a floret with additional glumes (UBQ::FTL). For simplification,
axillary buds with terminal tissues are not shown in UBQ::FTL plants.
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To evaluate the interaction between phytochrome sig-
naling and SE1 in FT-like gene expression, we examined
the effect of SE1 on Hd3a gene expression in the se5
background. In the sel se5 double mutant, Hd3a gene
expression levels were reduced compared with those in
se5 single mutants (Fig. 5D). These results indicate that
the SE1 gene functions as an activator of Hd3a in the se5
mutant, correlated to the flowering data (Fig. 2D).

Discussion

Distinct regulation of the entrainment of circadian
clocks and photoperiodic flowering in rice

Phytochromes and cryptochromes are involved in both
light entrainment of plant circadian clocks and the pho-
toperiodic control of flowering (Lin 2000; Samach and
Coupland 2000; Devlin and Kay 2001). Using se5, a phy-
tochrome-deficient mutant of rice, we have shown that
phytochromes mediate the external light signal to re-
press mRNA expression of major floral-inducer genes
(Fig. 5A) but may not be necessary for the entrainment of
circadian clocks under LD and SD conditions (Fig. 1). In
addition to circadian clock outputs such as CABIR,
mRNA expression of OsLHY, which is homologous to
members of the Arabidopsis central circadian clock
components (Schaffer et al. 1998; Wang and Tobin 1998),
may provide us with strong evidence regarding the be-
havior of circadian clocks in se5 plants.

In recent years, the entrainment of circadian clocks
has been extensively analyzed by using Arabidopsis pho-
toreceptor mutants to show redundant and distinct roles
of photoreceptor genes in phytochrome and crypto-
chrome families (Somers et al. 1998; Devlin and Kay
2000). Only in continuous red light do phytochrome mu-
tants show longer periods in cab2::luc Arabidopsis seed-
lings. In hy1, an Arabidopsis counterpart mutant of se5,
no effect on circadian clock behavior was observed under
white-light conditions as in other phytochrome mutants
of Arabidopsis (Millar et al. 1995; Somers and Kay 1998).
In contrast, cryl cryptochrome mutants show longer pe-
riods under red-, blue-, and white-light conditions,
whereas cry2 mutants significantly lengthen periods
only under white-light conditions (Somers et al. 1998;
Devlin and Kay 2000). Furthermore, other photorecep-
tors may be involved in the entrainment of circadian

Phytochrome external signal in photoperiodism

clocks, because light entrainment has been observed in a
quadruple photoreceptor mutant phyA phyB cryl cry2
(Yanovsky et al. 2000). These data indicate that phyto-
chromes redundantly play a role for the entrainment of
circadian clocks in Arabidopsis. Thus, not only in rice,
as shown in this study, but also in Arabidopsis, phyto-
chrome deficiencies do not affect the entrainment of cir-
cadian clocks in white-light photoperiods enough to ex-
plain the effects on floral induction. Considering the
completely photoperiod-insensitive flowering in se5
plants (Fig. 2D; Izawa et al. 2000), an alternative photo-
transduction pathway that is not mediated by circadian
clocks—the external light pathway—must exist in the
photoperiodic control of flowering in rice.

SE1 functions as an output of the circadian clock

Recent studies based on analyses of circadian-clock-re-
lated mutants such as early flowering 3, gigantea, and
Ihy have revealed that the Arabidopsis CO gene medi-
ates the circadian clock to control flowering time
(Suarez-Lopez et al. 2001). Here, we have shown that the
wild-type’s complete inhibition of flowering under atypi-
cal entrainment conditions such as 24L12D and 36L12D
is lost in the sel mutant, a rice counterpart mutant of
Arabidopsis co (Fig. 2D). We used the non-24-h light/
dark cycles to affect the entrainment of the circadian
clock and introduce light at unconventional phases.
Then we tested the phase of circadian rhythms (Fig. 2A-
C) and the flowering response (Fig. 2D) under the non-
24-h light/dark cycles to determine whether flowering
can be explained in terms of interaction between the
circadian phase and light. Therefore, lack of flowering
response in sel mutants to two atypical entrainment
conditions, 24L12D and 36L12D, strongly suggests that
SE1 function is normally phase-specific because of out-
put from the circadian clock. In addition, diurnal SE1
mRNA expression patterns also suggest that SE1 gene
expression is regulated by circadian clocks (Fig. 3A,B).
Because the acute light response was also affected in the
non-24-h cycles, the effects of acute light responses
should be considered in the evaluation of flowering phe-
notypes in non-24-h photoperiods. In Arabidopsis, phyA
mediates far-red light to control mRNA levels of CO in
a microarray analysis (Tepperman et al. 2001). Thus, the

Figure 5. FT-like gene expression is controlled by SE5 and SE1. (A) Diurnal mRNA expression of three FT-Iike genes in wild-type (WT)
and se5 plants under LD and SD conditions. RNA samples were obtained from 28-day-old plants (partly, the same RNA samples were
used with those in Fig. 3B). Quantitative RT-PCR was performed twice to get average values. The normalized data are plotted. One
time-point sample, for 18:00, is missing in se5 under SD conditions. Similar results were obtained with RNA samples harvested from
20-day-old plants. Different scales are used between the left and right graphs because of the differences in expression levels. (B) Diurnal
mRNA expression of three FT-like genes under SD conditions in se1. RNA samples were obtained from 30-day-old plants. Quantitative
RT-PCR was performed two to four times to get average values and standard deviations. The normalized data are plotted. (C) mRNA
expression of three FT-Iike genes under LD conditions in sel at different developmental stages by quantitative RT-PCR. Leaves were
harvested at 09:30 in the morning every 10 d. RT-PCRs were performed several times to get averages and standard deviations.
Representative data are shown from four, two, and two independent experiments on Hd3a, RFT1, and FTL expression, respectively.
(D) mRNA expression of Hd3a in sel and selse5 plants under LD conditions at different developmental stages. Leaves were harvested
at 10:30 every 10 d. Representative data from two independent experiments.
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effects of acute light responses on SEI mRNA expression
remain to be examined.

The se5 deficiency in phytochrome signaling resulted
in no response to photoperiods, but in an ~2-wk delay of
flowering under 24L12D conditions (Fig. 2D), suggesting
that a signal transduction pathway other than the phy-
tochrome signaling pathway was modulated under
24L12D. Together with the flowering response in sel
plants, the flowering response in se5 plants under the
24L12D condition indicates that the other pathway is
likely to be regulated by the circadian clock (Fig. 2D),
although it is not known whether SE1 is the sole output
of circadian clocks in the photoperiodic flowering of rice.
The flowering data indicating that se5 is completely epi-
static to sel under 24L12D (Fig. 2D) is consistent with
this idea. In addition, upon floral transition, SEI mRNA
expression was not much affected by the se5 mutation
(Fig. 3A,B). These results indicate that both a circadian-
clock-associated pathway and the phytochrome-photo-
transduction pathway must exist to control photoperi-
odic flowering in rice.

FT-like genes downstream of phytochrome and SE1

The Arabidopsis FT gene is expressed in inductive LD
conditions, but not under SD conditions, at the early
developmental stage, and is directly regulated by CO
(Kardailsky et al. 1999; Kobayashi et al. 1999; Samach et
al. 2000). Here, we have shown that several rice FT-Iike
genes, Hd3a, FTL, and RFT1, are preferentially expressed
in inductive SD conditions but not under LD conditions,
indicating a clear difference between short-day and long-
day plants at the transcriptional level. Recent identifica-
tion of a rice flowering-time QTL, termed Hd3a, with an
FT homolog and early-flowering phenotypes in ectopic
expression of FT-Iike genes indicate a conserved function
of FT orthologs for promotion of flowering between rice
and Arabidopsis (Fig. 4; Yano et al. 2001). RT-PCR analy-
ses revealed that, in wild-type plants, Hd3a, FTL, and
RFT1 all showed diurnal mRNA expression patterns and
had a peak at about dawn under SD conditions (Fig. 5A).
Because these mRNAs were detected even in the day-
time, unlike FT, the phase settings of rice FT-like gene
expression are different from that of FT in LD conditions
(Harmer et al. 2000; Suarez-Lopez et al. 2001).

In the se5 mutant, FT-Iike genes were expressed under
both LD and SD conditions (Fig. 5A), correlating with the
early flowering of the mutants (Fig. 2D). Even under SD
conditions, mRNA levels of FT-Iike genes in the se5 mu-
tant were much higher than those in the wild-type plant.
In contrast, mRNA levels of SE1 diurnal expression were
not affected much by the se5 mutation upon floral tran-
sition (Fig. 3A,B). Thus, phytochrome signals strongly
repress FT-like gene expression, but this repression does
not reflect SEI mRNA levels. Instead, SEI mRNA ex-
pression is likely to be controlled by the circadian clock
(Fig. 3A,B), as CO is in Arabidopsis. It is noteworthy that
phytochromes can inhibit flowering independently of
SE1, because sel plants did not flower at 120 d under 24L
conditions, whereas se5 and sel se5 plants flowered at
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~50 d (Fig. 2D). Therefore, a genetic factor other than SE1
may be involved in the photoperiodic control of flower-
ing in rice.

The RT-PCR analyses using the sel mutant revealed
that the SE1 gene promotes mRNA expression of FT-Iike
genes in the inductive SD conditions and represses FT-
like mRNA expression in the noninductive LD condi-
tions (Fig. 5B,C). This antagonistic action of SE1 activity
may be regulated posttranscriptionally, because the di-
urnal SEI mRNA expression pattern was not greatly
changed by different photoperiods (data not shown). Fur-
thermore, this SE1 activity may be regulated by phyto-
chrome signaling because SEI promotes Hd3a gene ex-
pression under noninductive LD treatment in the se5
background (Fig. 5D). Comparison of flowering times be-
tween seb and sel se5 mutants supports this idea (Fig.
2D). Therefore, phytochrome plays an important role in
day-length recognition, partly through the control of SE1
activity in rice. The possible interaction between SE1
and the phytochromes may include formation of a
nuclear transcriptional complex and/or phosphorylation
of SE1 by phytochromes (Neff et al. 2000).

Flowering time of sel plants was not different under
SD conditions from that of wild-type plants (Fig. 2D).
Because the sel mutation affected FT-like mRNA ex-
pression mainly around dawn (Fig. 5B), FT-like expres-
sion in the daytime under SD conditions might be
enough to induce floral transition in sel and wild-type
plants. Given that SE1 can promote flowering under SD
conditions in a cv. Nipponbare background (Yano et al.
2000), the effect of SE1 on FT-like mRNA expression
under SD conditions may be related to flowering re-
sponse in the cv. Nipponbare. In addition, it is notewor-
thy that FT-like gene expression pattern may depend on
genetic background, because there was no apparent day-
time expression of Hd3a detected in wild-type N8 plants
under SD conditions, for example (Fig. 5A).

The external coincidence model in rice

Theoretically, at least two diurnal patterns that are dif-
ferently shaped by a certain photoperiod (likely caused
by light-on and light-off signals) are required for day-
length recognition. At a molecular level, the diurnal pat-
tern may include gene expression and/or protein modi-
fication. With the support of many physiological experi-
mental data, the external coincidence model was
proposed in the 1960s (Pittendrigh and Minis 1964). In
this model, the above two diurnal patterns are composed
of the following: one is a photoinducible phase in a day
cycle set by the circadian clock, and the other is an ex-
ternal light signal reflecting the presence or absence of
sunlight. The duration of overlap (or coincidence) be-
tween the photoinducible phase and the external signal
is thought to be a determinant of day-length measure-
ment in the model. It is noteworthy that light functions
as a zeitgeber to set the photoinducible phase, in addi-
tion to having a role as the external signal. When differ-
ent fluence rates of light pulses were used in a night-
break experiment, two distinct roles of light were sug-



gested in Japanese morning glory, although the
molecular nature of these roles of light is completely
unknown (Lumsden and Furuya 1986). Recently, it has
been shown that transcriptional activity of CO protein
may have a light effect in Arabidopsis, although respon-
sible photoreceptors were not identified (Sudrez-Lopez et
al. 2001).

Our results have led us to propose a molecular mecha-
nism, reminiscent of the external coincidence model, to
explain day-length recognition in the photoperiodic con-
trol of flowering in rice (Fig. 6). In our model, the SE1
protein level corresponds to the photoinducible phase,
whereas the active Pfr form of phytochromes corre-
sponds to the external signal. Because the Arabidopsis
CO protein is unstable and its expression is likely to
reflect CO mRNA diurnal expression (Sudrez-Lopez et
al. 2001), the rice counterpart SEl protein may exist
mainly at nighttime, according to SEI mRNA levels (Fig.
3A,B). Because the phase settings of plant circadian
clocks are regulated by both light-on and light-off (Millar
and Kay 1996; Sugiyama et al. 2001), SE1 protein levels
may be affected by both light-on and light-off signals of
given photoperiods. On the other hand, in Arabidopsis
hypocotyl elongation, phyB can transmit the light signal
for several hours in darkness after light-off, reflecting the
amount of Pfr in darkness (McCormac et al. 1993; Shi-
nomura et al. 2000). In addition, it has been shown in
vitro that the Pfr form of phytochromes gradually reverts
to the Pr form in darkness (Elich and Chory 1997; Ei-
chenberg et al. 2000). Thus, the amounts of the Pfr form
of light-stable phytochromes in rice may be stable during
the light photoperiod and decrease gradually in darkness
(Fig. 6B). Consequently, the diurnal pattern of Pfr phyto-
chromes becomes distinct from circadian-clock-con-
trolled SE1 expression. Therefore, the duration of overlap
between SE1 and Pfr phytochrome depends heavily on
the photoperiod (Fig. 6B). Because we have shown a ge-
netic interaction between phytochrome signals and SE1
activity (Figs. 2D, 5D), there might be an interaction be-
tween them during the overlap. As shown in Figure 6,
the interaction levels should be higher under noninduc-
tive LD conditions than under SD conditions. Our re-
sults suggest that, in interacting with Pfr, SE1 may func-
tion as a repressor of FT-Iike gene expression (Fig. 5C). In
contrast, SE1 may function as its activator without the
interaction (Fig. 5A,B,D). The dual SE1 activity that is
switched by phytochrome signals may be involved in the
setting of critical night length as the acute threshold
often observed in short-day plants (Thomas and Vince-
Prue 1997).

Another coincidence model, termed the internal coin-
cidence model, has been proposed (Thomas 1998). In this
model, two distinct circadian thythms produce a coinci-
dence to recognize day length. Given that PHYB and
PHYA mRNA expression is affected by circadian clocks
(Bognar et al. 1999; Hall et al. 2001; Toth et al. 2001) and
that the acute response of cab2::luc expression is gated
by circadian clocks in Arabidopsis (Millar and Kay 1996)
and (weakly) in rice (Sugiyama et al. 2001), the diurnal
Pfr expression pattern may be partly regulated by circa-
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Figure 6. Model for day-length measurement in the photope-
riodic control of flowering in rice. (A) In our model, the inter-
action between phytochrome signaling and the SE1 transcrip-
tion factor makes SE1 a repressor of FT-like gene expression. In
contrast, SE1 protein alone functions as an activator of FT-like
gene expression. The interaction levels are higher under LD
conditions than under SD conditions, as shown in B. The mo-
lecular basis of the interaction could be the formation of a tran-
scriptional complex, because phytochrome is a nuclear factor.
Phosphorylation of SE1 protein by phytochromes is an alterna-
tive. Gene X is postulated as a transcription factor that has a
similar function to SE1, because mRNA expression of FT-like
genes was detected under SD conditions even in the sel mutant.
(B) The amount of the active Pfr form of phytochromes is stable
in the daytime and may gradually decrease with dark reversion.
On the other hand, SE1 mRNA is nocturnally expressed by cir-
cadian clocks, and SE1 protein may exist mainly at a certain
phase of subjective night. Phase setting of circadian clocks is
determined by both light-on and light-off signals, whereas the
decrease in levels of the Pfr form starts with the light-off signal.
Thus, the timing of the coincidence of the Pfr form and the SE1
protein may differ among photoperiods. When the coincidence
occurs, the interaction between Pfr and SE1 may make a repres-
sor of FT-like genes. Without the coincidence, SE1 protein may
function as an activator of FT-like genes to promote flowering in
rice. Possible interactions between phytochrome and other fac-
tors than SE1 are omitted from this panel to focus on the rela-
tionship between SEI and phytochrome.

dian clocks. Therefore, the essence of the internal coin-
cidence model is also included in our model.

Molecular mechanisms of flowering conserved
between short-day and long-day plants

Here we also have shown that one of the key differences
in floral induction between short-day and long-day
plants is the different transcriptional regulation of FT
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orthologs. In rice, a short-day plant, FT orthologs are ex-
pressed mainly under SD conditions (Fig. 5). In contrast,
FT is expressed preferentially under LD conditions in
Arabidopsis, a long-day plant (Suarez-Lopez et al. 2001).
The FT orthologs as floral inducers are evolutionarily
conserved between these species, which diverged about
200 million years ago (Fig. 4; Kardailsky et al. 1999; Ko-
bayashi et al. 1999). Furthermore, SE1 and CO mRNA
diurnal expression patterns under SD and LD conditions
are also conserved evolutionarily (Fig. 3A,B; Samach and
Gover 2001; Sudarez-Lopez et al. 2001). In addition, both
SE1 and CO function as transcription factors for FT or-
thologs, although direct binding of CO and SEI to cis
elements in target promoters has not yet been examined.
Because CO functions as a transcriptional activator (Si-
mon et al. 1996) and the Arabidopsis PHYB gene may
not be involved in FT mRNA expression (although diur-
nal patterns were not examined; Blazquez and Weigel
1999), SE1 repressor activity through the interaction
with phytochromes may be specific to floral induction in
rice.

In Arabidopsis, CRY2 plays an important role in floral
induction (Guo et al. 1998; Mockler et al. 1999). Re-
cently, a QTL analysis between Ler and Cvi ecotypes of
Arabidopsis revealed a novel allele of CRY2 that has a
mutation at the chromophore-binding site and functions
as a constitutively active form of cryptochrome to pro-
mote floral induction (EI-Din El-Assal et al. 2001). In
contrast, phytochromes are likely to have more critical
roles in determining flowering time in rice (Izawa et al.
2000), although Arabidopsis PHYB is required for floral
promotion by CRY2 (Guo et al. 1998; Mockler et al.
1999). Therefore, the roles of rice cryptochromes in floral
induction remain to be analyzed.

Materials and methods

Plant materials

The se5 mutant plant line was obtained as previously described
(Izawa et al. 2000). The sel mutant line (Line 4H313A) was
originally isolated from a vy-ray-treated collection and back-
crossed four times with the GIN wild type.

RNase protection assays

Total RNA was prepared by an SDS-phenol method as previ-
ously described (Sugiyama et al. 2001). Then 2-5 pg of total
RNA was subjected to an RNase protection reaction by using an
RPA III kit (Ambion). After electrophoresis, radioactive signals
were quantified by the BAS 2000 system (Fuji Photo Film). Cali-
bration was performed with MacBAS Version 2.52 software.
Protected mRNA sizes were 395 bp for CABIR (Luan and Bogo-
rad 1992), 321 bp for OsLHY (accession no. D48887), 317 bp for
CATA (accession no. D29966), and 245 bp for UBQ (accession
no. X13908).

Light entrainment of circadian clocks

For RNase protection assays, rice plants were grown in a green-
house for 30 d after sowing and then transferred to a chamber
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with 12 h light/12 h darkness (12L12D) for 5 d. White light from
a fluorescent lamp at a photon fluence rate of 50 pmole/m? sec
was used for this light entrainment. For cablr::luc biolumines-
cence assays, sterile rice seeds were imbibed and germinated on
MS medium containing 3% sucrose at 30°C under conditions of
long day, 14L10D, or short day, 10L14D, for 5 d. On the third
day after sowing, luciferin was added to the germinating seeds,
and seeds expressing Juc activity were selected. Selected seeds
were transferred to 6-well plates with an MS medium contain-
ing 3% sucrose and 5 mM luciferin for bioluminescence mea-
surement.

cablr:luc bioluminescence measurements

The same cablr:luc lines used in a previous study (Sugiyama et
al. 2001) were used. After entrainment, 6-well plates were
placed in a camera obscura set with a VIM camera in an ARGUS
50 system (Hamamatsu Photonic Systems) for photon-counting
measurements in real-time sampling mode, as described previ-
ously (Sugiyama et al. 2001).

Flowering-time measurement

For flowering-time measurements, sterile seeds were germinat-
ed in the chamber with given photoperiod conditions until flow-
ering. Heading dates after sowing were recorded as the flowering
times of the plants. For short-day, 10L14D, and long-day,
14L10D, light conditions, white light from a mixed-light source
of halogen and Na lamps at a photon fluence rate of 300 pmole/
m? sec was used (Izawa et al. 2000). For 24L, 24L12D, and
36L12D light conditions, white fluorescent lamps were used as
light sources at a photon fluence rate of 150 pmole/m? sec
(Izawa et al. 2000). Light quality was verified with a spectrora-
diometer LI1800 (Li-Cor).

Database search

Public databases, including the Monsanto rice database, were
searched with various Arabidopsis flowering-time genes. By us-
ing the FT amino acid sequence as a query, we identified nine
rice FT homologs. The FTL (FT-L 1) ORF was found in a PAC
clone sequence, P0665D10 (accession no. AP002861), on chro-
mosome 1. Upon this database search, eight FT homolog ORFs
were further identified on Monsanto contigs: FT-L 2 on
OSM123786; FT-L 3 on OSM15346; FT-L 4 on OSM12638; FT-L
5 on OSM15106; FT-L 6 on OSM12071; FT-L 7 on OSM139582;
FT-L 8 on OSM14221; and FT-L 9 on two separate contigs,
OSM147493 and OSM147494. OsFT was identical to FT-L 4
(Kobayashi et al. 1999). The recently registered genes Hd3a and
RFT1 were identical to FT-L 2 and FT-L 3, respectively. mRNA
expression of these FT homologs was detected in rice leaves,
except that of FT-L 8.

RT-PCR analysis

For cDNA synthesis by reverse transcriptase (Superscript II, Bio-
Rad), 5 pg of total RNA was used. A ¢cDNA template corre-
sponding to ~50-100 ng of total RNA was used for one RT-PCR
reaction. The primers used for FTL, Hd3a, and RFT1 were as
follows: FTL, 5'-GGAGTACCTGCACTGGCTGGTCACCG-
3',5'-TCTGGCGCCACCCCGGTGCGTACAC-3’; Hd3a, 5'-G
GAGTATCTACATTGGTTGGTCACTG-3’, 5-TGGATGAT
GATAGTGAGCATGCAGC-3’; RFT1, 5'-GGAGTATCTACA
CTGGCTGGTCACCG-3’, 5'-GCCTGCATGCATATACAGC
TAGGCAG-3'. After PCR amplification, samples were sub-
jected to electrophoresis to obtain the DNA blots. The DNA



blot was hybridized with specific probes, and radioactive signals
were quantified using the BAS 2000 system, as described above.

Generation of UBQ::FTL plants

FTL ¢cDNA was introduced into a Ti binary vector containing a
maize Ubql promoter (Christensen et al. 1992). To examine
flower development, >60 regenerated transgenic rice plants
were obtained by Agrobacterium-mediated transformation
from ~25 hygromycin-resistant calli.
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