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PREFACE
During their life cycle, plants undergo developmental transitions that
profoundly change growth patterns. Regulation of the activity of meristems
(groups of undifferentiated cells giving rise to all plant organs) is crucial to
determine the correct progression through transitions and establish plant
architecture. Different plant species have evolved complex regulatory
networks to control meristems' fate and activity.
Upon perception of favourable environmental conditions and endogenous signals, plants initiate flowering and vegetative meristems, producing leaves and shoots, become inflorescence meristems. This transition is
referred as the vegetative-to-reproductive or floral transition and commits
the plant to flower. The timing of this transition is critical, because inflorescences are delicate organs eventually producing seeds, and plants need to
flower when external conditions are optimal for offspring survival.
The first part of this book (Chapters One to Five) is dedicated to the
molecular mechanisms that plants have evolved and adopted to measure
environmental and endogenous parameters such as day length, temperature
and hormonal levels, and how such information promotes or inhibits flowering by affecting expression of regulatory genes. Chapter 1 (Photoperiodic
flowering regulation in Arabidopsis thaliana by Golembeski et al.), reviews
the photoperiodic flowering pathway in Arabidopsis, the most studied plant
model system, that has been instrumental to isolate the key players regulating flowering and to formulate current models for seasonal time measurement. Central to the photoperiodic flowering pathway is FLOWERING
LOCUS T (FT), recently identified as the florigen and shown to be conserved across diverse plant lineages. In Chapter Two, Pyo et al. describe how
specific ecotypes of Arabidopsis require exposure to cold in order to flower,
a process known as vernalisation (Regulation of flowering by vernalisation in Arabidopsis). Stable repression of a transcription factor, FLOWERING LOCUS C (FLC), is essential to establish competence to respond to
photoperiodic induction. The genetic and epigenetic regulation of FLC
is very complex and requires remodelling of chromatin at the FLC locus.
How this is achieved by distinct types of regulatory molecules is thoroughly
described. Not only seasonal cues, but also the levels of internal signalling
molecules, such as hormones and sugars, affect flowering. The contribution
by V. Costa Galvão and M. Schmid (Chapter Three, Regulation of flowering
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by endogenous signals) provides an overview of the role of plant hormones
on flowering. In this chapter the role of sugars as key nodes in regulatory
networks is discussed, providing an exciting perspective of the connection
between metabolism and gene regulation.
Arabidopsis is an extremely useful model to address the basic mechanisms of flowering in plants. However, not all plant species adopted the
same developmental strategies to flower. In Chapter Four (Critical gates in
day-length recognition to control the photoperiodic flowering), A. Osugi
and T. Izawa describe how rice responds to changes in day length, flowering as days become shorter.The use of rice as model system has allowed the
identification of novel regulatory mechanisms controlling photoperiodic
flowering responses, clearly indicating that some molecular components
specifically evolved in the monocot lineage and are not shared by dicot species. Further developing on monocot diversity, C. Campoli and M. vKorff
present an overview of the pathways controlling flowering in temperate
cereals, including wheat and barley (Chapter Five, Genetic control of reproductive development in temperate cereals). As opposed to rice, where no
vernalisation pathway has evolved because of its tropical origins, flowering
of temperate cereals is accelerated by exposure to low temperatures. Natural
genetic variation at loci controlling flowering responses to photoperiod and
low temperatures has been exploited by breeders to produce varieties better
adapted to diverse cultivation areas.
Once committed to flower, inflorescence meristems produce branches
and ultimately floral meristems that give rise to floral organs. Specification
of distinct structures on the inflorescence main axis generates diverse architectures that constitute the focus of Chapters Six to Ten. D.S. O'Maoileidigh
and colleagues set the stage in Chapter Six (Genetic control of Arabidopsis
flower development), by describing how flowers are formed in Arabidopsis
and how molecular cloning of regulatory genes from this species laid the
foundation of models of flower development, largely applicable to many
plant species. In Chapter Seven, J. Kyozuka describes the development
of grass inflorescences (Grass inflorescence: basic structure and diversity),
whose remarkable and distinctive characteristic is that they form spikelets,
which are short and modified flowering branches. Rice flower development
is the focus of Chapter Eight (Flower development in rice) authored by
W.Tanaka et al.The ABC model of flower development, i.e. the basic molecular plan that instructs cells to form a flower, is largely conserved in rice.
However, not all floral structures are shared between monocots and dicots,
implying the evolution of regulatory mechanisms to establish the identity
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of novel organ types. In Chapter Nine (Genetic and hormonal regulation
of maize inflorescence development), B. Thompson expands the discussion
on grass inflorescence development, focusing on maize. Maize is a monoecious species, in which male and female flowers are produced on distinct
inflorescence types formed on the same plant, providing a beautiful example of how some species have established regulatory mechanisms for sex
specification. This chapter drives the reader through maize flower development, ultimately focusing on how hormonal pathways affect establishment
of male or female identity. Flower shapes and colours are countless and it
would be impossible to describe them all in one single book. However,
the concluding chapter (Chapter Ten, Molecular Control of Inflorescence
Development in Asteraceae) by Broholm and colleagues, addresses flower
development in Asteraceae, a family characterized by producing a showy
inflorescence called capitulum that is formed by the specific arrangement
of different flower types. The beauty of such structures allows us to have a
glimpse of Nature's endless work in shaping plant forms and to appreciate
the sophisticated mechanisms that generate it.
Fabio Fornara

CHAPTER ONE

Photoperiodic Flowering
Regulation in Arabidopsis thaliana
Greg S. Golembeski, Hannah A. Kinmonth-Schultz, Young Hun Song
and Takato Imaizumi1
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Abstract
Photoperiod, or the duration of light in a given day, is an important cue that flowering
plants utilise to effectively assess seasonal information and coordinate their reproductive development in synchrony with the external environment. The use of the model
plant, Arabidopsis thaliana, has greatly improved our understanding of the molecular
mechanisms that determine how plants process and utilise photoperiodic information
to coordinate a flowering response. This mechanism is typified by the transcriptional
activation of FLOWERING LOCUS T (FT) by the transcription factor CONSTANS (CO) under
inductive long-day conditions in Arabidopsis. FT protein then moves from the leaves
to the shoot apex, where floral meristem development can be initiated. As a point of
integration from a variety of environmental factors in the context of a larger system
of regulatory pathways that affect flowering, the importance of photoreceptors
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and the circadian clock on CO regulation throughout the day is a key feature of the
photoperiodic flowering pathway. In addition to these established mechanisms, the
recent discovery of a photosynthate derivative trehalose-6-phosphate as an activator
of FT in leaves has interesting implications for the involvement of photosynthesis in the
photoperiodic flowering response.

1.1 INTRODUCTION
Seasonal variation in climate has selected for the ability of organisms to predict future environmental conditions and use this information to
complete necessary adjustments to thrive. The tilt of the earth’s axis relative
to the sun throughout the solar year can lead to radical changes in weather
patterns and temperature, especially in non-equatorial regions (Thomas &
Vince-Prue, 1996). Survival often depends on the development of strategies
to cope with sub-optimal conditions and the use of optimal ones as fully as
possible. Precise timing of key events in the span of a life cycle is necessary
for organisms faced with a seasonally shifting environment. The timing of
the reproductive cycle is a good example of this phenomenon, as in a substandard environment, premature flowering can have severe implications for
relative fitness. For plants dependent on pollinators for reproduction, flowering also must to be timed with the seasonal availability of other organisms
(Hegland, Nielsen, Lázaro, Bjerknes, & Totland, 2009). As an irreversible
process in most species, the timing of the reproductive transition in plants is
especially critical (Kobayashi & Weigel, 2007).
The topic of how plants are able to recognise what constitutes optimal
conditions for flowering has been an active area of research for almost a
century. The United States Department of Agriculture researchers Wightman Garner and Henry Allard were the first to empirically describe that the
duration of light in a 24-h period is a key cue for the induction of flowering in many plant species (Garner & Allard, 1920). Originally interested in
explaining why soybeans planted sequentially over the summer decreased
in days to flower as they were planted later in the season, they sought to
find the casual variable behind the phenomenon. Over the course of 2 years
from 1918 to 1920, they experimentally manipulated exposure of plants to
light and dark cycles by moving plants from a common outdoor plot into
darkened sheds. Through the careful control of light and dark duration to
simulate different seasonal light conditions, they were able to determine
critical durations of light or darkness that are required for induction of
flowering in over 12 plant species and many different cultivars. To describe

Photoperiodic Flowering Regulation in Arabidopsis thaliana

3

this general principle of an exhibited response triggered by a change in
day length, they coined the term ‘photoperiodism’ (Garner & Allard, 1920).
This revolutionary idea changed the thinking about seasonal responses by
suggesting that the mechanism for sensing seasonal changes could be tied
specifically to the sensing of duration of light in a given day. In addition,
they found that plants could be classified into three different groups by
their flowering response. Some plants flower as day length increases in late
spring (long-day plants), some flower as day length wanes as autumn begins
(short-day plants) and some plants flower at certain times regardless of the
photoperiod (day-neutral plants) (Garner & Allard, 1920).
The determination of day length as a critical regulator of flowering time
left several questions with regard to the physiology of the flowering response.
Where is day length sensed in the plant and how is the signal for floral induction carried throughout the organism? Elegant grafting experiments performed first by the Russian physiologist Mikhail Chailakhyan determined
that a mobile signal from leaf scions exposed to inductive photoperiods could
induce flowering in non-induced graft stocks (Chailakhyan, 1937; Chailakhyan, 1968). Experimental evidence suggested that the transmissible signal
could be universal or nearly universal among flowering plants. For instance,
grafts in which leaves from induced short-day Kalanchoë blossfeldiana and longday Sedum spectabile plants were able to induce flowering when grafted reciprocally with each other, suggesting that the flowering signal was common
between long-day and short-day plants (Wellensiek, 1967; Zeevaart, 2006).
Grafts between different species were also often found to lead to flowering
induction (Zeevaart, 1976, 2006). These and other observations led Denis
Carr and Lloyd Evans to eventually propose a model for two-step floral
induction (Carr, 1967; Evans, 1971). The first stimulus would be involved in
the sensing of photoperiod and the incorporation of other endogenous and
environmental factors, and subsequently induce the secondary stimulus that
was potentially universal and transmitted from the leaf.
The search for the chemical basis of florigen remained elusive and gradually fell out of favour until contributions from Arabidopsis facilitated the
discovery of FLOWERING LOCUS T (FT) protein as a key candidate.The
discovery of FT as a mobile signal in Arabidopsis along with recognition that
its function is conserved in a range of distantly related plant species (Corbesier et al., 2007), has cemented the role of FT as a universal florigen (Abe
et al., 2005; Kobayashi & Weigel, 2007; Kojima et al., 2002; Tamaki, Matsuo,
Wong, Yokoi, & Shimamoto, 2007; Wigge et al., 2005). Increasingly, as our
understanding of the photoperiodic sensing mechanism has expanded, we
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have found that similar regulatory networks govern flowering plant species
other than Arabidopsis, and that the mechanism of photoperiodic flowering
induction is highly conserved (Song, Ito, & Imaizumi, 2010).
In this chapter, we will review developments in understanding the
molecular mechanism of the photoperiodic flowering response through the
model organism Arabidopsis thaliana, and discuss recent discoveries highlighting the modulation of the photoperiodic sensing mechanism used to
accommodate both external environmental factors such as light quality
through the action of photoreceptor proteins as well as internal physiological status through the sensing of photosynthetic accumulation.

1.2 PHOTOPERIODIC FLOWERING AND THE EXTERNAL
COINCIDENCE MODEL
The key question that emerged with the discovery of photoperiodic
flowering responses was the mechanism for how photoperiod was sensed.
Since the early eighteenth century with the experiments of the astronomer
De Mairan, plants have been known to have oscillatory leaf movements
that occur in 24-h cycles even in the absence of light, as if a light stimulus was present (De Mairan, 1729). These rhythms, which show a period
of around 24 h (hence circadian), are indicative of an inherited entrainment to the rotation of the earth that persists even after many generations
of exposure to alternative day lengths in the laboratory (Bünning, 1960).
This internal ‘clock’ has extreme selective value through the regulation of
internal biochemical processes of the cell and the organism throughout
the day, which we can now appreciate given the advances in molecular biology in the last few decades (Baudry & Kay, 2008). The connection between
the internal clock and photoperiodic responses, however, was not immediately clear. First proposed by Erwin Bünning in 1936, and later refined by
Colin Pittendrigh, the ‘external coincidence’ model proposed that photoperiodic phenomena could be explained by the interaction of light stimuli
and the clock (Bünning, 1936; Pittendrigh & Minis, 1964).The clock would
set the pace of the 24-h rhythm, and define a period of photosensitivity to
which light exposure would induce a photoperiodic response (Pittendrigh,
1972). In non-inductive photoperiods, the presence of darkness during the
photosensitive period of the circadian cycle would result in no elicited reaction. In contrast, the encroachment of light into the photosensitive period
during longer inductive photoperiods would cause a physiological response
(Figure 1.1).
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Figure 1.1 The external coincidence model for photoperiodic phenomena. The following example represents a photoperiodic response that occurs in the afternoon of
long days, as in photoperiodic flowering in Arabidopsis. The circadian clock generates a
rhythm that determines a specific period of the day in which a light signal can induce
the response. This period is similar regardless of day length. In short-day conditions the
photo-inducible period does not coincide with a light signal, so no response occurs.
As days lengthen with the coming of spring and summer, light begins to encroach on
the photo-inducible period, eliciting the photoperiodic response. Light serves a dual
purpose: to reset the clock at dawn and dusk and to be present or absent during the
photo-inducible phase, to promote or halt the response.

For more than 30 years, it remained controversial that the endogenous
circadian clock regulated the photoperiodic flowering response. Key experiments that unequivocally linked flowering to the clock were performed by
Murray Coulter and Karl Hamner on the short-day plant Glycine max in
1964, by giving light pulses at different time points after transfer of plants
into continuous darkness. One of the prevailing counter-hypotheses of the
time posited that night duration was the primary cue for the photoperiodic
response, and that this was mediated by the turnover kinetics of the photoreceptor phytochrome. According to this hypothesis, for short-day plants,
in which photoperiods below a certain threshold are inductive, directing
light pulses at different times of night should affect the photoperiodic flowering response equally as long as a certain night length was prevented. It
was found, instead, that light pulses during the night (referred to as night
breaks) affected the flowering response in a rhythmic fashion (Carpenter
& Hamner, 1964; Coulter & Hamner, 1964). Additional experiments performed by Halaban in 1968 in the short-day plant Coleus frederici showed
that the phases in which flowering was inhibited by night break pulses
always correlated with leaf movement position rather than the duration of
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night (Halaban, 1968a, 1968b). This was true for plants placed under several
different photoperiods. These early findings helped to cement the clock as
a crucial component in determining photoperiodic flowering responses.

1.2.1 Genetics of Photoperiodic Flowering in Arabidopsis
Most Arabidopsis accessions that were initially collected for use in the laboratory belong to the summer annual class of wild Arabidopsis, mainly due to
the ease of flowering without vernalisation treatment and compact stature.
Interestingly, some of the earliest mutations described in Arabidopsis are part
of the regulatory framework that determines the photoperiodic flowering response, as mutations in these genes often convert compact summer
annual accessions into phenotypes with long vegetative phases of growth.
Mutagenic screens performed by Gyorgy Rédei in 1962 isolated GIGANTEA (GI) and CONSTANS (CO) as supervital mutants, far earlier than the
forward genetic screens that would later more clearly define the regulatory
networks that govern the flowering response (Rédei, 1962).
The advent of molecular markers in Arabidopsis in the late 1980s by
Maarten Koorneef and colleagues enabled the systematic categorisation of
genes involved in the regulation of flowering time and mapping of their
associated loci. Initial genetics of late flowering mutants of Arabidopsis found
that CO, GI and FT were likely components of the same regulatory pathway (Koornneef, Hanhart, & van der Veen, 1991).

1.2.2 CO–FT Module in Arabidopsis
The co and gi mutant phenotype initially interested researchers studying the
genetic basis of flowering time because these mutants exhibited a ‘day-neutral’ phenotype (Park et al., 1999; Putterill, Robson, Lee, Simon, & Coupland, 1995). Under inductive long-day conditions, they flowered much
later than wild type plants, but flowered at about the same time as wild type
under non-inductive short-day conditions. Additional phenotypic analyses
led to the conclusion that CO is a limiting factor for flowering under shortday conditions and that CO can promote flowering in a dose-dependent
manner under inductive photoperiods (Putterill et al., 1995). Transgenic
analysis of plants expressing CO under a dexamethasone inducible construct found that plants could be induced to flower regardless of the external photoperiod when CO is highly expressed (Simon, Igeno, & Coupland,
1996). Generation of mutants involved in the regulation of the circadian
clock and light signalling also commonly affected the photoperiodic flowering response. Mutations in LATE ELONGATED HYPOCOTYL (LHY),
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CIRCADIAN CLOCK ASSOCIATED 1 (CCA1), EARLY FLOWERING 3 (ELF3), TIMING OF CAB EXPRESSION 1 (TOC1), FLAVINBINDING, KELCH REPEAT, F-BOX 1 (FKF1), PSEUDO-RESPONSE
REGULATOR 5 (PRR5), PRR7, PRR9, and CRYPTOCHROME 2
(CRY2) all displayed aberrant flowering phenotypes, which suggested that
the clock on a molecular level was key to the proper induction of a photoperiodic response (El-Din El-Assal, Alonso-Blanco, Peeters, Raz, & Koornneef, 2001; Hicks et al., 1996; Ito et al., 2008; Nelson, Lasswell, Rogg,
Cohen, & Bartel, 2000; Park et al., 1999; Sato, Nakamichi, Yamashino, &
Mizuno, 2002; Schaffer et al., 1998; Somers, Schultz, Milnamow, & Kay,
2000). CO mRNA abundance was found to show a pronounced circadian oscillation under long-day conditions, and was found to continue
to occur after plants entrained to long-day conditions were transferred to
continuous light (Yanovsky & Kay, 2002). This suggested that the circadian
clock regulated CO transcription. Additionally, the CO transcriptional pattern was significantly affected by mutations in clock components such as
toc1-1, resulting in early flowering in short days. toc1-1 mutants have a
shortened circadian period of about 21 h. When light/dark cycles were
artificially shortened to 21 h to compensate for the short-period defect
in toc1-1, however, proper CO expression and function was restored. CO
transcripts continue to oscillate under short-day conditions, but CO protein was initially shown to be highly unstable and actively degraded in
the dark (Valverde et al., 2004; Yanovsky & Kay, 2002). This discrepancy
between transcript abundance and protein stability explains how the constriction of active CO protein to the afternoon of long days enables a photoperiodic response, and fits nicely with our understanding of the external
coincidence model in reference to photoperiodic phenomena (Figure 1.1).
Coupled with experimental evidence that CO was a transcriptional activator of FT (Kardailsky et al., 1999; Kobayashi, Kaya, Goto, Iwabuchi, &
Araki, 1999; Onouchi, Igeno, Perilleux, Graves, & Coupland, 2000; Samach
et al., 2000) and that FT was directly involved in signalling the activation
of floral meristem differentiation, a CO–FT module in which clock- and
light-regulated CO would perceive photoperiodic information and signal
for the induction of downstream flowering responses through the activation of FT transcription began to take shape.
Thus, in-line with earlier experimental data from the 1960s and 1970s,
molecular evidence suggested that the circadian clock could regulate the photoperiodic response through the transcriptional and post-translational regulation of CO, and that this could lead to flowering under inductive conditions.
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Since this discovery, the regulation of photoperiodic flowering pathway has
become increasingly complex, and many factors have been shown to regulate
CO and FT through a variety of mechanisms (Andrés & Coupland, 2012).

1.3 CURRENT MOLECULAR MECHANISM OF
PHOTOPERIODIC FLOWERING IN ARABIDOPSIS
In Arabidopsis, long days promote flowering through the function of
FT protein (Andrés & Coupland, 2012;Wigge, 2011).The protein, a mobile
florigen, is synthesised in phloem companion cells of leaves and translocated
to the shoot apical meristem, where the floral primordia are formed (Corbesier et al., 2007). The timing of flowering is strongly correlated with the
relative amount of FT; the high levels of FT transcript under longer photoperiods induce more rapid flowering compared with the low levels typical
of shorter photoperiods (Kobayashi et al., 1999). The transcriptional activator CO directly induces the expression of FT gene in a day-length-dependent manner (Samach et al., 2000; Tiwari et al., 2010). CO gene expression
is controlled by the circadian clock (Suárez-López et al., 2001), and CO
protein abundance is modulated by light signalling, allowing CO protein
to be stabilised in the afternoon of long days (Song, Smith, To, Millar, &
Imaizumi, 2012b; Valverde et al., 2004). Together, these processes explain
how day length is measured and how the floral transition is mediated under
inductive photoperiod.

1.3.1 Regulation of CO Transcription
To accurately control the timing of seasonal flowering in Arabidopsis, the
circadian clock-regulated CO expression is a crucial mechanism to precisely measure the difference in day length. CO transcription is controlled
by many circadian clock proteins, such as CCA1, LHY and PRRs (Imaizumi, 2010). These clock proteins directly or indirectly regulate the gene
expression of CYCLING DOF FACTORs (CDFs), transcriptional repressors of CO (Song et al., 2010). CDF1 directly binds to the CO promoter
and represses its transcription in the morning redundantly with other CDF
proteins, CDF2, CDF3 and CDF5 (Fornara et al., 2009; Imaizumi, Schultz,
Harmon, Ho, & Kay, 2005; Sawa, Nusinow, Kay, & Imaizumi, 2007). The
expression level of CDF1 gene is positively regulated by CCA1 and LHY
proteins (Nakamichi et al., 2007), which are most abundant at dawn (Schaffer et al., 1998; Wang & Tobin, 1998). Consequently, the expression level of
CDF1 transcript remains high during the morning (Imaizumi et al., 2005).
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In the afternoon, the abundance of CDF transcripts is reduced through the
function of four PRR family members, TOC1, PRR5, PRR7 and PRR9.
These PRR proteins physically associate with the CCA1 and LHY loci and
repress CCA1 and LHY gene expression (Huang et al., 2012; Nakamichi
et al., 2010). TOC1, PRR5, PRR7 and PRR9 proteins also negatively regulate the expression of CDF1 gene (Ito et al., 2008; Nakamichi et al., 2007).
In addition, PRR5 and PRR7 directly bind to the CDF2 and CDF5 loci to
repress their transcription (Liu, Carlsson, Takeuchi, Newton, & Farré, 2013;
Nakamichi et al., 2012). CDF2, CDF3 and CDF5 transcripts are also high
in the morning, similar to CDF1 (Fornara et al., 2009). Clock regulation of
CDF expression, which keeps CO expression low in the morning, lays the
groundwork for determining the photosensitive period later in the afternoon of long days, preventing early flowering under shorter photoperiods.
In long days, the repression of CO gene expression by CDF proteins is
released through the function of FKF1–GI complex in the afternoon (Sawa
et al., 2007). FKF1 protein is a blue light photoreceptor (Imaizumi, Tran,
Swartz, Briggs, & Kay, 2003; Sawa et al., 2007) and possesses E3 ubiquitin
ligase activity that mediates proteasome-dependent degradation of target proteins (Imaizumi et al., 2005). Once the expression patterns of FKF1 and GI
proteins coincide with light in the afternoon, FKF1 absorbs blue light and
is activated. Then, the blue light-activated FKF1 forms a protein complex
with GI. The FKF1–GI complex recognises CO repressors, the CDF proteins, and removes those repressors by ubiquitin-dependent degradation on
the CO promoter (Sawa et al., 2007). FKF1 homologues, ZEITLUPE (ZTL)
and LOV KELCH PROTEIN 2 (LKP2) proteins, both of which interact
with FKF1 and GI proteins, are also involved in the destabilisation of CDF2
protein (Fornara et al., 2009). Removal of CDF proteins through the function of FKF1 protein constricts the action of CDF repressors to the morning
of long days and facilitates the expression of the CO gene during the late
afternoon, while light is still present (Figure 1.2). Maintaining this window of
CO expression to the late afternoon allows for the subsequent peak of activation of FT at dusk during long days, enabling the photoperiodic flowering
response.
In contrast to long days, the expression of FKF1 and GI proteins is out
of phase in short-day conditions. Little functional complex between the
proteins exists in the daytime under these conditions, which results in the
accumulation of CO transcripts only during the dark period, which subsequently causes an extremely low level of FT expression throughout the day.
Transcriptional regulation of CO gene expression thus is critical for sensing
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Figure 1.2 CONSTANS (CO) oscillatory transcription is dependent on multiple factors
throughout the day. Under inductive long-day conditions, the peak of CO expression is
constrained to the afternoon before dusk. In the morning, CYCLING DOF FACTOR (CDF)
family transcription factors bind to the CO promoter to repress its transcription. Beginning in the afternoon, FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKF1) and GIGANTEA
(GI) form a protein complex that ubiquitinates CDFs through FKF1 and targets them
for proteasomal degradation, releasing the CO promoter from repression. FLOWERING
BHLH (FBH) transcriptional activators are then recruited to the CO genomic locus, resulting in increased transcription of CO before dusk. Constraining CO mRNA expression to
the late afternoon and stabilisation of resultant CO protein result in FLOWERING LOCUS
T expression at dusk and promotion of flowering in long days. (See the colour plate.)

day length and differentiating between inductive and non-inductive photoperiods to coordinate the flowering response (Sawa et al., 2007).
Once CO repression by CDF proteins is relieved, four basic helix–loop–
helix (bHLH) transcription factors, FLOWERING BHLH 1 (FBH1), FBH2,
FBH3 and FBH4, activate CO expression (Ito et al., 2012). These FBH proteins directly bind to the E-box elements in the CO promoter and redundantly
induce CO expression during the late afternoon and the dark under both longand short-day conditions (Figure 1.2). It is proposed that FBH-mediated CO
activation is conserved in other plant species, because overexpression of FBH
homologue genes of rice and poplar highly upregulates CO transcripts in Arabidopsis (Ito et al., 2012). To date, our knowledge of transcriptional repression of
CO is much more developed than its activation (Song, Ito, & Imaizumi, 2013),
and more work needs to be done to determine additional factors involved as
well as time-dependent impacts of CO activators on CO transcription.

1.3.2 Post-translational Regulation of CO Protein
Along with the transcriptional regulation of the CO gene, the post-translational regulation of CO protein is crucial for the day-length-dependent FT

Photoperiodic Flowering Regulation in Arabidopsis thaliana
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Figure 1.3 Flowering under inductive long days requires FLOWERING LOCUS T (FT)
expression in the late afternoon. CONSTANS (CO) transcription, CO protein stability and
FT transcription are critical to the photoperiodic flowering response. Blue light promotes flowering through FLAVIN-BINDING, KELCH REPEAT, F-BOX 1 (FKF1)-dependent
degradation of CYCLING DOF FACTORs (CDFs) and stabilisation of CO protein, direct
activation of FT through CRYPTOCHROME-INTERACTING BASIC HELIX–LOOP–HELIX
(CIB) transcription factors, and stabilisation of the CONSTITUTIVE PHOTOMORPHOGENIC 1 (COP1)–SUPPRESSOR OF PHYA-105 1 (SPA1) complex by CRYPTOCHROME 2
(CRY2), which normally destabilises CO protein in the dark. PHYTOCHROME B (PHYB)
inhibits flowering through destabilisation of CO protein under red light. Several factors
reduce the inhibitory effect of PHYB on flowering. PHYTOCHROME-DEPENDENT LATE
FLOWERING (PHL) may interfere with PHYB-dependent destabilisation of CO by sheltering CO protein. VASCULAR PLANT ONE ZINC-FINGER (VOZ) transcription factors activate
FT expression, and their activity is regulated by PHYB. Far-red light promotes flowering
through increased stability of CO protein by PHYA. Several other factors influence FT
transcription directly. SCHLAFMÜTZE (SMZ), TEMPRANILLO 1 (TEM1) and related transcription factors are able to directly repress FT transcription. The promotion or inhibition
of each respective component can affect the flowering output, and thus serves to integrate multiple environmental signals such as day length, light quality and temperature.

activation (Figure 1.3). In both long- and short-day conditions, the highest accumulation of CO mRNA occurs in the dark (Suárez-López et al.,
2001). However, the expression of FT peaks at dusk in long days (SuárezLópez et al., 2001). Various light signalling and proteasome-dependent
protein degradation mechanisms have been shown to control CO protein
stability and allow the protein to accumulate only in the late afternoon
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of long days, which accounts for the day-length-dependent expression of
FT (Jang et al., 2008; Lazaro, Valverde, Pineiro, & Jarillo, 2012; Liu, Zhang,
et al., 2008; Song, Smith, et al., 2012;Valverde et al., 2004). Red light delays
flowering through the destabilisation of CO protein, and far-red and blue
light promote flowering through the stabilisation of the protein (Valverde
et al., 2004). PHYTOCHROME A (PHYA) and PHYB mediate far-red
and red light responses, respectively, and CRY2 and FKF1 mediate blue
light responses. Two RING finger E3 ubiquitin ligases, CONSTITUTIVE
PHOTOMORPHOGENIC 1 (COP1) and HIGH EXPRESSION OF
OSMOTICALLY RESPONSIVE GENES 1 (HOS1), negatively regulate
CO protein stability (Jang et al., 2008; Lazaro et al., 2012; Liu, Zhang, et al.,
2008).
CO protein is stable under far-red light and unstable under red light
in wild type Arabidopsis plants. In addition, the amount of the protein is
reduced in a phyA mutant background throughout the daytime and, by
contrast, increased in a phyB mutant background especially in the morning
(Valverde et al., 2004). In natural conditions, the ratio of red to far-red light
is high during the daytime and relatively low at dusk. Reflecting this ratio,
the levels of CO protein are reduced in the morning and increased in the
late afternoon. This seems to indicate that PHYA and PHYB antagonistically modulate the stability of the protein.
Recent evidence has suggested that the PHYB dependent regulation of
CO protein stability is quite complex, and may require several factors that
both positively and negatively affect CO. Mutations in PHYTOCHROMEDEPENDENT LATE FLOWERING (PHL) cause a late flowering phenotype under long days, similar to other photoperiodic flowering pathway
components (Endo,Tanigawa, Murakami, Araki, & Nagatani, 2013). Double
mutant combinations with phyB abolish the late flowering phenotype, suggesting that PHL affects the ability of PHYB to repress flowering. PHL
does not appear to regulate CO transcription, but CO protein and PHL
interact (Endo et al., 2013).The PHL protein is thus a likely factor involved
in sheltering CO from PHYB-dependent degradation (Endo et al., 2013).
Similarly, it has been found that the VASCULAR PLANT ONE ZINCFINGER1 (VOZ1) and VOZ2, two NAC (NAM, ATAF1/2 and CUC2)
domain transcription factors, interact with PHYB, and positively regulate
flowering under long days. Like PHYB,VOZ1 and VOZ2 are expressed in
the cytoplasm and are translocated into the nucleus (Yasui et al., 2012).Their
expression is also vascular specific, together with other photoperiodic flowering components (Yasui et al., 2012). The discovery of these factors adds

