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Abstract

Flowering time is of great significance for crop reproduction, yield, and regional adaptability, which is intricately regulated
by various environmental cues and endogenous signals. Photoperiod is a key flowering regulating factor due to its relatively
high concern in the same geography, while other factors change year over year. Photoperiodic flowering time is controlled
by a complex genetic network, which is regulated by florigen. RICE FLOWERING LOCUS T 1 (RFT1) is the closest homo-
logue of Heading date 3a (Hd3a), which is thought to encode a mobile flowering signal and promote floral transition under
short-day (SD) conditions in rice. Recent molecular genomic advancement revealed how to identify the molecular nature of
florigen, its function, expression, and how to diversify its regulatory pathway. Here, we summarized the recent understanding
of flowering time regulation mainly focused on rice Hd3a, its molecular function, expression, and diversified photoperiodic

regulatory pathways under short-day and long-day (LD) conditions.
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1 Introduction

Rice is one of the most important cereal crops and has wide
adaptability in diverse climatic regions ranging from 44°
N to 35° S and 6 ft below to 2700 ft above sea level (Molla
2022), which traits and mechanisms confer this adaptability
is a major question in rice biology. Heading date (or flower-
ing time) is a crucial trait for the regional and seasonal adap-
tation of rice and influences grain yield. Rice is a facultative
short-day (SD) plant; SD conditions promote, and long-day
(LD) conditions inhibit flowering (Sohail et al. 2022). Flow-
ering time is a dramatic change from the vegetative stage
to the reproductive stage and is predominantly controlled
by genetic pathways, integrated with internal and external
cues (Wu et al. 2018; Zhang et al. 2019). Most plant spe-
cies can initiate flowering for reproduction mainly depend-
ing on environmental changes in photoperiod and tempera-
ture (Song et al. 2015; Tan et al. 2016). Flowering time is
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vital for seasonal changes, regional adaptability, and often
affluent to perceive (Zhang et al. 2017). Plants are generally
classified into three categories regarding photoperiodic flow-
ering initiation response; long-day plants (LDPs), initiate
flowering when the day length becomes longer, short-day
plants (SDPs), start flowering when the day length becomes
shorter, while day-neutral plants (DNPs) are unaffected by
photoperiodic fluctuations. The molecular mechanism of
photoperiodic FT has been comprehensively examined in a
model LDP (Arabidopsis thaliana) (Song et al. 2015) and a
traditional SDP (Oryza sativa L.) (Tsuji et al. 2011; Shrestha
et al. 2014). Flowering time regulation is controlled by sev-
eral genes, which are suppressed/expressed in an association
with environmental dynamics, i.e., photoperiod and tem-
perature (Huan et al. 2018). Recent studies reported FLOW-
ERING LOCUS T (FT) and Heading date 3a (Hd3a), as
florigen in Arabidopsis and rice, respectively. These florigen
moves in a form of mobile signals from the leaf to shoot api-
cal meristem (SAM) and commence flowering (Goretti et al.
2017). More recently, the molecular mechanism of florigen
function in shoot apical cells was revealed in rice. Hd3a
florigen interacts with 14-3-3 proteins in the cytoplasm
and forms a ternary complex with OsFDI1 in the nucleus
(Tsuji 2017). The ternary complex is known as the florigen
activation complex (FAC), which activates OsMADS15,
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homologue of A. thaliana APETALA1 (AP1), which leads
to flowering (Camoni et al. 2018). FD is a basic leucine
zipper (bZIP)-containing transcription factor, and its loss-
of-function mutants are late flowering (Taoka et al. 2011).
These results indicate that 14-3-3 proteins act as intracellular
receptors for florigen in shoot apical cells and offer new
approaches to manipulate flowering in various crops and
trees. Advancement in molecular genetics provides a clear
concept of flowering time regulation mechanism in rice from
molecular genetics, molecular biology, and comparative
biology point of view. In this review article, we deliberate
our understanding of flowering time, using the current find-
ings of a strong candidate for rice mobile flowering signals,
florigen, and incorporated the presence of complex layers
of gene networks integrated with the synthesis of florigen
protein and its subsequent transport and perception.

2 Rice florigen

Rice has two florigens, Heading date 3a (Hd3a) and RICE
FLOWERING LOCUS T 1 (RFTI), which are crucial for
FT in rice. Regulations of these florigens involve a complex
genetic network, which is discussed below.

3 Hd3a protein as rice florigen

Florigen, a mobile signal that moves from leaves to SAM
and induces flowering, has been elucidating since it was
identified 70 years ago. Understanding the nature of mobile
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floral signals provides insight into the molecular mechanism
of flowering induction (Brambilla and Fornara 2013). Recent
research identified FT, encoding florigen in Arabidopsis,
whereas Hd3a, an ortholog of FT, was reported in rice,
which moves from leaves to SAM and causes flowering.
These results showed that Hd3a is florigen in rice (Tamaki
et al. 2007).

Hd3a was first identified as a quantity traits locus (QTL)
that promotes flowering in rice under inductive short-day
conditions (Yamamoto et al. 1998). The overexpression of
Hd3a with cumulative promoter promoted flowering time,
while RNA interference (RNAIi) of Hd3a suppressed flower-
ing in rice. (Monna et al. 2002).

The size of Hd3a/FT is about 22 kDa and their struc-
tures are similar to mammalian phosphatidylethanolamine-
binding proteins (PEBPs) or Raf kinase inhibitor proteins
(RKIP) (Ahn et al. 2006). However, it is not clear whether
Hd3a/FT binds or not with phosphatidylethanolamine and
kinase inhibitor. Recent molecular studies revealed that FT
has a strong downstream effect on the flowering promotion
of the known photoperiodic flowering pathway in Arabidop-
sis (Kobayashi and Weigel 2007; Guo et al. 2020; Zong et al.
2020). Arabidopsis and rice flowering time are assisted by
LD and SD, respectively (Liu et al. 2020). FT mainly acti-
vates floral activity in Arabidopsis that expresses in leaves
vascular tissue and transfers to SAM to induce flower-
ing (Kobayashi et al. 1999; Shim and Jang 2020). The inter-
action of FT with the bZIP transcription activation factor
results in full activation of FLOWERING LOCUS T (FD)
in SAM, this activation is necessary for floral promotion in
rice (Fig. 1) (Abe et al. 2008; Peng et al. 2021).

Hd3aFT
Protein

Arabidopsis thaliana

Fig. 1 The florigen (Hd3a/FT) model of rice and Arabidopsis. Hd3a/FT is induced in leaf vascular tissue and shifts through phloem tissue. These

florigens are unloaded from vascular tissue and enter into SAM
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Anatomical research showed that the product of FT
is the main site for floral expression. If FT codes flo-
rigen and can act as a mobile floral agent via transcripts
(mRNA) or protein, either of which interacts with FD in
SAM. Now the question is whether mRNA or protein acts
as a mobile agent for florigen activity (Zeevaart 2006).
So the question was responded with rice as a model SD
plant to elucidate the nature of florigen activity. Firstly,
to determine the exact Hd3a transcription site and accu-
mulation of mRNA. Using transgenic plants, the promoter
activity of p-glucuronidase (GUS) was expressed in the
presence of the Hd3a promoter in leaf blades with no
expression in SAM. FT expression is tissue-specific in
Arabidopsis, while this expression is promoted by FT in
LD (Arabidopsis) and Hd3a in SD (rice) (Kobayashi and
Weigel 2007). Hd3a mRNA stores more in leaf blade but
lower in leaf sheet and much lower than % in SAM under
inductive SD conditions. Hd3a expression is specific to
the vascular tissue of leaf blades. Hence, it is different
from Hd3a mRNA, which transfers a significant amount
from leaves to SAM (Fig. 1) (Jang et al. 2008).

Secondly, the tissue localization of Hd3a was studied
from rice transgenic plants driven from the Hd3a pro-
moter expressed as Hd3a-GFP fusion protein. Hd3a-GFP
is located in the vascular tissue of leaf blades just below
SAM where the node is localized. Thus, Hd3a-GFP pro-
tein is produced in the vascular tissue of the leaf blade
and conveyed to the phloem where it is unloaded from
vascular tissue into meristem tissue just below the SAM
(Tamaki et al. 2007). Necessarily, the location of Hd3a-
GFP was tested in other vascular tissues using different
tissue-specific promoters conforming to the expression
of Hd3a-GFP, revealing that Hd3a protein transmits from
leaves and vasculature to SAM. This discussion revealed
that Hd3a acts as a mobile flowering signal in rice and
Hd3a/FT long-distance mobility is observed from rice
proteome phloem sap (Aki et al. 2008). Hd3a mobility
has probably not been detected because of photoperiod
conditions, and sampling time was unsuitable for Hd3a
detection. However, Hd3a/FT protein has been noticed in
the phloem sap tissue of CmFTL2, an Hd3a/FT ortholog
of Cucurbita maxim, which moves from graft union and
induces flowering (Lin et al. 2007). Phloem sap acquired
from the Brassica napus inflorescence also contains FT
protein (Giavalisco et al. 2006). The above discussion
provides additional information that Hd3a/FT is a flo-
rigen protein. Arabidopsis behavior also showed that FT
is florigen. Phloem expresses FT-GFP and Hd3a-GFP
transfer to SAM and promotes flowering but FT nuclear
localization does not because of immobilization (Mathieu
et al. 2007; Jaeger and Wigge 2007; Wu et al. 2020).

4 RFT1 is essential for flowering in rice

RFTI is also the second florigen and the closest homolog
of Hd3a and 13 FT-like proteins in rice. RFTI is located
on chromosome 6, 11.5 kb away from Hd3a. RFTI is
91% similar to Hd3a and most likely produced by tandem
duplication (Sun et al. 2014; Hori et al. 2016). Tissue-
specific expression of RFT1 and Hd3a is the same under
SD. Therefore, RFT1 may function with Hd3a as the sec-
ond florigen in rice. The RFT1 involvement as florigen is
examined from a detailed analysis of Hd3a suppression by
RNAI rice plants. The flowering time of Hd3a RNAI plants
was more than 30 days late, while RFT1 RNAi flower-
ing time was normal under SD conditions, indicating that
RFT1 did not promote flowering on its own. Both Hd3a
and RFT1 were suppressed in double RNAi plants and
did not flower earlier than 300 days of germination. Thus,
RFT1/Hd3a is involved completely in the regulation of rice
flowering time. The expression level of RFT1 is relatively
low in wild rice as compared to Hd3a RNAi and is associ-
ated with the reproductive transition in SAM of rice plants.
The upregulation of RFT] is associated with an abundance
of histone-3-acetylation (H3A) near the transition induc-
tion site (Tan et al. 2016; Zhu et al. 2017). The above
discussion suggests that the expression of RFTI enhances
in the absence of Hd3a, and RFTI is Hd3a complementary
in function. Therefore, RFT1 acts as the second florigen
in rice flowering time regulation under specific condi-
tions (Nemoto et al. 2016).

5 Gene network of flowering regulation
inrice

Recently, several flowering genes have been cloned,
which play an important role in photoperiodic flowering
regulation (Zhang et al. 2019). Rice photoperiodic flow-
ering is monitored by two independent signaling path-
ways. The GIGANTEA-Heading date-1-Heading date
3a (OsGI-HdI1-Hd3a) pathway is evolutionarily asso-
ciated with the Arabidopsis GIGANTEA-CONSTANS-
FLOWERING LOCUS T (GI-CO-FT) pathway (Song et al.
2015). The evolutionarily unique pathway, Early heading
date 1-Hd3a/Rice FT1 (Ehdl1-Hd3a/RFTI), controlled
photoperiodic flowering in rice but does not function in
Arabidopsis due to the lack of an Ehdl ortholog (Doi
et al. 2004; Song et al. 2015). Heading date 3a (Hd3a)
and RICE FLOWERING LOCUS T1 (RFTI) are two flo-
rigens, which regulate flowering time under short-day
(SD) and long-day (LD) conditions in rice (Tsuji et al.
2013). Hd3a and RFTlexpression are activated under SD
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and LD conditions, respectively (Chardon and Damer-
val 2005; Komiya et al. 2009). Hd3a/RFT1 is mainly
regulated by HdI and Ehdl under both SD and LD con-
ditions (Gao et al. 2013). Ehdl is upregulated by Early
heading date 2 (Ehd2) (Matsubara et al. 2008), Ehd3 (Mat-
subara et al. 2011), Ehd4 (Gao et al. 2013), Oryza
sativa GIGENTA (OsGI) (Park et al. 2008), Ghd8 (Yan
et al. 2011), OsMADS51 (Ryu et al. 2009), OsMFTI (Song
et al. 2018), and OsMADS51 (Kim et al. 2007), while
downregulated by CONSTANS-Like 4 (OsCOL4) (Lee
et al. 2010), OsCOL9 (Liu et al. 2016), and OsCOL15 (Wu
et al. 2018) under SD. In contrast, Ehdl is upregulated
by Ehd4 (Gao et al. 2013), OsMADS56, OsMADS51 (Ryu
et al. 2009), Ghd8 (Yan et al. 2011), LEC2, and FUSCA3-
Like 1 (OsLFLI) (Peng et al. 2008), and OsVIL2 (O. Sat
iva VIN3-LIKE 2) (Hori et al. 2013), while downregu-
lated by OsCOL4 (Wu et al. 2018), OsCOL9 (Liu et al.
2016), OsCOLI0 (Tan et al. 2016), OsCOLI3 (Sheng
et al. 2016), OsCOLI15 (Wu et al. 2018), OsCOL16 (Wu
et al. 2017), DTH8 (Zhu et al. 2017), and OsELF3 (Yang
et al. 2013) (Sel3, OsTrxI under LD conditions. Simi-
larly, Hd1 is upregulated by OsGI under both SD and LD
conditions (Fig. 2) (Hori et al. 2013).

Short day (SD)

©.

Blue light
Ehd2/RID1

i Ehd3  pndy
Red light | \ , ‘ y

Ghds OsCOLI6

Circadian clock

OsCOL15

Phys . :
4 OsMADS51  \
~ V¥4 OsCOLI13
el © Endl |-

OsCOL9
OsCOL4

DTH3 OsMADS50

Hd3a

Floral meristem identity genes
OsMADI14/OsMADS15

Flowering

G

OsCOLI10 Hdé

6 Photoperiods regulate the molecular
genetic pathways of rice flowering

It is clear from the molecular study of Hd3a/FT protein that
the induction of flowering is mainly measured from the
expression level of Hd3a/FT genes that promote rice flow-
ering. Recent studies provide the molecular understanding
of Hd3a photoperiod regulation and the important features
of this day-length regulation are LD suppression and SD
promotion of Hd3a (Fig. 2).

7 Hd3a promotion under SD

Induction of Hd3a expression is at its peak about 30 days
before the floral transition occurs under SD condi-
tions in rice (Komiya et al. 2008). The circadian peak
of Hd3a activity and mRNA production correspond
at dawn, referring to an important unit of Hd3a tran-
scriptional regulation (Ishikawa et al. 2005; Tamaki
et al. 2007). Hd3a expression is mainly regulated
by HdI and EhdI (Izawa 2007). HdI was first reported
as a major photoperiodic-sensitive QTL, it translates
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Fig.2 Flowering regulatory genic web in rice. Rice florigen (Hd3a/RFT1) is mainly regulated by Hdl and Ehdl under both SD and LD condi-

tions. The arrows and bar indicate up and downregulation, respectively
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B-box zinc finger protein with C-terminal of CCT (CON-
STANS, CONSTANS-LIKE, and TIMING OF CAB
EXPRESSIONI1) Domain (Yano et al. 2000). During
SD, the loss-of-function allele of Hd/ results in suppres-
sion of flowering time and decreases Hd3a mRNA pro-
duction (Izawa et al. 2002; Ishikawa et al. 2005). Phy-
logenetic studies revealed that HdI is a CO ortholog of
Arabidopsis, which is a key activator of FT (Izawa et al.
2003). HdI involvement in Hd3a transcription is not so
coherent, but the differences in spatiotemporal pattern
of Hd3a and Hdl mRNA contribute to a more complex
mechanism (Hayama et al. 2003). Hdl mRNA expression
level is maximum at midnight, while Hd3a mRNA level
peaks after 4—6 h of Hdl (Izawa et al. 2002; Shikawa et al.
2005).

OsGI is an ortholog of Arabidopsis thali-
ana GIGANTEA (GI) and a basic upstream regulator
of HdI expression (Hayama et al. 2002). OsGI is a big
protein existing both in the nucleus and cytoplasmic
matrix of cells in rice. Inhibition of OsGI expression by
RNAI causes a delay in flowering, which reduces mRNA
cumulating under SD conditions (Hayama et al. 2003; Kim
et al. 2007). The OsGI expression is on peaks at dusk,
while HdI peaks at midnight, referring to the involvement
of somewhat unknown mechanisms, which make the dif-
ferences in the time of their expression (Sawa et al. 2007).

During circadian rhythm, the OsGI expression is regu-
lated upstream of the circadian clock (Hayama et al. 2002;
Mizoguchi et al. 2005). In Arabidopsis, circadian clock
mutant GI has abnormal expression (Niwa et al. 2007),
and GI itself is also considered a clock-associated pro-
tein (Locke et al. 2006; Zeilinger et al. 2006). Ehdl is
another major gene that regulates the expression
of Hd3a. Ehd] is identified from the cross of the T65
cultivar and Nipponbare (Doi et al. 2004). Ehdl encodes
B-type regulation response, which reduces affinity for the
target DNA sequence. Mutation suppresses the expres-
sion of Ehdl, which reduces the expression of Hd3a under
SD, reflecting that Ehdl acts as an upstream regulator
of Hd3a (Kim et al. 2007). Ehdl expression peaks before
and after dawn under SD conditions, and the expression
of Hd3a is like Ehdl in the absence of Hdl functional
allele (Doi et al. 2004).

Ehdl expression is controlled by two fac-
tors, OsMADS51 and Ghd7. OsMADSS51 is the only
activator of Ehdl under SD and LD conditions,
while Ghd7 suppresses Ehdl expression only under LD
conditions (Fig. 2). OsMADS51 activity is also sup-
pressed by upregulation of OsGI because RNAi suppres-
sion of OsGI decreased Ehdl and OsMADS51 expression
(Fig. 2). OsMADS51 and OsGI exhibited similar circadian
rhythms, peaking at dusk under SD conditions (Lee and An
2015).

8 Hd3a suppression under LD

In many developmental stages, the Hd3a expres-
sion is low under LD conditions as compared to SD
conditions. HdI also plays a role in the suppression
of Hd3a under LD, while promoting it under SD condi-
tions. Prior to Hd1 cloning, it was considered that mutant
of Hd3a near-isogenic lines (NILs) delay flowering time
under SD conditions and promote flowering under induc-
tive LD, indicating that HdI suppress the flowering time
under SD condition and day-length modify the expression
level of HdI (Lin et al. 2000).

Photochromic signaling disturbs the day-length conver-
sation of HdI function because this action was not noted
in phytochrome deficient plants; the flowering of rice dou-
ble mutant se5 and HdI (which lack both phytochrome
A and B and also HdlI gene), which is slightly later than
single se5 mutant (lacks only phytochromes) (Izawa
et al. 2002). Furthermore, the Hd3a transcript pro-
duction is low in se5 and HdIl as compared to
the se5 mutant plant. The day length also modifies the
function of Hdl, which was supported by manipulation
of OsGI expression resulting in alteration in the expression
of Hd3 and Hdl expression (Hayama et al. 2003). Over-
expression of OsMTS1 and OsGI delay flowering under
both SD and LD, indicating that OsMTSI and OsGI act
as inhibitors of flowering under both conditions.
In OsGI overexpression plants, the Hdl mRNA expression
was increased under LD and SD conditions, while mRNA
of Hd3a and Hdl is negatively associated with each
other, revealing that Hdl suppresses Hd3a expression
when it is extremely induced by OsGI overexpression
line. OsGI overexpression also promotes Hd3a expression
through upregulation of Ehdl of OsGI-OsMADS51 path-
way, but this expression is probably not observed due
to strong inhibitor activity of Hdl. A diurnal tempo-
ral expression of Hd3a and Hdl showed a high level
of Hd3a suppressed by HdI during the light period. Under
SD conditions, the Hdl expression probably increases at
the start of dust, thus maintaining Hdl as an activator.
However, OsGI overexpression accumulates a high level
of Hdl and converts into a repressor during the light
period. Under LD conditions, HdI expression is high dur-
ing the day and converts Hdl into a suppressor (Hayama
et al. 2003). Therefore, the external coincidence model can
be applied to rice; a circadian clock regulates external light
signals intermediated by phytochrome, and HdI expres-
sion generate a specific response to day length (Izawa
2007).

The suppressor behavior of HdI is not noted in asso-
ciation with Arabidopsis thaliana CO, showing that
no different mechanisms that deliver this function. A
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photoperiodic sensitive QTL Hd2 may better explain
this mechanism. Hd2 was identified as QTL from cross-
ing indicia cultivar Kasalath and japonica cultivar Nip-
ponbare (Yamamoto et al. 1998). Hd2 required a func-
tional allele of Hd1 to delay flowering time under SD (Lin
et al. 2000). Furthermore, Hd?2 is also necessary for Hd6,
a photoperiodic sensitive QTL that delays flowering time
under LD (Yamamoto et al. 2000).

Ehdl expression suppresses under LD conditions,
which results in low Hd3a expression. Gh7 is also nec-
essary for Ehdl suppression (Fig. 2). Ghd7 contains a
CCT domain, which is about 60% similar to Hd1, but Hd7
does not have a zinc finger motif like Hdl. Ghd7 does
not affect Ghdl expression but intensely sup-
presses Ehdl expression. The expression of Ghd7 is
higher under inductive LD conditions in leaf vascular
tissues and peaks significantly at dusk (Tsuji et al. 2013).

9 Genes contribute to Hd3a/FT signaling
in SAM

The recognition of Hd3a/FT as florigen discloses the win-
dow for researchers to study the molecular mechanism of
florigen in SAM. In this section, we will focus on FD, CEN/
TFL1, MADS-box transcription factor (FUL/CAL/API),
and MADS-box transcription factor (SOC1). The genes of
above-mentioned categories are brief in below Table 1.

FD — Inrice SAM, the interaction of Hd3a with bZIB tran-
scription factor, which is orthologous of Arabidopsis FD
results in the transformation of the vegetative phase into the
reproductive phase. In Arabidopsis thaliana, FD accumulates
on the edges of SAM where flower primordial produced.
Its initiation starts in the vegetative stage before the arrival
of FT. FD induces floral meristem identity gene FRUIT-
FULL (FUL) and its paralog APETALAI (AP1I) in the pres-
ence of the FT gene (Wigge et al. 2005; Abe et al. 2005).
FD functions in not reported in rice. There are about
seven FD orthologous (OsbZIP24, OsbZIP27, OsbZIP54,

Table 1 Flowering time genes involved in Hd3a/FT flowering signaling in SAM

Groups Gene name  Locus Specie Domain Note References
Hd3a/FT Hd3a 050680157700 Rice Raf kinase inhibitor  Florigen; flowering promoter ~Kojima et al. (2002)
FT Atlg65480 Arabidopsis Florigen; flowering promoter  Kobayashi et al. (1999)
FTL 050180218500 Rice Flowering promoter Izawa et al. (2002)
RFT 050680157500 Rice Flowering promoter Izawa et al. (2002)
CEN/TFL1 RCNI Os11g0152500 Rice Raf kinase inhibitor Flowering inhibitor Nakagawa et al. (2002)
RCN2 050280531600 Rice Flowering inhibitor Nakagawa et al. (2002)
RCN3 Os12g0152000 Rice Flowering inhibitor Zhang et al. (2005)
OsCEN3 Os04g0411400 Rice n.d Zhang et al. (2005)
TFLI At5g03840 Arabidopsis Flowering inhibitor Bradley et al. (1997)
TSF AT4g20370 Arabidopsis Flowering promoter Yamaguchi et al. (2005)
FD FD At4g35900 Arabidopsis  bZIP Flowering promoter Wigge et al. (2005)
OsbZIP27 0s03g0306700 Rice n.d Nijhawan et al. (2008)
OsbZIP54  0s06g0719500 Rice nd Nijhawan et al. (2008)
OsbZIP55  0s06g0720900 Rice n.d Nijhawan et al. (2008)
OsbZIP56  0s06g0724000 Rice n.d Nijhawan et al. (2008)
OsbZIP69  0s08g0549600 Rice n.d Nijhawan et al. (2008)
OsbZIP77  0s09g0540800 Rice n.d Nijhawan et al. (2008)
OsbZIP24  0s02g0833600 Rice n.d Nijhawan et al. (2008)
MADS-box OsMADS14 0s03g0752800 Rice MADS-box Flowering promoter Kyozuka et al. (2000)
transcription gy, At5g60910 Arabidopsis Flowering promoter Gu et al. (1998)
i‘;tl‘)/rcfg)u OsMADSI5 0s07g0108900 Rice n.d Kyozuka et al. (2000)
API Atlg69120 Arabidopsis n.d Mandel et al. (1992)
MADS-box tran- OsMADS50 0s03g0122600 Rice MADS-box Flowering promoter Lee et al. (2004)
scription factor - gocj A2g45660 Arabidopsis Flowering promoter Samach et al. (2000)

(SOC1)

n.d. not identified
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OsbZIP55, OsbZIP56, OsbZIP69, and OsbZIP77) in rice
whose function is not identified till now (Table 1). Among
them, the OsbZIP24 mRNA level is comparatively more in
SAM. OsbZIP54 mRNA distribute in the whole plant, epi-
cally SAM where the other FD-like bZIB factors is below
the detection level (Nijhawan et al. 2008). Still, it is essen-
tial to study if there is any unclear functional differentiation
among FD proteins.

10 MADS-box transcription factors

The genic web acting downstream of FT in Arabidop-
sis involved MADS-box transcription factors. FT along
with FD and LEAFY is essential for the induction
of FUL and API in SAM. (Abe et al. 2005; Michaels et al.
2005; Teper-Bamnolker and Samach 2005). The regulation
of FT-dependent gene has also been detected in Arabidop-
sis leaves. The expressions of FUL and SEPALATA3 were
promoted by overexpression of FT in leaves and decreased
in fd and ftr mutants (Teper-Bamnolker and Samach 2005).
Therefore, both leaves and SAM share the same regula-
tory mechanisms. OsMADSI4/RAPIB, an orthogonal
of API and OsMADSI5 is upregulated by Hd3a in the
leaves under SD (Komiya et al. 2008). This results shows
that the similar regulatory mechanism involved in SAM
and OsMADSI4 is expressed in apical meristem during a
reproductive stage (Giavalisco et al. 2006; Furutani et al.
2006) and its ectopic behavior quickly endorses rice flower-
ing (Jeon et al. 2000). AP1 MADS-box proteins are serving
as key mediators of Hd3a/FT activity in cereal crops flow-
ering time. OsMADS14 also acts as an activator of Hd3a in
leaves (Kim et al. 2007; Lee et al. 2007). MADS-box pro-
tein suppresses the overexpression of Constantsl (SOC1)
in Arabidopsis. The latest study showed that FT medi-
ates SOC1 activation downstream of CO. SOCI interacts
directly with AGL24-MADS-box proteins in the SAM tips,
and the direct attachment of AGL24-SOC1 forms a com-
plex with the promoter of AGL24 and SOC1 and upregu-
lates their expression level (Liu et al. 2008), whereas the
regulatory mechanism and expression site is distinct in
rice. Inserted T-DNA of OsMADS50 reduces the tran-
scription of Hd3a in the leaves, while RNAI inhibition
of Hd3a or Hd3a and RFTI do not cause any modifica-
tions in the expression of OsMADS50 (Table 1). There-
fore, OsMADS50 functions upstream of Hd3a in rice
leaves (Lee et al. 2004; Komiya et al. 2008).

CEN/TFL1 — CENTORADIALIS (CEN)/TERMINAL
FLOWER 1 (TFL1) protein provides an interesting under-
standing of Hd3a/FT signals in SAM. CEN/TFLI is homolo-
gous of Hd3a/FT, which encodes RKIP proteins, however,
the CEN/TFL1 protein inhibits flowering. The TFL1 mRNA

of Arabidopsis is restricted to the central inflorescence shoot
meristem cells, and the TFL1 protein moves to the external
cells. The suppression of flowering was comprehensively
studied by Arabidopsis FT and TFL1 (Hanzawa et al. 2005;
Ahn et al. 2006). Proteins carrying individual scums or
alternatives to specific sections of FT and TFL1 are overex-
pressed in double f7 #fl] mutants to draw residues or regions,
that give the specific activity of both proteins. The crystal
structure of TFL1 and FT were matched with specific map
regions. These analyses showed that the consequent Tyr85 in
His88 and FT in TFL1 are vital for the contrasting function
of FT and TFL1 (Hanzawa et al. 2005), and the section liable
for the difference is confined in 14 amino acid segments of
the external loop of proteins at C-termini.

— There are about four CEN/TFL1-like genes in the
rice genome (Chardon et al. 2005). RICE CENTRORA-
DIALSI (RCNI), RCN2, and RCN3 can suppress flower-
ing initiation and affect panicle structure when overex-
pressed (Table 1) (Nakagawa et al. 2002; Zhang et al. 2005).
The RCN3 protein can be observed in the phloem sap of rice,
which suggests that the protein signals are linked between
different parts (Aki et al. 2008). An attractive assumption
that explains the differences between CEN/TFL1 and Hd3a/
FT controlling activity is that the external loop introduces
different partners to CEN/TFL1 or Hd3a/FT to define the
capabilities of the complex. Screening analysis of protein
interaction using a precise external loop provides a deeper
understanding of Hd3a/FT signals and promotes flower
promotion.

11 Conclusions and perspective

Decades of research on flowering time expand our under-
standing of the molecular mechanism of flowering time
regulation in rice. A molecular control network is becom-
ing complex day by day due to novel genes and their regula-
tory mechanisms. Florigen is also referred to as a mobile
flowering hormone because of its mobility and flowering
activation nature. For flowering time regulation in rice, it
is necessary to explore Hd3a/FT synthesis, identification,
transport, receptor activity, and cellular signaling pathway.
Recent advances confirmed that still very less is known
about Hd3a trafficking activity, the direction of Hd3a in the
phloem, how Hd3a in companion cells is transported into
the sieve element system, and how Hd3a targets SAM after
unloading from the upper end of the phloem are all open
questions for discussion. Flowering time research has also
identified many important genes as a resources for breeding.
Natural variation and artificial selection of flowering genes
that are/were vanished through the domestication process
should not only contribute to exploiting the mechanism
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of flowering time gene regulation but also facilitate future
breeding programs.
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