
Update on Photoperiod Response

The Molecular Basis of Diversity in the Photoperiodic
Flowering Responses of Arabidopsis and Rice

Ryosuke Hayama and George Coupland*

Max Planck Institute for Plant Breeding Research, 10 D–50829 Cologne, Germany

Fluctuations in the length of the day affect develop-
mental processes and behaviors of many organisms.
Mammals and birds reproduce in spring in response to
lengthening days and insects pupate in autumn when
daylength shortens. These phenomena, called photo-
periodism, allow detection of seasonal changes and
anticipation of environmental conditions such as low
temperatures and desiccation. Photoperiodism was
first described in detail by Garner and Allard in 1920
through the demonstration that many plants flower in
response to changes in daylength (Garner and Allard,
1920). Subsequently, they showed that some plant
species promote flowering when daylength falls below
a critical daylength, whereas other plants accelerate
flowering in response to daylengths longer than a crit-
ical daylength. These plants are called short-day (SD)
and long-day (LD) plants, respectively. During the last
decade, molecular-genetic approaches were applied to
understanding the control of flowering time, mainly in
the LD plant Arabidopsis, and notable progress has
been made in identifying the molecular mechanisms
by which Arabidopsis recognizes daylength and pro-
motes flowering specifically under LDs. Also, recent
genetic studies in rice enabled the mechanisms of the
daylength response in this SD plant to be compared
with those of Arabidopsis. Here we review the recent
advances in understanding the regulatory mecha-
nisms for daylength response of flowering in Arabi-
dopsis and compare them with those of rice.

MODEL OF DAYLENGTH MEASUREMENT FOR
CONTROL OF FLOWERING TIME

Erwin Bünning first proposed that the photoperi-
odic time-keeping mechanism is associated with the
circadian clock (Bünning, 1936), an autonomous mech-
anism that generates biological rhythms with a period
of approximately 24 h. This model proposes that the
circadian clock generates a rhythm with an approxi-
mate 24-h period that controls flowering and is sen-
sitive to light at a particular phase of the rhythm.
Consequently, if a plant is grown under a specific
daylength that causes it to be exposed to light at this
particular phase, then flowering is induced if the plant

shows a LD response, or repressed if the plant shows
a SD response. This model, called the external co-
incidence model (Pittendrigh and Minis, 1964), has
been supported by a number of physiological studies
for the control of flowering time, indicating that the
basis of daylength measurement is the interaction of
an external light signal with a circadian rhythm
(Thomas and Vince-Prue, 1997). In contrast, another
model, called the internal coincidence model, pro-
poses that the floral response occurs under conditions
in which two differentially entrained rhythms are
brought into the same phase under daylengths that
promote flowering, but that under other daylengths
these two rhythms are out of phase. Studies of photo-
periodism in insects supported this model (Vaz Nunes
and Saunders, 1999), but detailed analyses have not
yet been carried out to test it in plants.

CIRCADIAN CLOCK FUNCTION IN ARABIDOPSIS

Genetic studies in Arabidopsis support the involve-
ment of the circadian clock in the control of flowering
by daylength. Most mutants that were initially isolated
based on an altered circadian rhythm phenotype, such
as alterations in period length and/or amplitude of
clock-controlled gene expression, also exhibit changes
in flowering time. In addition, some mutants origi-
nally isolated based on a defect in the control of
flowering by daylength also exhibit changes in circa-
dian rhythms. The circadian clock system is often
divided into three general parts (Dunlap, 1999). The
central oscillator is the core of the system, responsible
for driving 24-h rhythms. The oscillator is entrained to
day-night or temperature cycles through a mechanism
involving input pathways that transmit light or tem-
perature signals to the core oscillator. Output path-
ways are controlled by the core oscillator and
represent a wide range of biochemical and develop-
mental pathways. The control of flowering by day-
length is assumed to be regulated by one or more of
these output branches. In this way, the core oscilla-
tor can determine the activity of diurnal rhythms in
output genes, and these genes can set the light
sensitive phase for triggering the floral transition.

Molecular-genetic studies of circadian-clock func-
tion in mammals and cyanobacteria reveal that the
core oscillator is composed of an autoregulatory tran-
scriptional and translational negative-feedback loop.
In Arabidopsis, CIRCADIAN CLOCK ASSOCIATED1
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(CCA1), LATE ELONGATED HYPOCOTYL (LHY),
TIMING OF CAB EXPRESSION1 (TOC1), and EARLY
FLOWERING4 (ELF4) are the candidate genes that
may form the feedback loop (Fig. 1; Schaffer et al.,
1998; Wang and Tobin, 1998; Strayer et al., 2000;
Alabadi et al., 2001; Doyle et al., 2002). Molecular
studies of these genes reveal that TOC1, whose mRNA
abundance peaks in the evening, functions as a positive
regulator to raise LHY and CCA1 transcript abundance
in the morning. This idea is based on the observation
that loss of TOC1 function severely reduces the tran-
script levels of LHYand CCA1. The strong reduction of
these transcripts is also observed in elf4 mutants.
Furthermore, ELF4 transcript oscillates with a phase
similar to that of TOC1, which indicates that ELF4
could act together with TOC1 to induce LHY/CCA1.
TOC1 belongs to a novel family of pseudo response
regulators, and has a CCT (CO, COL, and TOC1)
domain that may be responsible for protein-protein
interaction and nuclear localization, whereas ELF4
encodes a small nuclear protein with no similarity to
other proteins.

Reciprocally, overexpression of either LHY or CCA1
strongly suppresses the expression of TOC1, and lhy
cca1 double mutants exhibit increased TOC1 mRNA
levels (Alabadi et al., 2001; Mizoguchi et al., 2002).
LHY and CCA1 encode MYB-related transcription
factors, and suppression of TOC1 by these proteins
may be mediated directly through the cis-acting even-
ing element, which was identified in the promoter
regions of several clock-controlled genes whose tran-
scripts peak in the evening (Harmer et al., 2000;
Alabadi et al., 2001). Thus, LHY/CCA1 are proposed
to act as negative regulators to generate the TOC1
rhythm, with a circadian phase opposite to that of
LHY/CCA1. Therefore, as LHY/CCA1 rise in the
morning, TOC1 expression falls. This eventually
causes a reduction in expression of LHY and CCA1
leading in turn to the reactivation of TOC1 in the
evening, and the second cycle then begins with the
activation of LHY and CCA1.

Genes that are involved in light input to the clock
have also been isolated from Arabidopsis (Fig. 1).
Phytochromes and cryptochromes are involved in red-
and blue-light input to the clock, respectively (Somers
et al., 1998; Devlin and Kay, 2000). Although the
molecular mechanism that transmits light signals to
the clock is not yet clear, recent genetic studies have
allowed several genes involved in this process to be
identified. EARLY FLOWERING 3 (ELF3) functions to
repress or gate the light input pathway (McWatters
et al., 2000). ELF3 protein levels are regulated by the
circadian clock and accumulate to high level during
the evening. This makes the clock insensitive to light
during the evening, ensuring that it is reset predom-
inantly during the morning. ELF3 encodes a nuclear
protein with no similarity to other proteins. This
protein binds to PhyB in vitro, consistent with the
idea that ELF3 suppresses the input pathway through
binding to PhyB and restricting its activity (Liu et al.,

Figure 1. Model of the circadian system of Arabidopsis and its
relationship to the flowering-time gene CO. Phytochromes and cryp-
tochromes perceive light and are involved in resetting of the circadian
clock. ELF3 and ZTL mediate between photoreceptors and the circa-
dian clock. LHY/CCA1 and TOC1/ELF4 form a negative feedback loop
within the circadian oscillator. LHY/CCA1 act as negative regulators of
TOC1 and ELF4, which positively regulate the transcription of LHY/
CCA1. The oscillator functions to determine the phase of CO tran-
scription, a key gene that mediates between the circadian clock and
flowering. The transcription of CO is regulated by FKF1 and GI, whose
transcription is under the control of the circadian clock. FKF1 protein
is directly regulated by light, and this allows FKF1 to increase CO
transcript under LDs. CO protein is also directly activated by light, and
this allows CO to generate a LD signal and activate a flowering-time
gene FT for the promotion of flowering specifically under LDs.
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2001). ZEITLUPE (ZTL) is also proposed to be in-
volved in the input pathway to the clock, and this
protein binds to PhyB and CRY1 in vitro (Somers et al.,
2000; Jarillo et al., 2001). ZTL protein contains an F-box
and repeated kelch motifs, suggesting that this protein
functions in the degradation of a specific protein via
the proteasome (Somers et al., 2000). Recent analysis
reveals that the target protein is TOC1, and that ZTL
degrades TOC1 especially during the night to generate
a robust diurnal rhythm of this protein in light/dark
cycles (Mas et al., 2003).

THE CONSTANS GENE AND DAYLENGTH
MEASUREMENT IN ARABIDOPSIS

Transcriptional Regulation of CO by the
Circadian Clock

The external coincidence model proposes that the
circadian clock sets a light-sensitive phase within the
day-night cycle, and that floral responses occur under
a particular daylength that exposes plants to light
during the light-sensitive phase. Recent molecular-
genetic studies of the flowering-time gene CONSTANS
(CO) suggest that the interaction between circadian
rhythms and light signaling may occur at the level of
CO transcription and CO protein stability (Figs. 1 and
2). CO was originally isolated using a mutant that
exhibits late flowering specifically under LDs (Putterill
et al., 1995). The gene encodes a nuclear protein that
contains a CCT motif and two B-box type zinc-finger
domains, which were originally identified in several
animal proteins and are believed to mediate protein-
protein interaction. The transcript levels of this gene
show a circadian rhythm under continuous light.
However, CO overexpression does not alter the circa-
dian rhythm in CAB gene expression in continuous
light, suggesting that it does not have a general effect
on circadian rhythms (Ledger et al., 2001), but it does
result in dramatic early flowering (Putterill et al.,
1995). This indicates that CO acts as a clock-output
gene and mediates between the circadian clock and
flowering (Suarez-Lopez et al., 2001). The important
role of CO in acting as a clock output to control
flowering is also suggested by studying several muta-
tions that alter both flowering time and circadian
rhythms, and showing that these affect CO expression
in ways that are correlated with their effects on
flowering time (Suarez-Lopez et al., 2001). Moreover,
CO directly induces the expression of FLOWERING
LOCUS T (FT), which was originally isolated using
a late-flowering mutant, and whose transcript is in-
duced specifically under LDs (Samach et al., 2000).
This strongly suggests that in Arabidopsis CO plays
a key role in integrating circadian rhythms and the
light signal to measure daylength.

Under the normal day-night cycle, CO transcripts
show a diurnal rhythm. Under SDs, high levels of CO
mRNA only occur during the night, whereas under
LDs high CO levels occur at the end of and during the

night (Fig. 2; Suarez-Lopez et al., 2001). This observa-
tion suggested that CO mRNA level determines the
light-sensitive phase, and flowering is promoted spe-
cifically under LDs because only under these condi-
tions are plants exposed to light at times when CO is
highly expressed. The importance of these CO patterns
in daylength measurement is also supported by the
analyses of toc1-1 mutants, which exhibit early flower-
ing with decreased sensitivity to daylength and
a shortened circadian period in CAB mRNA expres-
sion (Millar et al., 1995; Somers et al., 1998). The toc1-1
mutation does not change the photomorphogenic
phenotype of Arabidopsis seedlings (Somers et al.,
1998), although more severe toc1 alleles do (Mas et al.,
2003), and this decreases the possibility that the toc1-1

Figure 2. A model of daylength measurement in Arabidopsis. Expres-
sion of FKF1 protein is regulated by the circadian clock and exhibits
a diurnal rhythm under LD and SD. FKF1 protein functions as
a photoreceptor, and accumulates at high levels during mid to end of
the day under an LD. FKF1 is regulated by light and functions under LDs
to increase CO mRNA abundance. CO mRNA levels in an fkf1 mutant
are indicated by the dotted line, whereas the solid line illustrates CO
mRNA levels in wild-type plants. CO protein is thereafter activated by
light, because blue and far-red light stabilize CO through the action of
cryptochromes and phyA and darkness destabilizes it. phyB antago-
nizes the activity of phyA and cryptochromes and promotes the
degradation of CO especially in the morning, allowing CO protein to
be expressed with a more refined waveform under LDs. The combina-
tion of phyB activity that promotes degradation of CO in the morning
and FKF1 activity raising CO mRNA levels during the day under LDs
results in robust FT induction and floral promotion specifically under
LDs in Arabidopsis.
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mutation causes early flowering by affecting light
signal transduction. In the toc1-1 mutant, the phase
of the CO rhythm is advanced both under LD and SD,
leading to high levels of CO mRNA at times at which
plants are exposed to light under SDs. Furthermore,
the daylength response of FT induction in toc1-1 is
recovered under light-dark cycles with a total duration
of 21 h, which is the circadian period of CAB gene
expression in this mutant, suggesting that the early
flowering of toc1-1 under SDs is suppressed when the
circadian period and the diurnal cycle are synchro-
nized (Yanovsky and Kay, 2002).

The regulatory mechanism generating the diurnal
patterns of CO transcription under day-night cycles is
still not completely clear. However, recent molecular-
genetic studies of a flowering time gene FLAVIN-
BINDING, KELCH REPEAT, F-BOX (FKF1) provided
more information about this mechanism (Imaizumi
et al., 2003). FKF1 generates high levels of CO mRNA
observed in mid to late day under LDs. In the fkf1
mutant, the high levels of CO mRNA observed during
the day under LD are strongly reduced, and the
daytime peak is completely abolished, although a peak
in the night remains (Fig. 2). FKF1 was identified based
on a late-flowering mutant under LDs (Nelson et al.,
2000). Circadian rhythms in the expression of clock-
output genes such as CAB and CCR2 are not affected
by overexpression of FKF1 or by fkf1 mutations, but
both mRNA and protein levels of FKF1 oscillate,
indicating that this gene is a clock-output that pro-
motes flowering under LDs. FKF1 encodes a protein
containing a LOV domain, a light sensing module that
was originally found in the blue-light receptor photo-
tropin, suggesting that FKF1 acts as a photoreceptor. In
support of this, a FMN chromophore was detected
from purified fusion protein containing the FKF1 LOV
domain. Importantly, FKF1 protein levels exhibit a di-
urnal pattern with a peak in the late day under LD,
allowing these proteins to accumulate at high levels
during the day, whereas under SD this protein is
expressed at peak levels during the early to mid
nighttime, with low FKF1 protein levels during the
day. Thus, this model proposes that high levels of
FKF1 protein accumulation and the direct activation of
FKF1 protein by light occur simultaneously under
LDs, and this eventually generates the daytime peak of
CO mRNA under these conditions. How FKF1 protein
generates the peak in CO mRNA during the day is
unknown. However, FKF1 protein contains an F-box
and repeated kelch motifs as well as a LOV domain,
suggesting that this protein might recruit for degra-
dation by the proteasome a specific transcription
factor that regulates CO, and that this may be influ-
enced by light.

Posttranscriptional Regulation of CO by Light

Studies of CO reveal that the post-transcriptional
activation of CO by light is a key event for daylength
measurement. This activation was predicted to be

mediated by the photoreceptors PhyA and CRY2,
because loss-of-function in either gene caused late
flowering under LDs and reduced FT levels (Johnson
et al., 1994; Guo et al., 1998; Yanovsky and Kay, 2002).
Particularly, loss of CRY2 function delays flowering
without affecting the diurnal pattern of CO mRNA
(Yanovsky and Kay, 2002). In contrast, phyB mutations
result in early flowering (Goto et al., 1991), indicating
that these photoreceptors have different roles in the
control of flowering time despite their common roles
in triggering photomorphogenesis in response to light.

Recently, studies of CO protein suggested how
posttranscriptional regulation of CO generates a LD
signal through light-mediated activation and also
verified the direct regulation of CO by light (Fig. 2;
Valverde et al., 2004). Analyses of CO protein were
carried out using 35S::CO transgenic plants, in which
CO mRNA levels are constantly high independently of
the effect of the circadian clock and exposure to light.
In these transgenic plants, CO protein accumulates
under continuous white light, whereas CO levels are
strongly reduced under continuous dark. Light de-
pendent accumulation of CO was also observed using
the fluorescence of the GFP:CO fusion protein, which
exists at high levels in the nucleus during the day and
disappears in the dark. The dark-dependent reduction
of CO protein is derived from ubiquitin-dependent
active degradation of CO protein by the proteasome,
as CO protein accumulates to high abundance in the
dark in vivo in the presence of proteasome inhibitors
and is detected attached to ubiquitin in vitro. Further-
more, CO protein accumulates to high levels in con-
tinuous blue and far-red light, whereas CO protein
disappears in continuous red light, consistent with
flowering time under these light conditions. PhyA and
cryptochromes are involved in far-red and blue light-
dependent accumulation of CO, whereas PhyB is
involved in red-light-dependent reduction of CO pro-
tein abundance. Thus, these results confirm that CO is
a direct target of light signals and identify the cognate
photoreceptors.

However, analyses of CO protein in light-dark
cycles provided the unexpected observation that CO
protein levels in 35S::CO plants are strongly depen-
dent on daylength; CO protein under LD exhibits
a diurnal pattern with a strong peak in abundance at
the end of the day, whereas under SD CO protein is
diurnally expressed with a much weaker peak in
expression at the early nighttime. This daylength
dependent CO protein accumulation must be regu-
lated independently of the transcriptional control that
drives diurnal patterns of CO mRNA in wild-type
plants. Notably, the time of the strong CO protein peak
under LDs in 35S::CO plants coincides with that of CO
mRNA peak detected in the evening in wild-type
plants. Thus, a combination of the transcriptional and
posttranscriptional diurnal patterns in CO expression
could enhance each other and drive a high amplitude
of CO activity under LDs, allowing FT to be induced at
high levels specifically under these conditions.

Hayama and Coupland

680 Plant Physiol. Vol. 135, 2004



How is the diurnal pattern of CO protein generated?
The regulation of CO protein abundance during the
day is mediated by phyB, which promotes reduction of
CO protein especially early in the morning. This was
demonstrated by the observation that phyB mutations
cause constantly high CO protein accumulation dur-
ing the day. In contrast, phyA and cryptochromes
stabilize CO protein at the end of the day, as loss-of-
function mutations impairing these photoreceptors
decreases the levels of CO protein abundance in the
day under LD. The phyA and cryptochrome photo-
receptors seem to stabilize CO independently of phyB,
because loss of these photoreceptors decreases CO
protein abundance under continuous blue or far-red
light, where phyB would not be activated. Thus, these
observations reveal that phyA and cryptochromes act
to stabilize CO during the day in response to far-red
and blue light, respectively, whereas phyB is activated
especially in the morning and antagonizes the activity
of phyA and cryptochromes to promote the degrada-
tion of CO. Towards the end of a LD the balance
between these activities favors stabilization of CO,
which eventually allows CO protein levels to be in-
creased until the end of the day. During the night CO
protein is degraded, probably via an independent
mechanism similar to those proposed for other light-
stabilized transcription factors.

Control of Flowering Time in an SD Plant, Rice

Photoperiodic control of flowering is widespread
among the Angiosperms, and whether the molecular
mechanism controlling the LD promotion of flowering
in Arabidopsis is conserved in other plant species
exhibiting different responses to daylength is of im-
portance. CO and FT homologous genes have been
identified in many species suggesting conservation
of the components of the Arabidopsis photoperiod
pathway (Yano et al., 2000; Liu et al., 2001; Kojima
et al., 2002; Griffiths et al., 2003). In addition, recent
molecular-genetic studies in the SD plant, rice (Oryza
sativa), as well as the completion of its whole genome
sequence, have allowed us to compare the molecular
mechanisms controlling flowering time between a SD
and a LD plant.

Conservation of the Molecular Mechanisms Controlling

Daylength Response of Flowering in Rice
and Arabidopsis

The genetic mechanisms controlling photoperiodic
flowering in rice and Arabidopsis appear to be closely
related (Fig. 3). For example, Heading-date1 (Hd1),
Heading-date3a (Hd3a), and Heading-date6 (Hd6) have
been recently isolated as quantitive trait loci respon-
sible for the different flowering times of rice cultivars,
and found to encode proteins similar to CO, FT, and
the a-subunit of casein kinase 2, respectively (Yano
et al., 2000; Takahashi et al., 2001; Kojima et al., 2002).
PHOTOPERIODSENSITIVITY5 (Se5) is also a flowering-

time gene and encodes a protein similar to Arabidop-
sis HY1, a heme oxygenase which participates in
biosynthesis of phytochrome chromophore. The rice
se5 mutant exhibits severe early flowering in continu-
ous light as well as under LDs and SDs and shows no
flowering response to daylength, indicating that phy-
tochrome is an essential photoreceptor for the regula-
tion of daylength responses of flowering in rice (Izawa
et al., 2000). The GI homolog of rice (OsGI) was also
isolated, as a gene whose mRNA abundance is altered
in se5 mutants, and the flowering behaviors of trans-
genic plants with increased expression of OsGI or
reduced OsGI expression levels showed its participa-
tion in the control of the daylength response of flower-
ing (Hayama et al., 2002, 2003). Control of flowering
time by OsGI may be mediated by regulation of Hd1
activity, perhaps through a mechanism similar to that
in Arabidopsis (Hayama et al., 2003).

Comparison of the genome sequences of rice and
Arabidopsis also suggests wider conservation of the
molecular mechanisms controlling flowering time in
response to daylength. CCA1- and TOC1-like genes are
found in the rice genome, and a CCA1-like gene was
reported to exhibit circadian rhythms with a phase
similar to that of CCA1 of Arabidopsis (Izawa et al.,
2002, 2003). Furthermore, genes similar to Arabidopsis
ZTL and ELF3, involved in light input to the clock, are
also found in the rice genome (Izawa et al., 2003).
These observations suggest that the components of the
genetic network that controls flowering time of Arabi-
dopsis in response to daylength are highly conserved
in rice and that similar underlying mechanisms are
likely to occur in both species.

Daylength Measurement in Rice

If rice utilizes similar molecular mechanisms to those
of Arabidopsis to control flowering time in response to
daylength, how is the reverse response to daylength
generated in rice? Recent studies have suggested an
answer to this question. Transgenic plants overexpress-
ing Hd3a mRNA exhibit strong early flowering, in-
dicating that Hd3a, similar to FT in Arabidopsis, acts as
a floral promoter in rice (Kojima et al., 2002). However,
Hd3a expression is induced specifically under SDs,
and therefore shows the reverse regulation to that of
FT in Arabidopsis (Kojima et al., 2002).

The daylength dependent regulation of Hd3a is
mediated by Hd1. In Arabidopsis, CO induces FT
expression under LDs and promotes flowering. In
contrast, Hd1 was proposed to have two independent
and opposite functions in the control of flowering
time. This idea is based on the observation that loss of
Hd1 function causes early flowering under LDs and
late flowering under SDs (Yano et al., 2000). Transcrip-
tion of Hd3a is altered in the se1 mutant (a loss-of-
function mutant of Hd1) in ways consistent with its
flowering phenotype; under LDs the transcript levels
of Hd3a are increased in this mutant, whereas under
SDs they are decreased (Izawa et al., 2002; Kojima et al.,
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2002). Notably, transcripts of Hd1 exhibit diurnal
patterns under LDs and SDs in a phase similar to
those of CO (Izawa et al., 2002; Kojima et al., 2002;
Hayama et al., 2003). Thus, the mechanism by which
Hd1 suppresses Hd3a and inhibits flowering under
LDs may be explained in a similar way to the function
of CO in Arabidopsis; under LDs, Hd1 is expressed at
high levels at the mid to end of the day, and a co-
incidence between Hd1 expression and exposure to
light may generate LD signals that inhibit Hd3a tran-
scription and suppress flowering. Activation of Hd1 by
light under LDs could be mediated by phytochrome,
because loss of Se5 function does not largely alter the
diurnal pattern of Hd1 or the circadian rhythms of
several clock output genes such as CAB and CCA1-like
genes, despite the severe early-flowering phenotype of
se5 mutants under LDs (Izawa et al., 2002). Further-
more, the double mutant se5 se1 never flowers earlier
than each single mutant under LDs, indicating that
under LDs they inhibit flowering within the same
genetic pathway. In contrast, the double mutant flow-
ers later than se5 mutant, indicating that in the absence
of Se5 function Hd1 promotes flowering under LDs
(Izawa et al., 2002).

These observations provide a model of how Hd1
acts in wild-type plants to inhibit or promote flower-
ing dependent on the daylength. Under LDs, Hd1
protein that is expressed at the end of the day is
activated by phytochrome to inhibit flowering through
inactivating Hd3a expression. In contrast, under SDs,
Hd1 is not expressed during the day but is expressed
during the night, when phytochrome is proposed to be
inactivated, and this allows Hd1 to induce Hd3a
expression and promote flowering under these con-
ditions. The se1 mutant therefore exhibits early flower-
ing under LDs because Hd1 is not present during the
day to inhibit flowering, while this mutant exhibits
late flowering under SDs because Hd1 is not expressed
in the dark when it would promote flowering. The
strong early-flowering phenotype of the se5 mutant
irrespective of the daylength conditions may be ex-
plained because in this mutant, Hd1 is in a form that
promotes flowering irrespective of the length of day or
night, due to the lack of phytochrome activity (Izawa
et al., 2002).

Figure 3. A model of daylength measurement in rice. Hd1, a CO
homolog in rice, has the independent functions of inhibiting and
promoting flowering under LDs and SDs, respectively. Hd1 mRNA
exhibits diurnal rhythms under both SD and LD with their phases
similar to those of CO in Arabidopsis. Hd1 mRNA highly accumulates
at the mid to the end of the day under LD, and the coincidence of Hd1
expression and exposure to light suppresses the transcription of Hd3a
and inhibits flowering under these conditions. Hd1 is proposed to

inhibit Hd3a by suppressing the function of a transcription factor that
autonomously activates Hd3a. Phytochrome modifies Hd1 function so
that it can act to inhibit Hd3a. Without phytochrome activity, Hd1
induces Hd3a. Therefore, under SDs, when Hd1 accumulates at high
levels during the night and phytochrome is inactive, Hd1 inducesHd3a
and promotes flowering. The se1 mutant is deficient in Hd1 and
exhibits early flowering under LDs due to the lack of Hd1 during the
day. This mutant also shows late flowering under SDs due to the
absence of Hd1 during the night. The se5 mutant is defective in
phytochrome activity and shows early flowering irrespective of the
daylength, because Hd1 is constitutively in the dark form. The double
mutant shows later flowering than the se5mutant due to the lack of the
dark form of Hd1.
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The critical molecular differences between rice and
Arabidopsis that generate the differences in Hd3a/FT
regulation are not yet clear. However, loss of Hd1
results in an increase in Hd3a mRNA levels under LDs,
indicating that in rice an additional transcription
factor is responsible for general up-regulation of
Hd3a expression independent of Hd1 activity. Hd1
may suppress Hd3a through the inactivation of this
transcription factor under LDs, but could induce Hd3a
transcription in the dark through the enhancement of
the activity of the transcription factor or through
another mechanism. In contrast, a transcription factor
that can activate FT autonomously may not be re-
quired in Arabidopsis. Furthermore, the opposite roles
of Hd1 and CO in the control of Hd3a and FT
transcription, respectively, may not be caused by dif-
ferences in the proteins themselves, because examples
have been described where the same transcriptional
complex can induce or inhibit the transcription of
genes directly, dependent on external signals (Eastburn
and Han, 2004).

CONCLUSIONS AND PERSPECTIVES

Recent molecular-genetic studies of the daylength
response of flowering in Arabidopsis have suggested
mechanisms by which the LD signal is perceived
during floral induction. For example, studies of FKF1
provided a mechanism for increasing transcript levels
of CO at the critical time under LDs, so that CO
activated by light can generate high levels of a LD
signal. Moreover, studies of CO protein suggest a
synegistic mechanism of amplifying a LD signal to a
high level by the interaction of the diurnal regulation
of CO mRNA by the circadian clock and the LD
induction of CO protein by photoreceptors that occurs
independently of the regulation of CO mRNA. These
studies imply that in Arabidopsis, the LD signal for
promotion of flowering is not generated by a simple
interaction between circadian rhythms and light, sug-
gested in the external coincidence model, but by
complex interactions between several mechanisms.
This machinery may enable plants to induce flowering
effectively in response to a small change in daylength.
Elaboration of the basic mechanisms identified so far
will be necessary to fully understand this process. For
example, analyses of CO protein have not yet identi-
fied the molecular mechanisms that are directly in-
volved in light-dependent stability or degradation of
CO protein. Isolation of mutants in which CO activa-
tion by light is altered or of proteins that physically
interact with CO protein, may allow us to understand
these mechanisms further. Studies of flowering time in
rice have demonstrated that this plant utilizes similar
genetic pathways to Arabidopsis for controlling flow-
ering time and that the difference in the function of
particular genes in a pathway contributes to the re-
verse response to daylength observed between LD and
SD plants. Although the critical differences in the

regulatory mechanisms between Arabidopsis and rice
are not yet clear, several reciprocal experiments, in
which for example the promoters of FT and Hd3a are
exchanged between these plant species, may provide
important information to understand this general
question.

Finally, whether or not the molecular mechanism
controlling the daylength response of flowering is
conserved among plants that exhibit the same re-
sponse to daylength has not been addressed. Several
plant genera, such as Nicotiana and Lemna, include
both SD and LD plants, suggesting that a daylength
response can diverge rapidly during evolution. There-
fore, the regulatory mechanism for flowering time
could be different even in plants that exhibit the same
response to daylength. Recently, CO homologs in
Pharbitis were isolated and their roles in the control
of flowering time tested (Liu et al., 2001). The molec-
ular studies in Pharbitis, as well as other plant species,
may help us to understand how the diversity in the
photoperiodic pathways was generated during the
evolution of the molecular mechanisms for daylength
response of flowering in plants.
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