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Abstract

Many ornamentals show flower opening and closing oscillation of
diurnal rthythm (Shimizu-Yumoto and Ichimura, 2012). Flower opening in
the daytime and closure during night has some advantages for plants, since
many pollinators are active during the day, promising successful pollination,
fertilization and fruit set. However, as ornamentals, which are displayed at
flower shops and appreciated by consumers not only during the day but also
at night, the ability to keep fully open status of flowers at night or in a
specific time of the day is an important trait. Therefore, development of
techniques to control the rhythms or breeding of cultivars that can keep open
flowers at any time of the day as consumers prefer would have potential
demands.

Eustoma  grandiflorum (Raf.) Shinn, belonging to FEustoma
ressellianum, Gentianaceae is native to a warm regions of the Southern
United States, Mexico, Caribbean and northern South America where the
minimum temperature is about 10 °C in winter and the maximum
temperature is 30 °C or higher in summer (Ohkawa et al., 1991; Shinners,
1957). E. grandiflorum was introduced into Japan more than 60 years ago
(Ohkawa et al., 1991). Since then, many cultivars having a wide diversity
of colors, shapes, and sizes have been released (Harbaugh, 2006;
Hisamatsu et al., 1998). Thus, it has become a promising flower in the cut
flower market in Japan and in the world. To date, there are so many studies
on E. grandiflorum from the flower postharvest quality, senescence to
mechanism of flower shape (Kawabata et al., 2011; Shimizu-Yumoto and
Ichimura, 2010; Shimizu-Yumoto and Ichimura, 2012). E. grandiflorum
flowers open in the morning and close at dusk for several consecutive days.
These rhythmic movements in petals of E. grandiflorum have not been
studied. The purpose of this study was to investigate flower opening and
closure rhythms synchronized with environmental light rhythms for
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establishing the basis for controlling and extending the period of fully open
status of the flowers. In this study, we performed various light conditions to
investigate the effect of light on E. grandiflorum.

Tomato as an important model plant, own many mutants in
photomorphogenesis (Kendrick et al., 1997). Many phytochrome and
cryptochrome mutants obtained in tomato, such as mutant phyA4, phyB and
cryl (Giliberto et al., 2005; Kendrick et al., 1997; Van Tuinen et al., 1995).
The flowers of tomato also show reciprocal oscillations of flower opening
and closure. We use different photoreceptor-defect mutants to verify the
effect of the different light on diurnal flower opening and closure.

The results showed that, flower opening and closing rhythm was
directly regulated by light and circadian in E. grandiflorum. This diurnal
movement was exactly synchronized to environmental light/dark cycles.
We also found that minimum requirement of dark period would be around 4
hours in E. grandiflorum flowers. Our data showed that red light or blue
light was sufficient for the synchronization of flower opening and closure
rhythms, indicating that flower opening and closing rhythm is controlled by
multiple photoreceptors. Both cryptochromes and phytochromes seem to be
involved, but the involvement of other photoreceptors for blue light would
be possible.

To clarify the regulation of each photoreceptor on flower opening and
closing rhythm, we performed the treatments for conversion of red/far-red
light as well as light-break. The data showed that red light plays a dominant
role in maintaining the amplitudes of oscillations, but also overcomes the
inhibition of flowering which is produced by far-red light.

We make use of model plant tomato to investigate the role of
cryptochromes and phytochromes in regulation of circadian and flower
opening and closure. Under continuous light conditions (LL), circadian
rhythm persisted in the phyB deficient mutant. Comparing of mutant
phyB2-1, mutant phyBI-1 showed obvious oscillation rhythm when under



LL condition. In addition, dual mutant of pAyB deficiency and triple mutant
phyAphyBI1-1phyB2-1 exhibited normal oscillations, while rhythm was
disappeared in other mutants where phyB gene was activated. Under
continuous dark conditions, all cry/-deficien- mutants showed a shortened
length of circadian period. Take together, it was suggested that red light
played a role in mediating the amplitude of oscillations and blue light was
related with length of oscillation in circadian clock.



Chapter 1 Introduction



1.1 Flower opening and closure

So far, flower diurnal opening and closure have been reported in many
varieties of cut flower (Shimizu-Yumoto and Ichimura, 2012), such as rose
(Horibe and Yamada, 2014) and E. grandiflorum (exhibited in this work).
Flower opening and closing, in most of species studied, are due to: 1)
Different growth rate in two sides of petal. The opening of some species
mainly responds to temperature. For example, in crocus and tulip, high
temperature could promote growth rapidly in inner surface of petal (Pfeffer,
1873; van Doorn and van Meeteren, 2003; Wiedersheim, 1904). 2)
Movement of midrib. Different cell expansion in midrib will cause the
movement in petals (Kaihara and Takimoto, 1981; Phillips Jr and Kende,
1980). 3) Different water content in cells of petal during day and night.
For example, in Silene saxifrage flowers, loss of water resulted in petal
closing, and when the cells refill with water, the petal will open (Halket,
1931). 4) Reversible expansion and contraction of cells. In Gentiana
kochiana, the change of cell’s size due to turgor changes in both inner and
outer epidermis, resulted in rhythm movement of petal (van Doorn and van
Meeteren, 2003). In the following sections, we will elaborate the
mechanism of flower movement from the physiology aspect of the growth.

Carbohydrate metabolism

In some plants, the mobilization of storage carbohydrates will be
different between flower closure and opening. The cells of young petal in
many species contain a large amount of starch. These starch can be rapidly
converted to glucose and fructose when flowers are closed to opening
(Hammond, 1982; Ho and Nichols, 1977). For example, flowers of
Tradescantia reflexa (Horie, 1961), Alstroemeria peregrina (Collier, 1997),
Turnera ulmifolia (Ball, 1933), Lilium (Bieleski et al., 2000a), and
Magnolia grandiflora (Griesel, 1954), contain a high concentration of
starch. By contrast, petals of daylily flowers (Hemerocallis sp.), contain a
high concentration of fructan not starch when it closed. Fructan is rapidly



degraded when flower are closed to opening (Bieleski, 1993). In some
circumstance, flower opening is due to a coordination of uptake and
degradation of various polysaccharides. In freesia florets, for example, the
increase in perianth sugars was more than 10 times higher than the decrease
in starch content. It indicated that sugar was absorbed (Van Meeteren et al.,
1995). The similar phenomenon that the increase in sugar content was
higher than the decrease in starch content, was showed in gladiolus florets
(Yamane et al., 1991).

Cell wall expansion

So far, the changes in the cell wall of flowers growth and opening
doesn't attract people's enough attention (O'Donoghue et al.,, 2002a;
O'Donoghue et al., 2002b). Recently, it was proposed that, the extensibility
of cell wall is a limiting factor in petal growth and flower opening. Yamada
and Ochiai found that flower opening is accompanied by an increment of
cell wall extensibility in rose and E. grandiflorum (Kunio Yamada et al.,
2009; Ochiai et al., 2013).

Hormonal regulation

Except for ethylene, the role of regulation by endogenous hormones is
as yet unclear. Ethylene can promote or inhibit flower opening in different
species even different cultivars (Reid et al., 1989). The endogenous
ethylene play a negative role in flowers opening in potted rose plants
(Cushman et al., 1994; Tjosvold et al., 1994), such as cut rose flowers
(Yamamoto et al., 1994) and cut gladiolus inflorescences (Serek et al.,
1994). It has been reported that ABA (Abscisic Acid) can promote flowers
opening in Ipomoea nil. However, the effect of ABA in Ipomoea nil may
be due to the increase of ethylene production (Koning, 1986) and this effect
could be eliminated by amino ethoxyvinyl glycine and cobalt ions which
are the ethylene biosynthesis inhibitors. [AA (Indole-3-acetic Acid),
another plant hormone which as a inhibitor, shows a negative function in

Ipomoea flower opening (Kaihara and Takimoto, 1983). According to the
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different organizations and concentrations, [AA can promote or inhibit
ethylene production and the effect of IAA in Ipomoea may also be
regulated by ethylene.

In Arabidopsis, a mutant defective in anther dehiscencel (dadl)
affecting flower opening was identified. The defect could be rescued by an
exogenous JA (jasmonic acid) or linolenic acid. The DAD 1 gene was
shown to be related with jasmonic acid synthesis. Thus, JA may also be
involved in flower opening in some species (Ishiguro et al., 2001).

-11 -



1.2 Circadian rhythm in organisms

The biological process of most living organisms that includes
metabolism, physiology and behavior displays an endogenous, entrainable
oscillation of approximately 24 hours (Dunlap et al., 2004). This
periodicity (called circadian rhythm) as an adaptation to the cycle of day
and night is generated by the rotation of the earth. These rhythms have
been described extensively in mammals, insects, fungus and plants,
demonstrate as physiological changes, such as sleeping and feeding in
animas, leaf rhythmic movement, photoperiodic flowering and hypocotyls
elongation in plant (Dunlap, 1999; McClung, 2006; Niinuma et al., 2007).

Generally, circadian rhythms are defined by these three general
parameters (Dunlap et al., 2004): 1) The rhythm has an endogenous
free-running period that sustains about 24 hours. It can be persisted in
continuous environmental conditions, continuous light (or dark), and
continuous temperature. That is, under these extreme conditions, the
free-running period of approximately 24 hours could be observed in the
organisms; 2) The rhythms are entrainable. These rhythms can be reset by
exposure to external environmental stimulus (such as light and high
temperature). Under the controlled circumstances (such as in the
laboratory), environmental time cues (light/dark cycles and/or temperature
cycles) derive from the alternation of day and night. These external
stimulus used to entrain a rhythm with a period of 24 hours is called the
Zeitgeber, or "Time giver" (McClung, 2006). 3) All circadian rhythms
exhibit temperature compensation. The period maintains relatively constant
circadian periodicity over a range of physiological temperatures
(Pittendrigh, 1954).

Diurnal rhythm was first recognized as early as fourth century BC,
however, the scientific literature on circadian began in 1729. French
astronomer de Mairan reported that, the sensitive heliotrope plant (probably

Mimosa pudica) show the diurnal leaf movements in constant darkness
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condition, demonstrating their endogenous origin (de Mairan, 1729). The
endogenous property not simply responses to environmental time cues of
leaf movement rhythms was demonstrated in the 18th century (de Mairan,
1729; Duhamel DuMonceau, 1759). Now, at 21st century, the molecular
details of plant circadian systems were extensively being investigated
(Table. 1-1) (Love et al., 2004; Yakir et al., 2007).
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Table 1-1. The circadian system has a regulatory role in nearly all aspects

of a plant’s life.

Rhythmical Examples References
patterns
Germination Betula pubescens (Baskin and Baskin, 1976;

Diapensia lapponica

Black and Wareing, 1954;

Chamaedaphne Densmore, 1997)
calyculata

Hypocotyl elongation Solanum (Dowson - Day and
esculentumm Millar, 1999; Fernandez
Arabidopsis thaliana  and Wagner, 1994;
Chenopodium Lecharny and Wagner,
rubrum 1984; Tukey Jr and

Ketellapper, 1963)

Leaf movements Legumes (Dowson - Day and
Arabidopsis thaliana  Millar, 1999; Webb, 2003)

Circumnutations Arabidopsis thaliana  (Niinuma et al., 2005)

Shade avoidance

Arabidopsis thaliana

(Salter et al., 2003)

Flowering time

Arabidopsis thaliana

(Huang et al., 2005; Searle
and Coupland, 2004)

Flower opening

Cestrum nocturnum

Arabidopsis thaliana

(Overland, 1960;
Doorn and van Meeteren,
2003)

van
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Table 1-1 (continued)

Rhythmical Examples References
patterns
Tuberization Solanum tuberosum  (Martinez-Garcia et al.,

2002)

Winter dormancy

Castanea sativa

Populus tremula

(Bohlenius et al., 2006;
Ramos et al., 2005)

Stomatal opening

Arabidopsis thaliana

(Gorton et al, 1993;
Somers et al., 1998b)

Photosynthesis

Arabidopsis thaliana

(Harmer et al., 2000; Lu et
al., 2005; Schaffer et al.,
2001)

Photoprotection

Arabidopsis thaliana

(Harmer et al., 2000)

Protection from

temperature extremes

Arabidopsis thaliana

(Harmer et al., 2000)

Scent production

Nicotiana suaveolens

Antirrhinum majus

(Kolosova et al.,, 2001;
Pesti, 1976)
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1.2.1 Circadian rhythms in plants

Like many other organisms, plant also exhibit many rhythmical
process in physiological, metabolic and developmental which are driven by
endogenous biological clocks (Love et al., 2004; Yakir et al., 2007).

Generally, a circadian system can be divided into three conceptual
parts: input pathways that entrain the clock, the central oscillator, and
output pathways that generate various rhythmical oscillations (McClung,
2001). Plant clocks are synchronized by environmental cures changer in
light or temperature (Mas and Yanovsky, 2009). The external
synchronizing cues facilitate to adjust the endogenous clock period to
precisely suit the environmental cycle. Entraining stimuli include light,
(mediated through phytochromes (PHY') and cryptochromes (CRY) as well
as interaction among them and their downstream signalling pathways
(Casal and Yanovsky, 2005; Somers et al., 1998a; Yanovsky and Kay,
2001), temperature (Biinning and Moser, 1973; Liu et al., 1998), and
imbibitions (Tischkau et al., 2000). Detail of light cues will be described in
1.3 of chapter 1.

Rhythm output
1) Movement and growth rhythm

Many life organs displayed rhythmic phenomenon, which included the
classic system of pulvinar leaf movement. Pulvinar as a motor organ is
responsible for the movement of leaves and leaflets, regulated by diurnal
and circadian rhythms. The movements caused by coordinated and
simultaneous volume changes of cells on opposing sides of the pulvinus.
This rhythmic movement is driven by swelling of extensor and flexor
regions of pulvinus (Engelmann and Johnsson, 1998). Ion fluxes result in
volume changes, then cells is driven to swell and shrink (Kim et al., 1993).
More recently, it was demonstrated that the rhythmic expression of
Potassium channels genes Spickl, Spick2, Sporkl, and Spockl in the

leguminous Mimosacea tree Samanea saman was regulated by light and the
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circadian clock. Based on northern blot analysis, their transcript level is
correlated with the rhythmic leaf movements (Moshelion et al., 2002).

There are also circadian rhythms affecting growth rate and cell
elongation of plant. For example, hypocotyl growth of Arabidopsis
exhibiting a circadian oscillation in elongation rate is regulated by light and
hormones (Halliday and Fankhauser, 2003; Nemhauser and Chory, 2002;
Symons and Reid, 2003). In constant light, the patterns of hypocotyl
elongation is inhibited at subjective dawn and have an interval of rapid
growth at subjective dusk. The rhythm of was entrained by light—dark
cycles. This rhythm period of hypocotyl elongation was shortened in the
tocl—1 mutant, indicating that it is controlled by a similar circadian system
to other rhythmic markers (Dowson - Day and Millar, 1999).

2) Stomatal Aperture, Gas Exchange and CO, Assimilation

Stomata, the small pores exist on the aerial surfaces of leaves and
stalks in most plants, bounded by a pair of guard cells that allow gas
exchange between the plant and the atmosphere. Circadian rhythms in
stomatal aperture have been described in a number of systems (Lumsden
and Millar, 1998; Satter et al., 1990). Stomata contribute to control CO,
uptake and transpirational water loss, and they are modulated by light,
relative humidity (Kircher et al.), wind speed and CO, concentration
(Schulze et al., 1987; Sharkey et al., 1987). In addition to environmental
factors, stomata also are regulated by an endogenous circadian clock,
although under constant conditions (Gorton et al., 1993; Gorton et al., 1989;
Ritz and Kluge, 1987). Circadian control caused that stomata opened
during the day and closed at night in most plants. In beans, Calvin cycle
reactions, stomatal aperture and gas exchange are regulated by circadian
clock (Hennessey and Field, 1991).

3) Rhythms in gene expression

Variety of genes are regulated by circadian clock with rhythmic
expression (Robertson McClung, 2000; Somers, 1999). In plant, the
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circadian which regulates rhythmic gene expression, is present at each step:
transcription (Liu et al., 1996; Millar and Kay, 1991; Millar and Kay, 1996),
transcript abundance(Fujiwara et al., 1996; Zheng et al., 1998), translation
(Staiger et al., 2003), and posttranslational processing (Niramo, 1998). In
Arabidopsis, there are approximately 5%-6% genes are rhythmically
expressed (Harmer et al., 2000). For instance, mRNA abundance of the
CAT3 and CAT2 catalase genes peaks at dusk and dawn, respectively
(Zhong and McClung, 1996). The temporal gene expression in central
oscillator results in that the output pathway from the oscillator to gene
expression is very short compared with some complex processes like cell
expansion and flowering.
4) Calcium

As a second message in plant signalling pathway (Sanders et al., 1999),
Calcium plays a key role in guard cell signalling (Leckie et al., 1998;
Schroeder et al., 2001) and is involved in circadian regulation of gas
exchange and stomatal aperture. Free Ca®’ oscillates with a circadian
rhythm in the cytosol and chloroplast of N. plumbaginifolia and in the
cytosol of Arabidopsis (Johnson et al., 1995; Wood et al., 2001). There is
also evidence for Ca®" in regulation of the movement of the leaves in
legumes. Several legumes exhibit movements of their leaves such as R.
pseudoacacia and Albizzia lophantha, circadian rthythms of leaf movement
were proved to be maintained by Ca®" (Goémez and Simén, 1995; Moysset
et al., 1994).

5) Hormone Production and Responsiveness

Recently, several studies on the plant growth regulators have indicated
that additional complication of circadian regulation can be no longer
ignored. Ethylene production exhibits circadian rhythm in a number of
species: barley, wheat and rye (levinsh and Kreicbergs, 1992),
Chenopodium rubrum (Machackova et al., 1997) and sorghum (Finlayson
et al., 1998; Finlayson et al., 1999; Morgan et al., 1997). In sorghum, the
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plant showed the rhythm in ethylene production reflects underlying
rhythms in mRNA abundance for the ACO2 gene encoding
1-aminocyclopropane-1-carboxylic acid oxidase and in ACC oxidase
activity (Finlayson et al., 1999; Schaffer et al., 2001) The other plant
growth regulator gibberellin (GA) showed a diurnal rhythm biosynthesis in
sorghum (Foster and Morgan, 1995). It is likely that more hormones will
exhibit circadian rhythms in production.

The circadian oscillators

Circadian rhythms are generated by a central network of 6-12 genes
which form interlocked transcriptional feedback loops (Dunlap, 1999;
Iwasaki and Kondo, 2000; Young, 1998). Three loops have been identified
at present: morning loop, evening loop, and the core loop which interacts
between morning and evening loop (Pokhilko et al., 2012). The
morning-acting two single MYB domain transcription factors
CLOCK-ASSOCIATED  (CCAl) and LATE  ELONGATED
HYPOCOTYL (LHY) as negative repressors, together with
positived-activator (TIMING OF CAB EXPRESSION1) TOCI1 also known
as PSEUDO-RESPONSE REGULATOR 1 (PRR1) which works in the
evening, form the central circadian feedback loop in Arabidopsis (Alabadi
et al., 2001; Matsushika et al., 2000; McClung, 2006; Pokhilko et al., 2012).
The CCA1/LHY proteins bind directly to the TOC1 promoter and inhibit
its expression (Alabadi et al., 2001) The expression of LHY/CCALI is also
regulated by transcriptional co-regulators PRR9, PRR7 and PRRS/NI
(PSEUDO-RESPONSE REGULATORSs 9, 7, 5/night inhibitor) (Farré et al.,
2005; Nakamichi et al., 2010). They altogether form the so-called morning
loop (Farré et al., 2005; Nakamichi et al., 2005; Salomé¢ and McClung,
2005). The evening loop was represented by TOCI1, which inhibited the
expressions of EC (evening complex) genes including EARALY
FLOWERING4  (ELF4), ELF3 and LUX ARRHYTHMO
(LUX)/PHYTOCLOCKI1 (Pokhilko et al., 2012).
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As an important component of evening loop, ELF3 is considered to be

involved in the transmission of light signals to the clock (McWatters et al.,

2000; Pokhilko et al., 2012), which are involved in the circadian timing and
are defining components of the light input pathway. elf3 mutants are
arrhythmic when under constant light condition but not in dark condition
(Covington et al., 2001; Hicks et al., 2001; Hicks et al., 1996). EIf3
oscillates with the same phase as TOCI, and activate CCA1/LHY
(McWatters et al., 2000). In addition, ELF3 and PHYB interact in the yeast
two-hybrid assay. Therefore, ELF3 as opposed to a component of a central
oscillator can modulate light inputs to the clock by light (Liu et al., 2001).
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1.3 The effect of light on plant

All organisms respond to environmental signals and modify their
behaviour or development. Light is the most important ones among these
signals which was studied widely in plant with various life activities. It is
not only as a source of energy but also as a stimulus that regulates
numerous developmental and metabolic processes, from seed germination
to the onset of flowering. Light also can affect the clock through activating
various photoreceptors (Somers et al., 1998a). The circadian clock can be
reset by light has been reported. Crosthwaite found that the Neurospora
clock could be reset by light through an induction of FREQUENCY (FRQ)
transcription (Crosthwaite et al., 1997; Crosthwaite et al., 1995). In
Drosophila, light resets the clock through degradation of TIM protein
(Naidoo et al., 1999; Young, 1998). The circadian clock is entrained by
multiple light photoreceptors including the red/far-red PHYTOCHROMES
(PHYs) and the blue light photoreceptors CRYPTOCHROMES (CRYSs)
(Yanovsky and Kay, 2001) as well as interaction among them. Four classes
of photoreceptors have been identified in Arabidopsis, but the list is not
completed. It includes three UV-A/blue light receptors: 1) phototropin, a
photoreceptor to sense light direction; 2) two cryptochromes (cryl and cry?2)
that mediate many photomorphogenic responses (Briggs and Huala, 1999;
Cashmore et al., 1999) and 3) five phytochromes (phyA-phyE) that absorb
mainly red/far-red light red and far-red light (600-800 nm), with phyA also
responding to broad-spectrum light (UV-A to far-red) of very low intensity
and low intensity of blue light (Quail et al., 1995); 4) and Zeitlupes (ZTL,
FKF1, and LKP2) (Christie, 2007; Demarsy and Fankhauser, 2009; Lin and
Shalitin, 2003; Somers and Fujiwara, 2009).

Generally, photoreceptors are chromoproteins consisting of an
apo-protein combined with a variety of chromophores (Christie et al., 1998;
Imaizumi et al.,, 2003; Lin et al., 1995; Rockwell et al.,, 2006). The
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characteristic absorption spectra of chromophores and photoreceptors are

simplify presented by Kami (Kami et al., 2010).
1.3.1 Phototropins

Phototropins (photl and phot2) specifically induced by UV-A/blue
light (320-500 nm), are involved in regulating light-dependent processes
that contribute to optimize the photosynthetic efficiency of plants and
promote growth (Briggs and Christie, 2002; Celaya and Liscum, 2005).
Initially identified from the Arabidopsis mutant nphl (non-phototropic
hypocotyl 1), it was named phototropin thereafter, and then renamed
phototropin 1 instead of nphl. In Arabidopsis, they function as
photoreceptors for phototropism, light-induced chloroplast movement, and
stomatal opening (Jarillo et al., 2001; Kagawa et al., 2001; Sakai et al.,
2001).

Phototropin contains two flavin-binding domains-PAS
(light-oxygen-voltage 1 (LOV1) and light-oxygen-voltage 2 (LOV2),
within its N terminus and a typical Ser/Thr protein kinase domain at the
C-terminus (Taylor and Zhulin, 1999). Each phot LOV domain binds FMN
non-covalently as a chromophore to form the holoprotein (Briggs and
Huala, 1999). Except as the phototropins, the LOV domains also present in
two additional types of protein in Arabidopsis: 1) ZEITLUPE
(ZTL)/FLAVINBINDING, KELCH REPEAT, F-BOX 1 (FKF1)/ LOV
KELCH PROTEIN 2 (LKP2) (Nelson et al., 2000; Schultz et al., 2001;
Somers et al., 2000) and 2) PAS/LOV protein (also called LOV/LOV
protein (LLP)). The ZTL/FKFI1/LKP2 proteins are involved in the
circadian clock and photoperiodic flowering, whereas the physiological
function of PLP is largely unknown (Kasahara et al., 2010; Ogura et al.,
2008).
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1.3.2 Phytochromes and Cryptochromes

Phytochromes are cytosolically localized dimeric chromopeptides
with monomers of 120-130 kDa. They own two photoconvertible forms:
the red light-absorbing form (Pr) and far-red light-absorbing form (Pfr).
They can interconvert to each other in some light conditions (Kay et al.,
1989). The earliest and simplest hypothesis of phytochrome action was that
responses are triggered by a red light pulse, converting biologically
Inactive Pr can convert to active Pfr when illuminating by a red light pulse.
Conversely, the process can be reversed by a subsequent brief irradiation
with far-red light, converting Pfr back to Pr. In Arabidopsis, five
phytochromes are encoded by divergent genes (Clack et al., 1994; Sharrock
and Quail, 1989).

PhyB is the major red light receptor which plays a role in seedling
de-etiolation, light-regulated cell elongation, shade avoidance, and the
regulation of flowering time by day length (Reed et al., 1993). PhyD and
phyE mutants have more subtle phenotypes that are only revealed in double
or triple mutant combinations (Devlin et al., 1998; Devlin et al., 1999;
Whitelam and Devlin, 1997). PhyA, is the only light-labile type phy in
Arabidopsis, plays a major role in gene expression and germination, and
mediates very low fluences of broad spectrum light into circadian clock
(Botto et al., 1996; Hamazato et al., 1997; Johnson et al., 1994; Shinomura
et al., 1996). PhyA is also essential for de-etiolation in far-red enriched
light (Dehesh et al., 1993; Nagatani et al., 1993; Whitelam et al., 1993).
Collectively, type I and type II phys play distinct roles in live, but their role
can be overlapping, coordinated, or even antagonistic (Parks and Spalding,
1999; Reed et al., 1994; Shinomura et al., 2000; Smith et al., 1997; Somers
et al., 1998a)

Plant cryptochromes, specifically mediate responses to blue light,
showing a strong absorption peak in the blue region of the spectrum, which
are receptors for blue and ultraviolet (UV-A) light (400-500 nm).
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Cryptochromes were first discovered in Arabidopsis at the molecular level
through the isolation of the HY4 gene, now commonly referred to as cryl
(Ahmad and Cashmore, 1993). They were first discovered in the plants
Arabidopsis thaliana and Sinapis alba one decade ago, and afterwards
identified not only in many other plant species but also in animals, humans,
and bacteria. Therefore, cryptochromes (are ubiquitous UV-A/blue light
receptors of prokaryotes and eukaryotes.

These photoreceptors show significant homology to microbial
photolyases but lack photorepair activity. At least cryl is a 75-kDa protein
that binds both a flavin and a pterin chromophore. The levels of cry2 are
reduced by increasing irradiances of blue light but are not affected by red
light (Lin et al., 1998). This is not the case with cryl. In Drosophila,
cryptochrome appears to be the only photoreceptor involved in light input
to the clock, and residual effects of light on rhythmic behavior are
considered to be the indirect consequence of vision effects on behavioral
rhythms (Emery et al., 2000). Cryptochrome physically interacts with clock
components (Ceriani et al., 1999). In mammals, the situation has been more
controversial. Cryptochromes were first proposed as photoreceptors
involved in the light input to the circadian clock (Miyamoto and Sancar,
1998). In plants, cryl and cry2 are clearly important for normal control of
growth and development by blue light (Devlin and Kay, 2000). Both cryl
and cry2 are the blue and ultraviolet-A light receptors, but cry2 is degraded
at high fluence rates and cryl dominate blue light receptor. Mutations on
these genes increase the period of rhythmic expression of a photosynthetic
gene under certain fluence rates of blue light (Devlin and Kay, 2000;
Somers et al., 1998a). The double cryl cry2 mutant retains robust
rhythmicity in Arabidopsis, indicating that in contrast to the situation in
mammals, cryptochromes are not essential components of the clock
(Devlin and Kay, 2000; Yanovsky et al., 2000).
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Photoreceptors play key role in mediating light input to clock. PhyA
and cryl can transmit low-fluence blue light to the clock (Somers et al.,
1998a). PhyA and phyB as well as cryl and cry2 play to maintain circadian
period length (Millar et al., 1995; Somers et al., 1998a). There are some
other blue light receptors including phototropin (NPH1) and ZEITLUPE
(ZTL). Recently, ZTL 1is involved in the length of circadian period by
controlling TIMING OF CAB EXPRESSION 1 (TOC1) which is the
proteasome-dependent degradation of a central clock protein (Jarillo et al.,
2001; Kim et al., 2007; Mas et al., 2003; Somers et al., 2000).

Each of the photoreceptor families is composed of members
specialized for high and low light responses despite owning similar
absorption properties. For instance, phyA, cry2, and photl specialized for
low light, but phyB-E, cryl, and phot2 function in high light (Lin et al.,
1998; Sakai et al., 2001; Smith and Whitelam, 1990).
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Chapter 2 Documenting and datamation of process in
flower opening and closure
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2.1 Data collected in flower of E. grandiflorm

Digital cameras (Optio WG-2, Ricoh Imaging, Tokyo) were fix in
front of the flowers such that the position of the distal tip of one petal can
been seen clearly, and the flower images from the side view were taken
automatically at 60-minute intervals for four consecutive days or at
2-minutes intervals to see the movement of petals at dawn and dusk. The
flower images were displayed on the computer screen and the relative
position of the petal distal tip as compared with the flower base (the
boundary between the peduncle and receptacle) along the direction of
flower axis (H, Fig.2-1) was measured as pixels using MB-ruler version 5.0
software (Markus-Bader, Iffezheim, Germany). The relative position of the
distal tip was recorded for one petal from each flower for four consecutive
days. Then the normalized relative position of the petal distal tip (Y) was
calculated as:

Y=H,/ Hyax
, where H, represent H at the time of ¢, H . is the maximum of H
during the four consecutive days for each flower (Fig. 2-1). After the
calculation of Y values for each flower, the average of Y values of more
than three independent flowers was calculated for each time points.

The oscillation period was estimated by manually finding the peak Y
values for each flower opening and closure cycle, and calculating the
average intervals between the times for these peak Y values for each flower.
The estimated oscillation periods were averaged for at least three

independent measurements, and given as means =+ standard deviations.
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Fig. 2-1. The flower opening and closure process was recorded as the
movement of the position of the petal distal tip from the base of the flower.
The measured position at time ¢ (H,) was normalized as Y = H, / H,,
where H,,,, represent the maximum of H,. A: Intermediate stage of flower
opening and closure; B: Fully opened flower; C: Fully closed flower.
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2.2 Data collected in flower of tomato

Data collection in tomato is the same as E. grandiflorum, but not in
calculation. The relative position of the petal distal end (Y2) was calculated
as

Y2 = (Huax -H) | Hungxevoo . Bq. 1.

, where vector H, represent H at the time of 7, vector H, is the
maximum of H during the two consecutive days for each flower (Fig. 2-2).
After the calculation of Y2 values for each flower, the average of Y values
of more than three independent flowers was calculated for each time point.
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Fig. 2-2. The flower opening and closure process was recorded as the
movement of the position of the petal distal tip from the base of the flower
(Hy) in tomato. The relative position was calculated as Y2 = (Hyax -Hy)/
H...x, where vector H, represent value of H at the time of #, vector H,,,, is
the value of maximum of H. A: Intermediate stage of flower opening and
closure; B: Fully opened flower; C: Fully closed flower.
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Chapter 3 Regulation of diurnal rhythms of flower
opening and closure by light cycles, wavelength, and
intensity in E. grandiflorum
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Abstract

Flowers of E. grandiflorum open in the morning and close in the
evening, showing diurnal rhythms. In this study, the process of flower
opening and closure of E. grandiflorum "Azuma-no-Murasaki" were
examined under different light cycles by capturing corolla images by
interval photographing. At 24-hour light cycles, the flower opening rhythm
synchronized with the light cycles, and the process was composed of dual
steps. The first one was immediate opening and closure after dawn and
dusk, respectively. The second one was gradual opening and closure, which
occurred 12 hours after the end of former light period and 2-3 hours after
the initiation of current light period, respectively. The first response
appeared to be a direct effect of lights, while the second one appeared to be
under the regulation of circadian clocks. Under constant dark, blue, or red
conditions, flower showed circadian oscillations of 25.5 + 0.6 h, 25.6 £ 0.6,
or 243 £ 0.4 h, respectively. Under the constant white light or
co-irradiation of blue and red light, flower opened and closed once, but the
oscillations did not continue thereafter. The synchronization of flower
opening and closure rhythms to 24- and 20-hour day cycles was observed
both for blue light and red light cycles. The synchronization was not
complete for 16-hour light cycles and the flower oscillation period became
24 hours under 12-hour light cycles. The direct effect of light was found to
be dependent on light intensity. When blue light intensity was adjusted at 25,
40, or 100W-m™, flower opened more sharply after dawn at a stronger light

intensity, but such intensity dependent effect was not observed for red light.
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3.1 Introduction

The rhythm of flower opening and closure has been studies since more
than a century ago. Many flowers open in the morning and start to close
before the end of light period (Biinning and Zimmer, 1962; Ewusie and
Quaye, 1977). Therefore, fully open flower cannot be maintained just by
keeping lightings on. In most cases, flowers open and close responding to
circadian clocks. Circadian clock regulated flower opening was studied in
detail for Pharbitis (Kaihara and Takimoto, 1979; Kaihara and Takimoto,
1980). The Pharbitis flower opening was not regulated directly by light, but
was initiated 10 hours after the onset of darkness at 24 °C. Therefore, when
the dark period was less than 10 hours, flowers opened during the light
period, whereas, if the dark period was longer than 10 hours, flowers opened
during the dark period. Flowers of Turnera ulmifolia also started to open a
certain period after the end of previous light period (Ball, 1933).

As compared with circadian clock regulated flower opening, circadian
clock regulated flower closure has been paid less attention and thus is less
understood. The duration of floral opening period is usually studied in
consideration of floral longevity, which is associated with pollination and
subsequent senescence. Significant shorting of floral longevity after
pollination can be observed in many species (Niu et al., 2011; Primack,
1985; Van Doorn, 1997). However, many flowers show repeated flower
opening and closure and the oscillation seems to be under the regulation of
circadian clocks.

E. grandiflorum is one of the flowers that show reciprocal oscillations of
flower opening and closure. The purpose of this study was to investigate
flower opening and closure rhythms synchronized with environmental light
rhythms for establishing the basis for controlling and extending the period of
fully open status of the flowers. We designed different light-dark cycles to
examine the control of flower opening and closure by lights in F.

grandiflorum.
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3.2 Material and methods

3.2.1 Plant materials

Seeds of E. grandiflorum ‘Azuma-no-Murasaki’ (Sakata Seed,
Yokohama, Japan) were sown on wetted peat moss based medium and
placed in a growth chamber controlled at 20 °C with 16 hour light / 8h dark
light cycles at light intensity of 5 W m™ by fluorescent lamps. Two months
after germination, the seedlings were transplanted to 15 cm plastic pots
filled with a 3:1 mixture of granular soil and a peat-based soil mix, and
grown in a glasshouse for two months until flower buds became visible.
About one week prior to the experiments, the plants were transferred to a
growth room with the light cycles of 16 hour light period at 25°C and 8 hour
dark period at 20 °C, relative air humidity of 60-80%, and light intensity of
100 W m™ over the canopy from the metal halide lamps.

3.2.2 Methods

Experiment 1 - Effects of shading leaves and flowers under
light-dark cycles on flower opening and closing rhythms

Before flowers start to open, plants were transferred to light cycles of
16L8D light-dark cycle light period, leaves and flowers were covered by
opaque box respectively (Fig. 3-1). The light intensity and temperature of
are the same as condition 16L8D, which described in materials. The flower
images were recorded from the first cycle of flower opening and closure.
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Experiment 2 - Effects of different light periods under 24-hour light

cycles on flower opening rhythms

Plants similarly prepared as in Experiment 1 and placed at light cycles
of 20, 16, 12, 8, or 4-hour light period under 24-hour day length (20L4D,
16L8D, 12L12D, 8L16D, 4L20D, respectively). The light intensity and
temperature of these treatments are the same as condition 16L8D, which
described in materials. The flower images were recorded from the first cycle
of flower opening and closure. Other plants were kept under 16L8D
conditions until the first day of flower opening, and then subjected to
continuous dark or light conditions from the end of the last 16L8D cycle.
The flower images were recorded from the beginning of DD and LL

conditions.

Experiment 3 — Effect of blue and red light cycles on flower opening
rhythms

Plants similarly prepared as in Experiment 1 and placed under the
16L8D condition were transferred to a dark room controlled at 25 °C and
subjected to following light treatments from the end of the last 16L8D
condition, using blue (OSB56A5111A, Optosupply, 465-475nm) or red
(OSR7CAS11A, Optosupply, 650-670nm) LEDs: 1) different day-length
cycles of 16, 12, 8, or 4-hour light period and 8 hour dark period (16L8D,
128D, 8L8D, 4L8D, respectively), using blue (40 W-m?) or red (50
W-m™) light, 2) continuous blue (40 W-m™), red (50 W-m™), or blue plus
red lights, 3) 16L8D light cycles using different intensity of blue (25, 40, or
100 W-m™) or red (25 or 70 W-m™) light.
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3.3 Results

3.3.1 Effects of part organs shading on flower opening and closing
rhythms

When the flowers opened for the first time at 16L.8D, petal unfolding
of the tightly closed buds proceeded very slowly during the light period,
but once flowers fully opened, flowers always started to open within 15
minutes after dawn, and kept rapid opening for 2-4 hours (Fig. 3-2). After
this rapid opening, flowers gradually closed until the dusk, and started to
close rapidly within 5 minutes after dusk (Fig. 3-2). Since the
flower-opening pattern was different between the day of the first flower
opening and the following days, the first flower-opening day was regarded
as the "preceding day" (Fig. 3-2) and excluded from the measurement of
diurnal flower rhythms. The rapid flower opening at dawn was not clear for
the preceding day.

Similar as 16L8D condition, at leaf-shading treatment, flower also
exhibited opening and closure oscillations synchronized to the light cycles
(Fig. 3-3). Flower started to open rapidly, flower started to close after
reaching full opening. It showed that flower closed slowly until light-off.
Flower closed very fast at 15-20 minutes, then keep closing until dawn. By
contrast, at flower-shading treatment, flower exhibited opening and closure
rhythms with an oscillation period of 24 + 0.3 h. However, there was no
violent movement on petal, the trends showed smoothly. At this treatment,
amplitudes decreased from the second day-night cycle. The amplitudes of
the first cycle is three times of the fourth cycle (Fig. 3-3). From the results
of fig 3-3, we found that the flowers of E. grandiflorum is sensitive to light
rather that leaves. Thus, we illuminated the flowers when under the
different light wavelength.
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Fig. 3-2. The movement of petals after the transition of the light condition
from dark to light (A) and from light to dark (B). The petal movement was
recorded during the day of first flower opening (“preceding day”) and
subsequent three consecutive days. Grey and white areas of each figure
indicate dark and light period, respectively. Bars indicate the standard
deviations (n = 3).
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respectively. Each value is the mean of at least three replicates. Bars
indicate the standard deviations (n > 3).
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3.3.2 Effects of different light periods under 24-hour light cycles on

flower opening rhythms

At 12L12D light cycles (Fig. 3-4C), flowers also started to open
immediately after dawn, reaching the maximum in 2 to 4 hours, closed

gradually until dusk, and then closed rapidly immediately after the dusk.

At shorter light period cycles (8L16D, 41.20D), flower opening started
during the dark period approximately 12 hours after dusk (Fig. 3-4D,E).
Flowers also exhibited rapid opening at dawn and rapid closure at dusk
similarly to the cycles with shorter dark periods.

In the longest light period cycles (20L4D), flowers opened only
slightly at dawn. The extent of maximum opening became less as flowers
repeated daily opening and closure cycles at longer light period cycles
(20L4D, 16L8D, 12L12D), so that the Y value drifted upward toward the
end of the measurement.

Under continuous dark conditions (Fig. 3-5A), flowers exhibited
opening and closure rhythms with an oscillation period of 25.5 + 0.6 h.
Under the continuous light (Fig. 3-5B), flowers opened and closed once as
observed under the light period of light/dark cycles, and opened again
around 24 hours after the beginning of the light period, but they did not

show any more opening and closure thereafter.
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Fig. 3-4. Effects of the length of light periods under 24-hour light cycles on
flower opening and closure rhythms. White and black bars above the
figures indicate light and dark periods. A-E: Flower opening and closing
oscillation rhythm in 24hour light periods (20L4D, 16L8D, 12L12D,
8L16D and 4L20D respectively). Each value is the mean of at least three
replicates. Bars indicate the standard deviations (n > 3).
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Fig. 3-5. Effects of the length of light periods under constant conditions on

flower opening and closure rhythms. The periods indicated by grey bars in

LL (continuous light) means the corresponding time of the day during the

pre-experimental light condition was dark. A-B: Flower opening and

closing oscillation rhythm in constant dark and light period respectively.

Each value is the mean of at least three replicates. Bars indicate the

standard deviations (n > 3).
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3.3.3 Effect of blue and red light cycles on flower opening rhythms

Under 16L.8D and 12L.8D light cycles using blue or red light (Fig. 3-6),
the flower also exhibited opening and closure oscillations synchronized to
the light cycles. The periods oscillation are 24.2 + 0.3 hours and 20.3 + 0.3
hours in 16L8D and 12L8D light cycles, respectively. In red 16L8D and
12L8D cycles, they showed 23.9 £+ 0.1 hours and 20.1 + 0.2 hours
respectively. The synchronization was not complete for 16-hour light cycles
(8L8D), where flowers exhibited around 24-hour oscillation for three cycles
by red light or irregular movements by blue light. Under 4L8D light cycles,
flower opening rhythm was synchronized to 24-hour cycles both for the blue
light and red light, the periods are 24.3 + 0.4 hours and 23.8 + 0.6 hours in
blue and red of 4L8D light cycles, respectively.

Under the constant blue or red light (Fig. 2-8), flower opening and
closure showed free running oscillations; the period of the cycle was 25.6 +
0.6 hours for blue and 24.3 + 0.4 hours for red. Under constant
co-irradiation of blue and red light (Red + Blue), flower movements were
similar to those under constant white light; flower exhibited opening and
closure once, but did not show any more rhythms thereafter.

To see the light intensity response of flower opening and closure,
flowers were subjected to 16L8D rhythm of blue or red light at different
light intensities (Fig. 3-8). The flowers exhibited the sharpest response at
dawn to the strongest blue light, and the flowers closed slowly at lower
blue light intensities. By contrast, such sharp changes at dawn were not
observed for red at both weak and strong intensities. At weak red light
cycles, petals opened more widely, as represented by the lower values of Y
at full opening, and did not close fully, resulting in downward shift of Y.
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Fig. 3-6. Effects of day length on flower opening and closure under red
(upper figures) or blue (lower figures) light cycles. The length of dark
period was fix at 8 hours. White and black bars above the figures indicate
light and dark periods. A-D: Flower opening and closing oscillation rhythm
in different red or blue light cycles (16L8D, 12L8D, 8L8D and 4L8D
respectively). Each value is the mean of at least three replicates. Bars
indicate the standard deviations (n > 3).
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three replicates. Bars indicate the standard deviations (n > 3)
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3.4 Discussion

3.4.1 Dual step regulated flower opening and closure

Flowers of many species show reciprocal opening and closure
synchronized with environmental light rhythms. This process is usually
slow and takes hours for full opening and closure (Tanaka et al., 1989). In
this study, the petal movement during flower opening and closure was
recorded by interval photographing using digital cameras.

At the standard cycle of 16L8D, flowers opened shortly after dawn,
and start to close 2-4 hours after the initiation of light period, showing 24 h
period oscillations. Careful observation of the flower opening process
revealed that flower opening was composed of dual steps: one started at
dawn, and the other started 12 hours after dusk. When the dark period was
longer than 12 hours, flowers partially opened during the dark period, and
rapidly open immediately after dawn. Similarly, flower closure started
during the light period, and flowers immediately closed at dusk. The former
dark period opening can be considered as circadian clock regulated
movement and the latter one would be a direct and immediate effect of
lights. Such a dual system was proposed for once flower opening of Asiatic
lily, in which petals opened to approx. 40° in a ‘dark phase’, and opened
further for full opening in a subsequent "light phase" (Bieleski et al.,
2000b).

3.4.2 Circadian clock regulated flower opening

As described above, the flower opening started during the dark period
before dawn when the dark period was longer than 12 hours (8L16D and
41.20D), and flower closure started during the light period when the light
period was longer than 4 hours. The dark period flower opening and light
period flower closure suggested the involvement of circadian clocks in the
regulation, since these changes required substantial periods of hours after
the actual changes in light conditions. To confirm this, persistence of
flower opening rhythms under constant dark or light conditions was tested.
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The flowers showed an approximately 25-hour rhythm at least for three
days in DD (Fig. 3-5), indicating the involvement of circadian clock in E.
grandiflorum flowers.

In contrast to the continuous dark condition, being placed in the
continuous light condition, flowers opened and closed once, and showed no
more oscillation of flower opening and closure thereafter. Thus more than
minimum dark period seems to be required for the flowers to open. The
requirement of a stretch of dark period for flower opening was reported for
other plants. The minimum time requirement was 7 h for Asiatic lily flower
(Bieleski et al., 2000b) and a few hours for Turnea ulmiflolia (Ball, 1933).
In E. grandiflorum flowers, flowers showed only slight opening and closure
at 20L4D cycles. Thus, minimum requirement of dark period would be
around 4 hours in E. grandiflorum flowers.

3.4.3 Direct and immediate effect of lights on flower opening and closure

The E. grandiflorum flowers exhibited rapid opening within less than
15min after the initiation of light period (Fig. 3-2A). Rapid flower opening
after dawn has been reported for other plants before. It took less than one
hour for Portulaca (Ichimura and Suto, 1998), less than 20 min for
Oenothera biennis (Sigmond, 1930) and only 5 min for Hedera helix
(Sigmond, 1929) to reach its full flower opening after the initiation of
illumination. Rapid flower closure was also observed at the beginning of
dark periods (Fig. 3-2B). These immediate responses to the light phase
transition were observed regardless of different light/dark cycles and even
in shorter day length cycles (Fig. 3-4B, C, D). Therefore, it is likely that the
immediate response is the direct effect of the transition of light condition.

The immediate flower opening after dawn appears to be dependent on
both light quality and light intensity. Under the blue/dark cycles with the
strongest blue light, flowers exhibited the sharpest changes at the point of
light on and off (Fig. 3-6A), while the light intensity dependent response
was not clear under the red light cycles (Fig. 3-6B). In excised leaves of
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Oxalis corymbosa, leat movement, which was directly induced by light,
was found to be mediated by blue light, but not by red light (Nakanishi et
al., 2005). It is generally found that the extent of flower opening depends
on environmental light intensities. On cloudy days at low sunlight
intensities, flowers often show insufficient flower opening. Based on our
results, blue light may play an important role in these light-intensity
dependent flower openings. Although many studies showed the association
of flower opening with light intensity as reviewed previously (van Doorn
and van Meeteren, 2003), the physiological basis for this response remains
unknown.

344 Flower opening and closing rhythm controlled by multiple
photoreceptors

Our data showed that red light or blue light was sufficient for the
synchronization of flower opening and closure rhythms (Fig. 3-6). The
flower opening oscillation synchronized with both red/dark and blue/dark
cycles of different day length. The circadian rhythm was also observed
under continuous blue and continuous red as in DD (Fig. 3-7, 3-5A).
However, when both red and blue were irradiated continuously, the
circadian rhythm disappeared as observed for LL (Fig. 3-7, 3-5B).
Therefore, signals of multiple photoreceptors would be integrated, and the
integrated signals may control the flower opening and closure rhythms.
Red/far-red-light photoreceptor phytochromes and blue-light photoreceptor
cryptochromes were found to play a key role in the synchronization of
circadian oscillations to light/dark cycles (Mas and Yanovsky, 2009;
Somers et al., 1998a; Yanovsky and Kay, 2001) In Pharbitis, the time of
flower opening was delayed by red irradiation during the dark period, and
the effect could be cancelled by subsequent far-red irradiation (Kaihara and
Takimoto, 1979; Kaihara and Takimoto, 1980), suggesting the involvement
of red/far-red reversible phyB in the regulation. From our data, both
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cryptochromes and phytochromes seem to be involved, but the involvement

of other photoreceptors for blue light would be possible.

3.4.5 Molecular mechanisms for circadian clock regulation of flower

opening and closure

The circadian free running under DD but not under LL were similar to
the flower opening rhythm of roses (Horibe and Yamada, 2014), but
different from some other plants. Bellis perennis flower showed a circadian
rhythm under LL, while Kalanchoe blossfeldinana shows circadian rhythm
under both under LL and DD (Karvé et al., 1961). In Arabidopsis, leaf
movement and hypocotyl elongation oscillated in LL after LD pretreatment,
but the oscillation was not clear under DD.

Our understanding of circadian clock regulation is too limited to
speculate why different species showed different response to LL and DD,
but these variations in the response to continuous light conditions would be
related to the entrainment mechanism of circadian clocks. The absence of
oscillation under LL suggests that the oscillation of endogenous clock was
disturbed or output of clock signals were interrupted by the continuous light
signal. In Arabidopsis, even though the oscillation disappeared under DD,
the transcripts levels of LATE ELONGATED HYPOCOTYL (LHY),
CIRCADIAN CLOCK ASSOCIATED 1 (CCAIl), GIGANTEA (GI), and
EARLY FLOWERING 4 (ELF4) genes, which were discovered to control
internal rhythms, continued to exhibit circadian rhythms under both LL and
DD following the light/dark cycle (Doyle et al., 2002; Higuchi et al., 2011;
Schaffer et al., 1998; Wang and Tobin, 1998), while the expression of
TIMING OF CAB EXPRESSION 1 (TOCI) showed oscillation in LL, but
not in DD (Strayer et al., 2000). These data implicated that circadian
oscillators were active under LL and DD in Arabidopsis, but the irregular
output signals under DD caused the arrhythmic behavior of the leaves.
Accordingly, the loss of oscillation of E. grandiflorum flowers under
continuous LL would be resulted from the defects in the output pathway of
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oscillator genes, rather than arrhythmicity of oscillators. To clarify these
relationships, it would be necessary to analyze the oscillations of clock
genes in E. grandiflorum.

The observed immediate response upon the transition of light
conditions appears to be the “acute response”, which represents the “gating”
of clock output signals (Millar and Kay, 1996). The morning genes are
usually induced by light exposure, and this entrains circadian clocks to the
environmental light rhythms. However, the extent of the response is not
stable throughout the day, but shows circadian rhythms. When the response
is small, the “gate” is regarded as being closed. Therefore, the entrainment
of the rhythm can be completed effectively only during the specific periods
of the day.

In this regard, the immediate response upon the transition of light
conditions should be influenced by the manner of the light/dark cycles. In
fact, the immediate response was not clear for 20L.4D, and in this condition,
the flower opening and closure rhythm was disturbed. Similarly, at 4L8D
cycles, no immediate response was observed and the period of flower
opening and closure was not 12 hours, but 24 hours. These examples may
imply that the gate was closed at dawn in these conditions so that the
rhythm could not be entrained to the light cycles.
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3.5 Conclusion

E. grandiflorum flower showed 24-hour cycles of flower opening and
closure, and this cycle was precisely synchronized to environmental
light/dark cycles. The rhythms could be synchronized both by blue and red
light, indicating that both red photoreceptor such as phytochromes and blue
light photoreceptors such as cryptochromes were involved in the
entrainment of the rhythm. The data also showed that the flower opening
and closure was controlled by a dual system, one is controlled by circadian
clock, and the other functions immediately after the light was on and off.
Flower opening gradually started approximately 12 hours after the start of
dark period, and rapidly after the light-dark phase changes. Blue light
seemed to be especially important for the light-intensity dependent
regulation of flower opening and closure.

52 -



Chapter 4 The effect of red/far-red in diurnal opening
and closure in flowers of E. grandiflorum
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In this chapter, we investigated the effect of red light and/or far-red
light on E. grandiflorum ‘Azuma-no-Murasaki’ under different light cycles
by capturing corolla images by interval photographing. The flower showed
normal opening and closing rhythm under different light conditions. The
circadian amplitudes are obviously decreased in far-red /dark condition but
not in red/dark and far-red red/dark conditions. Flowers exhibited differed
response on condition of revering the red and far-red light. Flower showed
the second opening in condition of 8Fr8R8D whereas no evident change in
8R8Fr8D condition. We also perform the far-red light-break during the
light period to investigate the role of red and far-red light on flower
opening and closing rhythm. The amplitude of oscillation obviously
reduced from 0.19 to 0.09 in the condition of 14R1Fr1R8D. However, in
condition of 15R1Fr8D, it was almost invariable till the fourth day.

4.1 Introduction

Among external environmental factors, light is the most important
factor influencing plant development at all phases of its life cycle (Kircher
et al., 1999; Neff and Chory, 1998). As light photoreceptors, phytochromes
(absorb red and far-red light) and cryptochromes (absorb strongly blue and
UV-A light) were wildly study on photosynthetic activities, leaf movement
and gene expression (Millar, 1999; Somers, 1999). Recently, they mediated
light signal input to circadian clock to regulate life activity have been
reported (Devlin and Kay, 2001; Finlayson et al., 1998; Halliday and
Fankhauser, 2003; Kendrick and Kronenberg, 1994; Yanovsky et al., 2001).
The most extensively researched photoreceptors are phytochromes, which
regulate gene expression by switching between the red-absorbing form (P,)
and the far-red absorbing form (Py). That is because P; is the biologically
inactive form which is easy to converts to Py, whereas Py is the biologically
active within plants which controls transcription level of various genes
(Batschauer, 1999; Chalker - Scott, 1999; Ni et al., 1999).
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There are a number of studies about light-break also known as light
perturbation on the floral initiation of plants (Goto et al., 1991; Vince-Prue,
1983; Vince-Prue, 1994). Generally, red light-break is effective on
inhibiting floral initiation in long dark period of short-day plant. This effect
will be eliminated by exposure to brief far-red light (Downs, 1956).
However, this effect will be reversed in long-day plant. That is, light-beak
cloud promotes floral initiation in long-day plant (Evans et al., 1965;
Friend, 1968a; Imhoff et al., 1979). FR 1is supposed can cause the
enhancement of floral initiation though the "hight irradiance response" of
phytochrome (Deitzer et al., 1979; Friend, 1968b).

In this chapter, we performed different light period condition with red
light and far-red light to investigate the exact roles of them in regulation of
flower diurnal opening and closing rhythm.
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4.2 Material and methods

4.2.1 Plant materials

Plant materials and growing conditions are the same as in chapter 2.

4.2.2 Methods

Before flowers start to open, plants were transferred to a dark room
controlled at 25 °C and subjected to following light treatments from the end
of the last 16L8D condition, using far-red (710-740 nm) or red
(OSR7CAS11A, Optosupply, 650-670nm) LEDs:

1) 16L8D light cycles with far-red light (80 W-m™).

2) Continuous far-red (80 W-m™), and far-red plus red lights.

3) 16L8D light cycles (red/far-red conversion): a) the previous 8 hours
is red light (70 W-m™), and the next 8 hours is far-red light, then 8 hours
dark; b) the previous 8 hours is far-red light (70 W-m™), and the next 8
hours is red light, then 8 hours dark; c) the previous 15 hours is red light
(70 W-m™), and last lhour is far red light; d) the previous 14 hours is red
light (70 W-m™), and the next lhour is far-red light, the last 1 hour of light
period is red light, then 8 hours dark.
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4.3 Results
4.3.1 Effect of far-red light on flower opening and closing rhythm

To find out which light or photoreceptor is cure factor in flower
opening and closing rthythm in E. grandiflorum, we also carried the plant to
far-red conditions. Under the condition of far-red/dark cycles (16L8D),
flowers opened rapidly when illumined by far-red light, then keep state of
full opening till closed to dusk, flowers started to close at around ZT15-16
(Fig. 4-1). The flowers continue to close during the dark period till dawn.
The amplitude of oscillation decreased from the second day. Under
constant far-red light condition, the flowers also keep normal oscillation
rhythm with approximately 24 hours photoperiod. Similar to condition of
far-red/dark cycles (16L.8D), the amplitude decreased below one third. We
also performed the red plus far-red/dark 16L.8D light condition, the flowers
opened rapidly at dawn, then maintain full opening till at time of ZT 12-13,
they did not closed when enter dark period, this phenomenon lasted for
several days. In addition, the amplitude have no obvious change in red plus
far-red/dark 16L.8D light condition.

Far-red plus red light 16L8D conditions were also performed, flowers
opened at dawn in 4-5 hours then closed slowly till dusk, flower closed
completely. Notably, the amplitude of oscillation in this condition was
almost no change from 2nd day compared with condition of far-red/dark
cycles (16L8D). It suggested that red-light play an important role in
regulation of circadian amplitude.

Under constant far-red light condition, flowers kept rhythm of opening
and closure, but the amplitude decreased obviously. The length of
photoperiod was shortened by 22.1 £+ 0.3 hours in 2nd day and 21.6 + 0.5
hours in 3rd day. Up to 4th day, flowers opened at subject dawn, but they
did not show closure thereafter.
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periods. Each value is the mean of more than three replicates. Bars indicate
the standard deviations (n > 3)
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Fig.4-3 Oscillation rhythm of flower opening and closure under constant
far-red light condition. The periods indicated by grey bars in LL
(continuous far red light) means the corresponding time of the day during
the pre-experimental light condition was dark. Each value is the mean of
more than three replicates. Bars indicate the standard deviations (n > 3)
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4.3.2 Effect of alternation of far-red/red light on flower opening and
closing rthythm

To clarify the roles of red and far-red in flower opening and closing
rhythm, we conversed the red and far-red in 16L8D condition. That is
previous 8 hours is red light, then 8 hours in far-red light, continuing 8
hours dark (Fig. 4-5). The other experiment is conversion of red and far-red
light, that is, previous 8 hours is far-red light, then 8 hours in red light (Fig.
4-4). The flowers showed the second opening in condition of 8Fr8R8D (Fig.
4-4), especially at Ist and 2nd day, whereas no exhibit in condition of
8R8Fr8D (Fig. 4-5). Under the 8Fr8R&D, flowers opened at dawn in 2-3
hours, then the petal moved slowly, up to change to red light (ZT 8-9),
flowers opened rapidly again. Interestingly, we found that flowers started
to open during the dark period rather than dawn in 8R8Fr8D condition (Fig.
4-5). The speed of closure during the red light is higher than during the
far-red light in middle of light period. It is indicated that the effect of red
light is higher than far-red.
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Fig. 4-4. Effects of alternation of red and far-red light on flower opening
and closure. Red, pink and black bars above the figures indicate red, far-red
and dark periods, respectively. Each value is the mean of more than three
replicates. Bars indicate the standard deviations (n > 3).
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Fig. 4-5. Effects of alternation of red and far-red light on flower opening
and closure. Red, pink and black bars above the figures indicate red, far-red
and dark periods, respectively. Each value is the mean of more than three
replicates. Bars indicate the standard deviations (n > 3).
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4.3.3 Effect of far-red light-break on flower opening and closing rhythm
in light period

To find out the exact roles of far-red and red in flower opening and
closing, we also performed the far-red light-break near dusk. The details
are showed in Fig. 4-6 and Fig. 4-7. Under both two light conditions,
flowers persisted opening and closing rhythm, but there are many distinct
differences between them. In light condition of 14R1Fr1R8D (Fig. 4-6), the
amplitude of oscillation in flower opening and closure decreased day by
day, 0.19 in first day, 0.14 in second day, 0.09 in third day and 0.02 in forth
day. However, the amplitude of oscillation in flower opening and closure is
almost no change in condition of 15R1Fr8D (Fig. 4-7).
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Fig. 4-6. Effects of far-red light broken on flower opening and closure.
Red, pink and black bars above the figures indicate red, far-red and dark

periods, respectively. Each value is the mean of more than three replicates.
Bars indicate the standard deviations (n > 3).
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Fig. 4-7. Effects of far-red light broken on flower opening and closure.
Red, pink and black bars above the figures indicate red, far-red and dark
periods, respectively. Each value is the mean of more than three replicates.
Bars indicate the standard deviations (n > 3).
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4.4 Discussion

In this work, results demonstrate the variability in how flower respond
to environments with in red, and far-red light. Phytochromes have two
interconvertible forms: the P, and Py absorbing forms. In long-day plants,
flowering is promoted by red light (or high R : FR ratio) during the early
part of the photoperiod. Illuminating far-red light (or low R : FR ratio)
towards the end of light period or interrupt the dark period promotes
extension growth and flowering. (Evans, 1976; Lane et al., 1965; Thomas
and Vince-Prue, 1996). Flowering and extension growth can be influenced
by R : FR ratios in V. xwittrockiana. Under low R : FR ratio condition,
stem extension and flowering were promoted, first flowering occurred on
the primary stem. On the contrary, branching was promoted and flowering
was inhibited under high R : FR ratio condition (Runkle and Heins, 2001).

Under different 16h light (red, far-red and combination of red and
far-red) period, flowers showed distinct response (Fig. 4-1, 2 and Fig.
3-6A). The amplitudes of flower opening and closing oscillation were not
obviously decreased with illuminating red light or combination of red and
red light. Although flowers showed normal opening and closing rthythm in
constant far-red light, the amplitude was lower. It inferred that red light is
dominant in maintaining the amplitudes of circadian oscillation.

In our study, the flowers showed the second opening in condition of
8Fr8R8&D (Fig. 4-4) but not in condition of 8R8Fr8D (Fig. 4-5). Moreover,
in condition of 15R1Fr8D (Fig. 4-7), the amplitude of flower opening and
closing oscillation can be kept whereas decreasing in 14R1FrIR8D (Fig.
4-6). It indicated that red light given followed by far-red light during light
period overcame the inhibitory effect of far-red light on flowering. It is
consistent with that far-red light produces an inhibition of flowering in long
day plant. This inhibition can be overcome by subsequent red light. The
effect will be reversed in short day plant (Reid et al., 1967).
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4.4 Conclusion

E. grandiflorum flower showed opening and closing rhythm in various
light conditions of red and far-red light. Red light plays a dominant role in
maintaining the amplitudes of circadian oscillations. In the results of
light-break experiment, the flowering opening can be promoted by red light.
Red light also overcomes the inhibition of flowering which is produced by
far-red light.
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Chapter 5 Phytochromes and cryptochromes together
control the diurnal rhythm of flower opening and closure
in Solanum lycopersicum
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As a popular fruit vegetable plant, tomato (Solanum esculentum) is
widely studied in physiology, biochemistry, genetics and molecular biology.
Tomato flowers open in the morning and close in the evening, showing a
diurnal rhythm. With tomato as a model plant, elucidation in flowering
physiology in tomato plant is important to understand the mechanisms of
plant flowering. In the present study, photoreceptor- deficient mutants of
tomato were grown under different light conditions and the diurnal states of
flowering were recorded through capturing corolla images by interval
photographing. Under continuous light conditions, circadian rhythm
persisted in the phyB deficient mutant. In contrast to mutant phyB2-1,
mutant phyB1-1 showed obvious oscillation rhythm when under all lighting
conditions. In addition, dual mutant of phyB deficiency and triple mutant
phyAphyB1-1phyB2-1 exhibited normal oscillations, while rhythm was
disappeared in other mutants where phyB gene was activated. Under
continuous dark conditions, all cryl-deficien- mutants showed a shortened
length of circadian period. Therefore, it was suggested that red light played a
role in mediating the amplitude of oscillations and blue light was related
with length of oscillation in circadian clock.

5.1 Introduction

The biological processes including metabolism, physiology and
behavior in most living organisms display a endogenous and entrainable
diurnal rhythm of approximately 24 h (Dunlap, 1999). For example, the
classic system of pulvinar leaf movement showed in leguminous plants
(Lumsden and Millar, 1998). This rhythm is driven by swelling of extensor
and flexor regions of pulvinus (Kim et al., 1993). There are also circadian
rhythms in growth rate and cell elongation. Hypocotyl growth of
Arabidopsis, exhibiting a circadian rhythm in elongation rate, is regulated
by light and hormones (Halliday and Fankhauser, 2003; Nemhauser and
Chory, 2002; Symons and Reid, 2003). As an important field in plant
science, flower opening and closing rhythms have been widely studied in
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many ornamentals (Biinning and Zimmer, 1962; Ewusie and Quaye, 1977,
Kaihara and Takimoto, 1979; Kaihara and Takimoto, 1980).

The circadian rhythms rely on molecular oscillators which are
controlled by interlocked feedback loops (Wijnen and Young, 2006). Three
loops have been identified at present: morning loop, evening loop, and the
central loop, which interacts between morning and evening loop (Alabadi
et al., 2001; Matsushika et al., 2000; McClung, 2006; Pokhilko et al., 2012;
Schaffer et al., 1998; Strayer et al., 2000; Wang and Tobin, 1998). Plant
clocks are synchronized by environmental changes (Mas and Yanovsky,
2009), such as through activating various photoreceptors (Somers et al.,
1998a). As light photoreceptors, crytochromes absorb blue light (400 to
500 nm wavelength) and phytochromes absorb red/far-red light (600 to 700
nm wavelength) (Christie and Briggs, 2001; Whitelam, 1998). They cater to
the synchronization of circadian oscillations (Casal and Yanovsky, 2005;
Yanovsky and Kay, 2001). Five phytochromes (phyA to phyB) are
identified in Arabidopsis. PhyA is light unstable, which dominates in
dark-grown conditions and degraded rapidly during the light period.
Conversely, other phytochromes are more light stable, and PhyB dominates
in light-grown conditions (Kendrick and Kronenberg, 1994; Reed et al.,
1993). Remarkably, all phytochromes contain a C-terminal PAS domain,
which exists in many clock-associated proteins (PERIOD or TIMELESS)
(Bognar et al., 1999; Millar, 1997). Two cryptochromes, cryl and cry2, are
the blue and ultraviolet-A light receptors, which have been characterized in
Arabidopsis, and mainly act to maintain circadian period length. These
photoreceptors are involved in setting the clock and synchronization of
circadian oscillations to light-dark cycles (Devlin and Kay, 2000; Somers et
al., 1998a; Yanovsky and Kay, 2001).

As a model plant, tomato was widely studied with many mutants in
photomorphogenesis (Koornneef and Kendrick, 1994; Van Tuinen et al.,
1995). Flower opening and closing oscillation also showed in tomato plants.
In order to clarify the relationship between different wavelengths of light and
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circadian rhythm, we investigate the response of different mutants to
different light conditions.

5.2 Material and methods

5.2.1 Plant materials

Seeds of mutants of tomato (Solanum esculentum L. cv. Moneymaker)
(Table 1) and a wild type (WT) (Solanum pimpinellifolium L.) were sown
on seedling plates filled with wetted peat moss in greenhouse. The
seedlings were transplanted to 3L plastic pots filled with a 1:3 mixture of a
peat-based soil mix (Sakata Seed Co. Ltd., Yokohama, Japan) and granular
soil. Plants were grown in a glass house, where the temperature was
between 24 and 30 °C and air humidity was between 50% and 80%. The
plants were grown for two months until formation of flower buds became
visible. Then the plants were transferred to a growth chamber controlled at
25/20 °C (16h light/8hdark), with relative air humidity 60-80%, and light
intensity 100 W m™ over the canopy from white lamps. The diurnal regime
before the treatments was 16L/8D, similar to the normal in the summer
climate in Tokyo area.

5.2.2 Methods

About one week after the plants were placed in the
environment-controlled chamber, the flowers started to open. The
treatments of lighting regime were started under the fixed 24 h diurnal
regimes with different lighting periods as follows: 1) Normal: 16L/8D (16h
light/ 8h dark); 2) Continuous light: 24L/0D; 3) Continuous dark: 0L/24D.
The light intensity was 100 W m™.
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Table. 1 The name of mutants in Solanum esculentumm

Single mutant Dual mutants Triple mutants
phyA phyAcryl-1 phyAphyB1-1phyB2-1
phyBI-1 phyBI1-1 phyB2-1 phyAphyBl1-1cryl-1
phyB2-1 phyAphyB1-1

cryl phyBl-1cryl

-70 -



5.3 Results
5.3.1 The effect of light cycles in conditions of 16L 8D on flower opening

and closing in tomato mutants

Under the light regime of 16L 8D, the wild type (WT) opened very
quick after the beginning of light period, reaching the maximum in two to
three h. Flower closure started at ZT10 (about 10 hours after dawn), and
closing process was very quickly within the early 2 h (Fig. 5-1). This result
showed that the WT tomato flowers are sensitive to dark. This movement
inopening and closing rhythm can be maintained for several days.

Similar to WT, single mutants phyA, phyB1-1, and phyB2-1 (Fig. 5-1)
and dual mutants phyAcryl and phyBl-Icryl-1 (Fig. 5-2) opened when
illumined, then reached the maximum in 2-4 hours. Then, 6 h later, flowers
started to close and completely closed at around ZT10, and were also
sensitive to dark. However, the mutant phyBlI-IphyB2-1 showed the
instability (Fig. 5-2). Unlike other dual mutants, the flowers in the mutant
phyAphyB1-1 opened during the light period and closed around ZT 16.

The diurnal rhythm of opening and closing is observed in two triple
mutants phyAphyBI-1phyB2-1 and phyAphyBl-Icryl-1 flowers under
16L8D (Fig. 5-3), opening at light-on and closing at ZT 16 (light-off). The
results suggested that the flower opening and closing rhythm in plants with
mutated PHYA and PHYB1-1 synchronized with the cycle of light-dark.
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Fig. 5-1 The flowers opening and closing oscillations of single mutants in
16L8D light-dark condition. White and black bars above the figures
indicate light and dark periods. A-E: Flower opening and closing
oscillation rhythm in different mutants and WT (WT, phyA, cryl, phyBI-1
and phyB2-1 respectively). Each value is the mean of at least three
replicates. Bars indicate the standard deviations (n > 3).
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Fig. 5-2 The flowers opening and closing oscillations of dual mutants in
16L8D light-dark condition. White and black bars above the figures
indicate light and dark periods. A-D: Flower opening and closing
oscillation rhythm in different dual mutants (phyAcryl, phyBI-1phyB2-1,
phyAphyB1-1 and phyBI-1cryl respectively). Each value is the mean of at
least three replicates. Bars indicate the standard deviations (n > 3).
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Fig. 5-3 The flowers opening and closing oscillations of triple mutants in
16L 8D light-dark condition. White and black bars above the figures
indicate light and dark periods. A-B: Flower opening and closing
oscillation rhythm in different triple mutants (phyAphyBl-Icryl, and
phyAphyB1-1phyB2-1 respectively). Each value is the mean of at least three
replicates. Bars indicate the standard deviations (n > 3).
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5.3.2 The effect of light cycles in conditions of continuous lighting (LL) on
flower opening and closing rhythms in tomato mutants

Under continuous light conditions, flowers of W7 and single mutants
phyA and cryl opened and closed once as observed under the light period of
light/dark cycles, then maintained closed, and no more opening and closing
oscillation was showed thereafter (Fig. 5-4). However, other single mutants,
phyBl1-1 and phyB2-1, showed opening and closing rhythms in continuous
light conditions. Interestingly, unlike other opening and closing rhythms, the
second cycle just showed a brief oscillation in mutant phyB2-1.

There are differences among dual mutants with mutated phyB2-1.
Flowers of mutants phyAphyBl1-1, phyBI-1cryl and phyBI-1phyB2-1, with
exception of mutant phyAcryl, showed diurnal opening and closing
oscillations in LL (Fig. 5-5). In addition, the two triple mutants
phyAphyBl-1cryl and phyAphyBl-1phyB2-1 persisted oscillations under
continuous light conditions (Fig. 5-6). The results showed that the Y value in
the dual mutant phyBI-1phyB2-1 is larger than in the single mutant phyBI-1.
Combined with the results of phyB2-1, we found that the oscillations were
observed when mutated gene PHYBI-1 is present. The function was
amplified by mutated allele gene PHYBI-1 (Y phyi-iphyB2-1 > YphyBi-l > Y
phyB2-1). It 1s speculated that PHYB can hamper the light signal input to
circadian clock to protect the endogenous rhythm in tomato.
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Fig. 5-4 The flowers opening and closing oscillations of single mutants in
constant light condition. The periods indicated by grey bars in LL
(continuous light) means the corresponding time of the day during the
pre-experimental light condition was dark. A-E: Flower opening and
closing oscillation rhythm in different mutants and WT (WT, phyA, cryl,
phyBI1-1 and phyB2-1 respectively). Each value is the mean of at least three
replicates. Bars indicate the standard deviations (n > 3).

-76 -



LL

A
2
c phyAcry1 c
215 8
[72) (72}
[e] o
[N | Q
(0] o
= >
s 0.5 IS
4 B asasarni 1
O nnnnn s ad Ad Al AR
C 2 D
c phyAphyB141 c
215 2 1.
[72) (%2}
o o
Q 1 a
(0] ()
> =
[0] J [0)
¥ o L., LT an: I

Fig. 5-5 The flowers opening and closing oscillations of dual mutants in
constant light condition. The periods indicated by grey bars in LL
(continuous light) means the corresponding time of the day during the
pre-experimental light condition was dark. A-D: Flower opening and
closing oscillation rhythm in different dual mutants (phyAcryl,
phyB1-IphyB2-1, phyAphyBI-1 and phyBI-1cryl respectively). Each value
1s the mean of at least three replicates. Bars indicate the standard deviations
(n > 3).
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Fig. 5-6 The flowers opening and closing oscillations of triple mutants in
constant light condition. The periods indicated by grey bars in LL
(continuous light) means the corresponding time of the day during the
pre-experimental light condition was dark. A-B: Flower opening and
closing oscillation rhythm in different triple mutants (phyAphyBI-Icryl
and phyAphyB1-1phyB2-1 respectively). Each value is the mean of at least
three replicates. Bars indicate the standard deviations (n > 3).
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5.3.3 Effect of light cycles in conditions of continuous dark on flower
opening and closing rhythms in dual mutants of tomato

All flowers exhibited opening and closing oscillations under
continuous dark conditions, but there are some differences. Under
continuous dark conditions, the flower opening and closing rhythm is
similar to that in conditions of 16L 8D in WT. The flowers of other single
mutants spent 5-8 hours to reach the maximum. Flowers of mutant phyA
closed at time of ZT16 (the time assumed beginning of darkness). After
reaching full open, flowers of mutants payBI-1and cryl started to close in
the second cycle. However, the flowers closed at the time of assumed
light-off in mutant phyB2-1 (Fig. 5-7).

Although both dual mutants phyAcryl and phyBl-1phyB2-1 showed
opening and closing oscillations in continuous dark conditions (Fig. 5-8), the
values of relative position were lower than that in conditions of 16L 8D (Fig.
5-2). The length of period in mutant phyBI-1phyB2-1 was around 22 h and
shorter than in 16L8D conditions, and the dual mutant phyAcryl also
showed shorter photoperiod length with about 23 h.

Flowers of all triple mutants showed opening and closing oscillations
under 16L8D in continuous dark and continuous light conditions. Under
16L8D and continuous dark, mutants opened at light-on and closed at
around ZT16 (light-off), however, the flowers spent much more time to open
in continuous condition (Fig. 5-8). Interestingly, the length of periods in
continuous dark condition were shortened, about 22h in mutant
phyAphyB1-1phyB2-1 and 23h in mutant phyAphyBI-1cryl, however, in
continuous light condition, the length of periods was prolonged for 25.5h in
mutant phyAphyB1-1phyB2-1 and 25h in phyAphyB1-1cryl (Fig. 5-8).

Interestingly, plants with single mutated PHYA, CRY1 or PHYA showed
obvious opening and closing oscillation. In addition, mutants with PHYA
deficiency showed shorter period length of the clock.
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Fig. 5-7 The flowers opening and closing oscillations of single mutants in
constant dark condition. A-E: Flower opening and closing oscillation
rhythm in different triple mutants (WT, phyA, cryl, phyBl-1 and phyB2-1
respectively). Each value is the mean of at least three replicates. Bars
indicate the standard deviations (n > 3).
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Fig. 5-8 The flower opening and closing oscillations of dual and triple
mutants in continuous dark condition. A-D: Flower opening and closing
oscillation rhythm in different dual mutants (phyAcryl, phyBI-1phyB2-1,
phyAphyB1-1phyB2-1 and phyAphyBl-Icryl respectively). Each value is
the mean of at least three replicates. Bars indicate the standard deviations
(n=>3).
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5.4 Discussion

5.4.1 PhyB mutants persisted endogenous circadian rhythm in tomato

flowers

In plants, the circadian clock controls daily changes of photosynthetic
activities, leaf movement, cell growth flower opening and gene expression
(Millar, 1999; Somers, 1999). Blue light photoreceptor cryptochrome and
the red/Far-red light photoreceptor phytochrome, as important molecular
components have been described for plant circadian systems in Arabidopsis
(Somers et al., 1998a). In our previous work in E. grandiflorum, we found
that the amplitude of oscillation decreased in low intensity of red light
condition (in chapter 3). Phytochrome B is the primary high-intensity red
light photoreceptor for circadian control and phytochrome A acts under
low-intensity red light (Somers et al., 1998a). In the results of single
mutants phyB1-1 and phyB2-1, flowers opened rapidly at dawn (ZT2) and
closed at dusk (around ZT16) in condition of 16L8D. In addition, in
continuous light condition, the oscillation rhythms were persistent in both
of these two mutants (Fig.5-1, 2, 3, 5, 6, 7). However, flowers of WT and
mutant phyA did not show opening and closing rhythm from the second day
when under continuous light condition. Moreover, in dual and triple
mutants when phyB-deficient which showed opening and closing rhythms
under continuous light condition. Thus, we infer that PHYB may be as a
inhibitor play a role in mediating light signal input to the circadian clock.

542 PHYA and CRYI alter the length of circadian opening and closure in
tomato flowers

In many biological organisms, the endogenous oscillator could be
entrained to the daily light and temperature cycles of the external
environment to maintain rhythms of about 24 hours, to control a wide
variety of biological processes (Lumsden and Millar, 1998). Under the
condition of continuous dark condition, E. grandiflorum flower showed the
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oscillation with longer period (25.5 = 0.6 h). Cryl is light stable which
mediates high-intensity blue light signals to the clock and regulates period
length (Somers et al., 1998a). PhyA not only absorb red light to clock but
also low-intensity blue light, which is light labile and predominates in
dark-grown (Devlin and Kay, 2001). Over-expression of phyB (Wagner et
al., 1991) shortened period length by 1 to 3 hours, relative to the WT,
dependent on the fluence rate (Somers et al., 1998a). In the present study,
we found that under continuous dark condition, dual mutants
phyBl-IphyB2-1, phyAcryl and triple mutants phyAphyBI-1phyB2-1,
phyAphyBl1-1cryl showed shorter photoperiod length less than 24 hours
compared with 16L8D condition (Fig. 5-7, 8). However, the length of
photoperiods in flower opening and closing oscillation in mutants
phyAphyB1-1phyB2-1 and phyAphyB1-1cryl was prolonged for 25.5 hours
and 25 hours respectively in continuous light condition. Collectively, plants
with phyA deficiency, which showed shorter period length of the clock.

Cryl as a signal transduction component downstream of phyA with
phyA act low fluence rate of blue light input to clock have been known
(Ahmad et al., 1998; Lin et al., 1995). In the current study, single mutant
phyA show approximately 24 hours length of period like WT in condition of
DD condition, however, shortened in single mutant cryl. In addition, we
also found the lengths of dual mutant phyAcryl and triple mutant
phyAphyBl1-1cryl-1 are shortened in DD condition with 23.1 + 0.3 h hours
and 22.3 = 0.2 hours respectively, but no change in mutants triple mutant
phyAphyB1-1phyB2-1 (24.2 £ 0.3 hours). It is suggested that cryl located
downstream of phyA is playing a role in maintaining the length of
circadian clock. (Fig. 5-4, 5, 6, 7, 8). That is, the blue light input to
circadian to mediated the length of period.
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5.5. Conclusion

Tomato S. esculentum flower showed 24-hour cycles of flower
opening and closure, and this cycle was precisely synchronized to
environmental light/dark cycles. Mutant with phyB-deficient showed
opening and closing rhythms in continuous light condition which infer that
PHYB may be as an inhibitor play a role in mediating light signal input to
the circadian clock. Plants with phyA deficiency, which showed shorter
period length of the clock. In addition, the period of dual mutant phyAcryl
and triple mutant phyAphyBI1-1cryl-1 also are shortened in DD condition.
Cryl located downstream of phyA has been reported (Devlin and Kay,
2000). Thus, phyA and cryl are playing a role in maintaining the period
length of circadian clock.
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Chapter 6  Conclusion
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Many ornamentals flowers open in the morning and start to close
before the end of light period (Biinning and Zimmer, 1962; Ewusie and
Quaye, 1977). As ornamentals, which are displayed at flower shops and
appreciated by consumers not only during the day but also at night, the
ability to keep fully open status of flowers at night or in a specific time of the
day is an important trait. For this purpose, development of techniques to
control the rhythms or breeding of cultivars that can keep open flowers at
any time of the day as consumers prefer would have potential demands.

To date, circadian clock can be reset by light and temperature have
been known. Scientists were expecting to find some way to solve the
problem that flowers cannot open at certain time. Thus, we investigated the
effect of different light condition and photoreceptors genetic defect on
flower opening and closing oscillation rhythm in this study.

In chapter 3, the effect of light on flower opening and closing oscillation
rhythm was discussed. Flower opening and closing cycle in E.
grandiflorum was precisely synchronized to environmental light/dark
cycles. The rhythms could be synchronized both by blue and red light,
indicating that both red and blue light photoreceptors were involved in the
entrainment of the rhythm. The data also showed that the flower opening
and closure was controlled by circadian clock and the other functions
immediately after the light was on and off. Flower opening gradually
started approximately 12 hours after the start of dark period, and rapidly
after the light-dark phase changes.

In chapter 4, in order to find out the regulating action of red light
photoreceptors (phytochromes), we investigated the effect of red/far-red
light on flower opening and closure. The data showed that red light is
involved in maintaining the amplitudes of circadian oscillations. Red light
could overcome the inhibition of flowering which is produced by far-red
light.
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In chapter 5, we capitalize on mutants of the model plant Solanum
esculentum whose flowers also show opening and closing oscillation
rhythm to define the roles of phytochromes and cryptochromes further. The
data indicated that PHYB may act as negative regulators in mediating light
signal input to the circadian clock. The data also showed that phyA and

cryl are playing a role in maintaining the period length of circadian clock.

Overall, flower rhythmic opening and closure is mainly controlled by
light. As light photoreceptors, PHYs and CRYs play different role in
mediating the light input to circadian clock, thereby regulating the rhythmic
opening and closing movement. However, there are also many problems
remain. Such as our study are just from the perspective of artificial
condition in laboratory but in manufacturing and distribution. Thus, study
of the ornamentals flowers rhythm opening and closure is to be studied
further.
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