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a  b  s  t  r  a  c  t

Chrysanthemum  (Chrysanthemum  morifolium)  is  a  short-day  plant,  which  flowers  when  the  night  length
is longer  than  a critical  minimum.  Flowering  is effectively  inhibited  when  the  required  long-night  phase
is interrupted  by a short  period  of  exposure  to red  light  (night  break;  NB).  The  reversal  of this  inhibition
by  subsequent  exposure  to far-red  (FR)  light  indicates  the involvement  of  phytochromes  in the  flowering
response.  Here,  we  elucidated  the role  of light  quality  in  photoperiodic  regulation  of  chrysanthemum
flowering,  by  applying  a range  of  different  conditions.  Flowering  was  consistently  observed  under  short
days with  white  light  (W-SD),  SD with  monochromatic  red  light  (R-SD),  or SD  with  monochromatic  blue
light (B-SD).  For  W-SD,  NB  with  monochromatic  red  light  (NB-R)  was  most  effective  in inhibiting  flow-
ering,  while  NB  with  monochromatic  blue  light  (NB-B)  and  NB  with  far-red  light  (NB-FR)  caused  little
inhibition.  In  contrast,  for B-SD,  flowering  was  strongly  inhibited  by  NB-B  and  NB-FR.  However,  when
B-SD  was  supplemented  with  monochromatic  red light  (B +  R-SD),  no inhibition  by  NB-B  and  NB-FR  was
observed.  Furthermore,  the  inhibitory  effect  of  NB-B  following  B-SD  was  partially  reversed  by  subsequent

exposure  to  a FR  light  pulse.  The  conditions  B-SD/NB-B  (no  flowering)  and  B  +  R-SD/NB-B  (flowering)
similarly  affected  the  expression  of  circadian  clock-related  genes.  However,  only  the  former  combina-
tion suppressed  expression  of  the chrysanthemum  orthologue  of  FLOWERING  LOCUS  T  (CmFTL3).  Our
results  suggest  the involvement  of  at least 2 distinct  phytochrome  responses  in the flowering  response
of  chrysanthemum.  Furthermore,  it appears  that the light  quality  supplied  during  the  daily  photoperiod
affects  the  light  quality  required  for effective  NB.
ntroduction

Photoperiod is a major environmental cue for flowering. Many
lant species reproduce at favorable times of the year, by measuring
easonal changes in day length, and responding either to long days
LDs) or short days (SDs). Day-length measurement is thought to be
chieved through the integration of endogenous circadian rhythms

ith external light signals (Bünning, 1936; Pittendrigh and Minis,

964). Light plays 2 distinct roles in photoperiodic flowering: (1)
y resetting the circadian clock that regulates the circadian phase

Abbreviations: B, monochromatic blue; CCG, clock-controlled gene; cry, cryp-
ochrome; FR, far red; HIR, high-irradiance response; LD, long day; LDP, long-day
lant; LED, light-emitting diode; LFR, low-fluence response; LL, continuous light;
B,  night break; phy, phytochrome; PPFD, photosynthetic photon flux density; R,
onochromatic red; RACE, rapid amplification of cDNA ends; R/FR, red/far-red; SD,

hort day; SDP, short-day plant; SNB, short night break; W,  white.
∗ Corresponding author. Tel.: +81 29 838 6801; fax: +81 29 838 6841.

E-mail address: tamotsu@affrc.go.jp (T. Hisamatsu).

176-1617/$ – see front matter ©  2012 Elsevier GmbH. All rights reserved.
ttp://dx.doi.org/10.1016/j.jplph.2012.07.003
© 2012 Elsevier GmbH. All rights reserved.

of clock-controlled genes (CCGs); and (2) by directly modulat-
ing the activity of the CCGs (Yanovsky and Kay, 2003; Kobayashi
and Weigel, 2007). In Arabidopsis—a facultative long-day plant
(LDP)—phytochromes, cryptochromes, and ZTL/FKF1/LKP2 family
proteins are important photoreceptors for the regulation of flower-
ing (Thomas, 2006). Phytochromes are primarily red/far-red (R/FR)
light receptors, and are encoded by 5 genes (PHYA to PHYE) in
Arabidopsis. Phytochrome A (phyA) mediates the FR-light promo-
tion of flowering (Johnson et al., 1994; Mockler et al.,  2003). In
contrast, phyB acts in a partially redundant manner with phyD
and phyE to mediate red-light inhibition of flowering (Goto et al.,
1991; Devlin et al., 1998, 1999; Mockler et al., 1999; Franklin et al.,
2003). Cryptochrome 1 (cry1) and cry2 act redundantly to mediate
the blue-light promotion of flowering (Guo et al., 1998; Mockler
et al., 2003). Together, these photoreceptors affect flowering time

by mediating light input to the circadian clock, and also by directly
modulating the protein stability of CONSTANS (CO), a critical acti-
vator of FLOWERING LOCUS T (FT) (Somers et al., 1998; Valverde
et al., 2004).

dx.doi.org/10.1016/j.jplph.2012.07.003
http://www.sciencedirect.com/science/journal/01761617
http://www.elsevier.de/jplph
mailto:tamotsu@affrc.go.jp
dx.doi.org/10.1016/j.jplph.2012.07.003
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(Fig. 1B–E). (ii) To investigate the effects of light quality on
flowering response, plants were subjected to short day (SD) (12-h
light/12-h dark; 12L/12D), LD (16-h light/8-h dark; 16L/8D), LL, and
NB (SD with a 4-h NB) conditions, with different wavelengths of

Table 1
Effects of light quality on the flowering response of chrysanthemum under SD, LD,
LL,  and NB conditions.

%Flowering (days to visible flower bud)

SD LD LL NB

B 100 (22.1  ± 0.3 a) 0 (−) 0 (−) 0 (−)
R 100 (25.2  ± 0.4 b) 0 (−) 0 (−) 0 (−)
B  + R 100 (21.9  ± 0.3 a) 0 (−) 0 (−) 0 (−)

Plants were grown under various photoperiods with monochromatic blue light (B),
monochromatic red light (R), or blue plus red light (B + R) for 5 weeks.
790 Y. Higuchi et al. / Journal of Pla

The effects of light quality on the regulation of flowering vary
ccording to plant species. In general, LDPs require a long daily
eriod of exposure to light, followed by a short period of exposure
o FR light, to promote flowering. Furthermore, blue light promotes
owering in cruciferous species (including Arabidopsis), but gen-
rally has low effectiveness in other LDP families (Thomas and
ince-Prue, 1997; Runkle and Heins, 2001). In contrast to LDPs,
hort-day plants (SDPs) are less sensitive to the quality of light
pplied during different parts of the light period, but require a
ong period of exposure to darkness. Thus, the majority of LDPs
nd SDPs are also classified as light-dominant and dark-dominant
lants, respectively (Thomas and Vince-Prue, 1997).

The flowering response of SDPs to the light quality supplied
uring the night break (NB)—a short period of exposure to light dur-

ng the required long-night phase—has been extensively studied.
B with red light was shown to be the most effective in inhibit-

ng flowering; in many cases, this inhibitory effect was FR-light
eversible (Thomas and Vince-Prue, 1997). R/FR light-absorbing
hytochromes have long been considered to be important pho-
operiodic photoreceptors. Recent molecular genetic investigations
ave revealed that phytochromes are essential for photoperi-
dic flowering in rice—a facultative SDP. Loss-of-function of all
hytochrome rice genes (in the se5 mutant or phyAphyBphyC
riple mutant) results in a deficient photoperiodic response, and
arly flowering under SD and LD conditions (Izawa et al., 2000,
002; Takano et al., 2009). Moreover, phyB is responsible for the

nhibitory effect of NB in rice (Ishikawa et al., 2005, 2009). NB
auses a delay in flowering by suppressing the expression of Head-
ng date 3a (Hd3a)—a rice orthologue of FT.  This delay is reversed
y mutations in phyB (Ishikawa et al., 2005). Thus, it appears that
hytochromes are required for day-length recognition, and also for
B-mediated inhibition of flowering in rice.

The flowering response of SDPs to the light quality supplied dur-
ng the daily photoperiod has also been investigated. For example,

hite- and red-light grown seedlings of Pharbitis were successfully
nduced to flower by exposure to an inductive darkness, but FR-
r blue-light grown seedlings failed to flower (Takimoto and Naito,
962). In Xanthium pennsylvanicum, red light supplied during the

ntervening light period promoted flowering, whereas FR light was
nhibitory (Salisbury, 1965). Similarly, Lemna paucicostata T-101—a
train of SD duckweed—responded as a typical SDP when grown
nder a daily photoperiod of white or red light, but failed to flower
hen blue or FR light was initially supplied (Ohtani and Ishiguri,

979). These findings strongly indicate that the photo-activated Pfr
orm of phytochrome is required for production of floral stimuli
uring inductive darkness (Pfr-requiring reaction). However, the
olecular mechanisms underlying the flowering response of SDPs

o the light quality supplied during the daily photoperiod remain
o be elucidated.

Chrysanthemum (Chrysanthemum morifolium) is a globally
mportant ornamental plant. It is a typical SDP, which flowers when
he nights are longer than a critical minimum length. Similar to
ther SDPs, flowering is effectively inhibited when the required
ong-night phase is interrupted by a short period of exposure to red
ight (NB). The reversal of this inhibition by subsequent exposure
o FR light (Cathey and Borthwick, 1957) indicates the involve-

ent of phytochromes in the flowering response. Light quality and
he relative amounts of red and FR light during the daily photope-
iod further influence the flowering response (Kadman-Zahavi and
phrat, 1973; McMahon and Kelly, 1999). Currently, chrysanthe-
um growers regulate flowering time by applying an NB of 4–5 h,

sing an incandescent lamp or fluorescent tube at very low levels

f intensity. However, detailed investigations of the effects of light
uality during the daily photoperiod and NB are required.

In the present study, we revealed that monochromatic blue light
uring the daily photoperiod, followed by FR or monochromatic
siology 169 (2012) 1789– 1796

blue light during the NB, inhibited flowering. Our findings indicate
a complex interaction of light signaling between the daily photope-
riod and NB. Furthermore, at least 2 distinct types of phytochromes
may  be involved in the regulation of chrysanthemum flowering.

Materials and methods

Plant materials and growth conditions

The chrysanthemum (Chrysanthemum morifolium Ramat.) cul-
tivar ‘Reagan’ was  used in this study. Stock plants were grown in
a greenhouse, which was  maintained at an air temperature above
18 ◦C, and ventilated when the temperature increased above 25 ◦C.
A natural photoperiod with a 4-h night break (NB) (from 23:00 h
to 03:00 h) was  delivered by means of incandescent lamps (K-
RD100V60W; Matsushita Electric Industrial Co. Ltd., Osaka, Japan).
Rooted cuttings from the stock plants were planted into 7.5-cm
plastic pots containing a commercial horticultural soil (Kureha-
Engei-Baido; Kureha Chemical Industry Co. Ltd., Tochigi, Japan), and
grown in the greenhouse. The plants were transferred to a growth
chamber maintained at 20 ◦C with a 16-h photoperiod (long day
(LD) conditions). Light was supplied by means of fluorescent tubes
(FL40SW; Mitsubishi Co. Ltd., Tokyo, Japan), at a photosynthetic
photon flux density (PPFD; 400–700 nm)  of 200 �mol  m−2 s−1.
After 7 d of growth under these conditions, the plants were trans-
ferred to a growth chamber maintained at 20 ◦C, with a range of
different light conditions.

Light sources and lighting conditions

Light-emitting diode (LED) panels were used to provide
monochromatic blue light (LED-B; EYELA, Tokyo, Japan),
monochromatic red light (LED-R; EYELA), and far-red light
(LED-FR; EYELA), with peak emissions at 465 nm,  660 nm, and
740 nm,  respectively (Fig. 1A). The spectral distribution and
irradiance level of each light source were measured using a
spectroradiometer (LI-1800; LI-COR Inc., Lincoln, NE, USA), and a
quantum sensor (LI-190SA; LI-COR Inc.) with a light meter (LI-250;
LI-COR Inc.).

Different lighting conditions were used for each experiment.
(i) To investigate the effects of light quality on photomor-
phogenesis, plants were grown under continuous light (LL)
conditions at the same PPFD levels, with different wave-
lengths of light—blue (90 �mol  m−2 s−1), red (90 �mol  m−2 s−1),
blue + red (45 �mol  m−2 s−1 + 45 �mol  m−2 s−1), or blue + FR
(90 �mol  m−2 s−1 + 62.5 �mol  m−2 s−1)—for up to 2 weeks
Light intensities were set to 90 �mol  m−2 s−1 (B + R = 45 �mol  m−2 s−1 each).
SD,  short day (12L/12D); LD, long day (16L/8D); LL, continuous light; NB, night
break (12L/12D + 4-h NB). Data are represented as the mean ± SE (n = 12). Values fol-
lowed by the same lower-case letter did not differ significantly (p < 0.05) by Tukey’s
honestly significant difference test.
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Table  2
Effects of 4-h NB with blue, red, or far-red light on inhibition of flowering.

Daily
photoperiod

NB Flowering (%) Days to visible
flower bud

Leaf no.

W-SD W – 100 22.8 ± 0.2 a 20.3 ± 0.2 a
W-SD/NB-B W B 100 21.8 ± 0.2 a 20.2 ± 0.3 a
W-SD/NB-R W R 0 – 30.5 ± 0.4 c
W-SD/NB-FR W FR 100 24.5 ± 0.4 b 21.5 ± 0.2 b

Data were collected 5 weeks after the start of treatment.
White (W)  light was obtained by means of cool white fluorescent tubes, with light intensities of 150 �mol  m−2 s−1.
Light intensities of B, R, and FR were 39.1 �mol  m−2 s−1, 55.3 �mol  m−2 s−1, and 62.5 �mol  m−2 s−1, respectively.
Data  are represented as the mean ± SE (n = 14).
Values followed by the same lower-case letter did not differ significantly (p < 0.05) by Tukey’s honestly significant difference test.

Table 3
Effects of blue and red light used during the daily photoperiod on inhibition of flowering by a 4-h NB with FR light.

Daily photoperiod NB Flowering (%) Stage of flowering Leaf no.

B-SD B – 100 7.0 ± 0.0 c 12.7 ± 0.2 a
B-SD/NB-B B B 11 0.7 ± 0.2 b 18.0 ± 0.5 b
B-SD/NB-FR B FR 0 0 a 17.4 ± 0.4 b
B  + R-SD/NB-FR B + R FR 100 7.0 ± 0.0 c 12.9 ± 0.2 a

Data were collected 5 weeks after the start of treatment.
Light intensities during the light period were as follows: B, 100 �mol  m−2 s−1; and B + R, 75 �mol  m−2 s−1 (B) + 25 �mol  m−2 s−1 (R).
Light  intensities of the NB with B and FR were 20 �mol  m−2 s−1.
Data are represented as the mean ± SE (n = 9).
Values followed by the same lower-case letter did not differ significantly (p < 0.05) by Tukey’s honestly significant difference test.

Table 4
Effects of a 15-min NB with blue, red, and FR light on inhibition of flowering.

Daily photoperiod NB Flowering (%) Days to visible
flower bud

Leaf no. Stage of flowering Diameter of flower
bud (mm)

B-SD B – 100 22.6 ± 0.6 a 10.0 ± 0.2 a 7.0 ± 0.0 c 3.6 ± 0.2 b
B-SD/SNB-B B B 100 26.3 ± 0.5 b 11.1 ± 0.3 b 6.0 ± 0.4 b 1.8 ± 0.2 a
B-SD/SNB-R B R 0 – 14.6 ± 0.2 c 0 a –
B-SD/SNB-FR B FR 100 24.5 ± 0.5 ab 9.9 ± 0.2 a 7.0 ± 0.0 c 2.3 ± 0.2 a

Data were collected 4 weeks after the start of treatment.
Light intensity during the light period was 100 �mol  m−2 s−1.
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ight intensity of the NB was 25 �mol  m−2 s−1.
ata are represented as the mean ± SE (n = 9 or n = 10).
alues followed by the same lower-case letter did not differ significantly (p < 0.05) 

ight: blue (90 �mol  m−2 s−1), red (90 �mol  m−2 s−1), or blue + red
45 �mol  m−2 s−1 + 45 �mol  m−2 s−1) for up to 5 weeks (Table 1).
iii) To investigate the effects of NB light quality on flowering
esponse, plants were grown under white fluorescent tubes
150 �mol  m−2 s−1) for 12 h (W-SD), and NB was  provided with
ifferent wavelengths of light—NB-B (10 W m−2,
9.1 �mol  m−2 s−1; W-SD/NB-B), NB-R (10 W m−2,
5.3 �mol  m−2 s−1; W-SD/NB-R), or NB-FR (10 W m−2,
2.5 �mol  m−2 s−1; W-SD/NB-FR)—for up to 5 weeks (Table 2).
iv) To investigate the effects of SD light quality on flowering
esponse and gene expression, plants were subjected to 12-h

lue light (90 �mol  m−2 s−1)/12-h dark; B-SD), B-SD plus NB-B
90 �mol  m−2 s−1; B-SD/NB-B), or B-SD supplemented with red
ight (65 �mol  m−2 s−1 blue + 25 �mol  m−2 s−1 red; B + R-SD) plus

able 5
eversibility of NB-B-induced inhibition of flowering by subsequent exposure to FR.

Daily photoperiod NB Days to visi

B-SD B – 22.5 ± 0.3 

B-SD/SNB-B B B 28.5 ± 0.5 

B-SD/SNB-B/FR B B/FR 25.6 ± 0.3 

ight intensities of B and FR were 90 �mol m−2 s−1 and 62.5 �mol  m−2 s−1, respectively.
 15-min period of FR light was delivered immediately after a 15-min NB with B light.
ata are represented as the mean ± SE (n = 12).
alues followed by the same lower-case letter did not differ significantly (p < 0.05) by Tuk
ey’s honestly significant difference test.

NB-B (B + R-SD/NB-B) for 5 weeks (Figs. 2 and 3). For RNA extraction
and subsequent RT-PCR analysis, the leaves and shoot apex were
harvested 7 d and 3 weeks after the start of treatment, respectively
(Figs. 2 and 3). (v) To investigate the combined effects of SD and NB
light quality on flowering response, plants were subjected to B-SD
(100 �mol  m−2 s−1), B-SD plus NB-B (20 �mol  m−2 s−1; B-SD/NB-
B), B-SD plus NB-FR (20 �mol  m−2 s−1; B-SD/NB-FR), or B + R-SD
(75 �mol  m−2 s−1 + 25 �mol  m−2 s−1) plus NB-FR (B + R-SD/NB-FR)
for 4 weeks (Table 3). (vi) To investigate the combined effects of
a short NB period (SNB; 15 min) and light quality on flowering
response, plants were subjected to B-SD (100 �mol  m−2 s−1),

B-SD plus SNB-B (25 �mol  m−2 s−1; B-SD/SNB-B), B-SD plus
SNB-R (25 �mol  m−2 s−1; B-SD/SNB-R), or B-SD plus SNB-FR
(25 �mol  m−2 s−1; B-SD/SNB-FR) light for up to 4 weeks (Table 4).

ble flower bud Leaf no. Diameter of flower bud (mm)

a 16.2 ± 0.2 a 7.0 ± 0.2 c
c 16.6 ± 0.1 a 2.9 ± 0.1 a
b 16.1 ± 0.2 a 4.0 ± 0.2 b

ey’s honestly significant difference test.
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Fig. 1. Effects of light quality on growth of chrysanthemum. (A) The spectra of arti-
ficial light sources used in this study (white-FL, blue, red, far red) are shown as
relative spectral irradiance in the wavelength range of 300–900 nm.  (B–E) Effects
of  red (R), blue (B), and far-red (FR) light on shoot extension and leaf expansion of
chrysanthemum. Plants were grown under continuous light with B, R, B + R, or B + FR
light sources for 2 weeks. Light intensities were as follows: B, 90 �mol m−2 s−1; R,
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Fig. 2. Effects of blue and red light during the daily photoperiod on inhibition of
flowering by a 4-h NB with blue light. (A) Flowering response under B-SD (12-h blue
light/12-h D), B-SD/NB-B (B-SD with 4-h NB-B), and B + R-SD/NB-B (B + R-SD with 4-h
NB-B). Data were collected 3 weeks after the start of the experiment. Light intensities
were B, 90 �mol  m−2 s−1 and B + R, 65 �mol  m−2 s−1 (B) + 25 �mol  m−2 s−1 (R). Data
are  represented as the mean ± SE (n = 22). Values followed by the same lower-case
letter did not differ significantly (p < 0.05) by Tukey’s honestly significant difference
test. (B) Expression levels of floral meristem identity genes in shoot apices. Plants
were grown under B-SD, B-SD/NB-B, and B + R-SD/NB-B for 3 weeks, after which
shoot tips were harvested for RNA extraction and RT-PCR. Data were normalized
0  �mol  m−2 s−1; B + R, 45 �mol m−2 s−1 each; and B + FR, 90 �mol  m−2 s−1 (B) and
2.5  �mol  m−2 s−1 (FR). Data are represented as mean ± SE (n = 12).

vii) To investigate the reversibility of NB-B-induced inhibition of
owering by subsequent exposure to FR, plants were subjected
o B-SD (90 �mol  m−2 s−1), B-SD plus a SNB-B (90 �mol  m−2 s−1;
-SD/SNB-B), or B-SD/SNB-B followed by 15 min  of FR light
10 W m−2, 62.5 �mol  m−2 s−1; B-SD/SNB-B/FR) (Table 5). The light
onditions used are summarized in Supplementary Fig. S1.

ata collection and analysis

The following measurements were recorded: length of stem and
eaf number at the start and end of experiments; days until flower
uds became visible; and number of nodes per shoot at flower-

ng. If no flower buds were visible by the end of the experiment,
hoot tips were dissected under a stereoscopic microscope, and

he number of leaf primordia and floral stage were recorded. The
tage of floral development of each plant was indicated as follows:
tage 0, vegetative shoot apex; stage 1, dome-shaped stage; stage
, first stage of involucre formation; stage 3, final stage of involucre
against CmACTIN expression. The maximum value in each experiment was set to 1.
Data are represented as the mean ± SE of 3 biological replicates, each consisting of
pooled material from 3 plants.

formation; stage 4, first stage of floret formation; stage 5, final
stage of floret formation; stage 6, first stage of corolla formation;
and stage 7, final stage of corolla formation. Analyses of variance
and mean separation by Tukey’s honestly significant difference test
(p < 0.05) were performed using SPSS 16.0 (SPSS Inc., Chicago, IL,
USA). Gene expression analysis was conducted on 3 biological repli-
cates using RNA from separate plants.

Isolation of full-length cDNA from chrysanthemum

A full-length cDNA library was  constructed using the leaves
and shoot apex of a diploid wild chrysanthemum, Chrysanthemum
seticuspe f. boreale (accession: NIFS-3), grown under various
photoperiodic and temperature conditions, and sequenced using
an FLX genome sequencer (Roche Diagnostics K.K., Tokyo, Japan)
to obtain >2,700,000 sequence tags (Hisamatsu et al., unpub-
lished data). More than 60,000 contig sequences were screened,
and several clones showing high homology to Arabidopsis LHY,
TOC1, GI,  CO,  PHYA, and PHYB were identified. Sequence anal-
ysis revealed that the cDNA clones for TOC1, GI,  CO,  and PHYA
homologues contained entire coding sequences. The open reading
frame of the chrysanthemum homologue of LHY was  determined
by 3′- and 5′-rapid amplification of cDNA ends (RACE)-PCR,
using a 5′/3′-RACE second-generation kit (Roche Diagnostics
K.K.) according to the manufacturer’s instructions. The 5′ region
of the chrysanthemum PHYB gene was isolated by TAIL-PCR,
using a random primer (5′-NGTCGASWGANAWGAA-3′) and
gene-specific primers (5′-TCCTCAGTCCTCACAGGCTCTAAGTCA-3′,
5′-ATCCCCACATCAATCCTATGCAGAATC-3′, and 5′-AAGCGTAAT
CTCCCTAGCACGAAAAGC-3′). Genomic DNA was  used as the

template for TAIL-PCR. Sequences data obtained in this study
have been deposited at DDBJ under the following accession
numbers: CsLHY,  AB733625; CsTOC1, AB733626; CsGI, AB733627;
CsCOL1, AB733628; CsPHYA, AB733629; and CsPHYB,  AB733630.
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Fig. 3. Temporal expression patterns of flowering-related genes in chrysanthemum
leaves. Plants were grown under B-SD (12-h blue light/12-h D), B-SD/NB-B (B-SD
with 4-h NB-B), and B + R-SD/NB-B (B + R-SD with 4-h NB-B) for 7 d. The horizontal
white and gray bars represent the blue and red light periods, respectively. The black
bar  represents the period of darkness. Data were normalized against EF1  ̨ expres-
sion. The maximum value in each experiment was set to 1. Data are represented as
t
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To investigate the combined effects of SD and NB light quality
he mean ± SE of 3 biological replicates, each consisting of pooled material from 2
r  3 plants. Error bars, when not evident, were smaller than the symbols used.

he primers used in expression analysis were designed from
hese sequences, and we confirmed the amplification of a single
mplicon in each primer set (Supplementary Table S1).

ene expression analysis by quantitative real-time PCR

Total RNA was extracted from the chrysanthemum leaves or
hoot apex using an RNeasy Plant Mini Kit (Qiagen K.K., Tokyo,
apan), and treated with RNase-free DNase (Qiagen K.K.) accord-
ng to the manufacturer’s instructions. A Transcriptor First Strand
DNA Synthesis Kit (Roche Diagnostics K.K.) was used to synthesize
DNA from 1 �g of total RNA, in accordance with the manufacturer’s
nstructions. The cDNA was diluted 10-fold, and 5 �L was used in
5-�L quantitative RT-PCR (qRT-PCR) reactions with SYBR Premix
x Taq (Takara Bio Inc., Shiga, Japan), performed in a LightCycler sys-
em (Roche Diagnostics K.K.). PCR products were quantified against

 standard curve using a plasmid containing the genes of interest.

or each experiment, 2 technical and 3 biological replicates were
erformed. The primer sequences and PCR conditions used in the
nalyses are listed in Supplementary Table S1.
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Results

Effects of light quality on photomorphogenesis and flowering of
chrysanthemum

To investigate the effects of light quality on photomorphogen-
esis of chrysanthemum, plants were grown under LL conditions
at the same PPFD levels, with different wavelengths of light: blue,
red, blue + red, or blue + FR. In comparison with blue or red light
alone, the blue + red combination significantly suppressed shoot
extension (Fig. 1B and C). In contrast, exposure to blue + FR light
promoted shoot extension (Fig. 1D). Plants grown under red light
exhibited downward-curling leaves, whereas those grown under
blue, or blue + red light showed normally expanded leaves (Fig. 1E).

To investigate the effects of light quality on flowering response,
plants were grown under SD, LD, LL, or NB conditions, with blue,
red, or blue + red light. The critical day length required for flower-
ing in the cultivar ‘Reagan’ used throughout the present study is
∼13 h, and therefore a 12-h period of darkness is sufficient to initi-
ate flowering and subsequent capitulum development (Hisamatsu
et al., unpublished; Li et al., 2009). All of the plants subjected to the
SD treatment formed flower buds, regardless of the different light
sources (Table 1). In contrast, plants grown under the LD, LL, and
NB conditions failed to form flower buds, irrespective of the light
source (Table 1).

Effects of NB light quality on flowering response

To investigate the effects of NB light quality on flowering
response, plants were grown under the following conditions:
W-SD, W-SD/NB-B, W-SD/NB-R, or W-SD/NB-FR (Fig. 1A and
Table 2). Under W-SD, W-SD/NB-B, and W-SD/NB-FR conditions,
all of the plants formed flower buds. In contrast, plants grown
under the W-SD/NB-R treatment failed to form flower buds
(Table 2).

Effects of SD light quality on flowering response and gene
expression

To investigate the effects of SD light quality on flowering
response and gene expression, plants were subjected to the fol-
lowing conditions: B-SD, B-SD/NB-B, or B + R-SD/NB-B. Under B-SD
conditions, flowering was effectively inhibited by a 4-h NB with
blue light (B-SD/NB-B). However, when B-SD was supplemented
with monochromatic red light (B + R-SD), no inhibition by NB-B was
observed (B + R-SD/NB-B; Fig. 2A). Chrysanthemum homologues of
the well-characterized floral meristem identity genes APETALA1
(CDM111), FRUITFULL (CmAFL1), and LEAFY (CmFL) were selected
for expression analysis by qRT-PCR (Shchennikova et al., 2004; Li
et al., 2009). Under B-SD conditions, CDM111, CmAFL1, and CmFL
were highly expressed in shoot apices, which developed flower
buds. In contrast, under B-SD/NB-B conditions, expression of these
genes was  very low or barely detectable (Fig. 2B). Under B + R-
SD/NB-B conditions, transcripts of CDM111, CmAFL1, and CmFL
were detected, but in lower amounts than under B-SD conditions
(Fig. 2B). Moreover, the progression of flower development under
B + R-SD/NB-B conditions was slightly delayed compared with that
under B-SD conditions (Fig. 2A).

Possible involvement of phytochromes in NB-induced inhibition of
flowering by blue and FR light
on flowering response, plants were subjected to the following con-
ditions: B-SD, B-SD/NB-B, B-SD/NB-FR, or B + R-SD/NB-FR (Table 3).
Under B-SD conditions, flowering was effectively inhibited by a 4-h
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B with FR light (B-SD/NB-FR). However, when B-SD was  supple-
ented with monochromatic red light (B + R-SD), no inhibition by
B-FR was observed (B + R-SD/NB-FR; Table 3).

To investigate the combined effects of an SNB and light qual-
ty on flowering response, plants were subjected to the following
onditions: B-SD, B-SD/SNB-B, B-SD/SNB-R, or B-SD/SNB-FR. Under
-SD conditions, flowering was completely inhibited by a 15-min
B with red light (B-SD/SNB-R) (Table 4). Under the B-SD/SNB-

 and B-SD/SNB-FR conditions, flowering was partially inhibited.
oreover, B-SD/SNB-B suppressed flowering more effectively than

id B-SD/SNB-FR (Table 4).
To investigate the reversibility of NB-B-induced inhibition of

owering by subsequent exposure to FR, plants were subjected
o the following conditions: B-SD, B-SD/SNB-B, or B-SD/SNB-B/FR
Table 5 and Supplementary Fig. S2). In comparison with the B-
D conditions, flowering under the B-SD/SNB-B conditions was
elayed. This effect was partially reversed by subsequent exposure
o a FR light pulse (B-SD/SNB-B/FR; Table 5 and Supplementary Fig.
2).

ffects of SD light quality on expression patterns of
owering-related genes in chrysanthemum leaves

To investigate the expression patterns of flowering-related
enes in the leaves of chrysanthemum, plants were subjected to the
ollowing conditions: B-SD, B-SD/NB-B, or B + R-SD/NB-B. After 7 d,
he leaves were harvested for RNA extraction and RT-PCR analysis.
xpression of CmFTL3 was highest under B-SD conditions, lowest
nder B-SD/NB-B conditions, and intermediate under B + R-SD/NB-

 conditions (Fig. 3). Furthermore, these expression levels were
orrelated with the extent of flower induction. Under B-SD condi-
ions, the expression patterns of 2 putative orthologues of circadian
lock-related genes—TIMING OF CAB EXPRESSION 1 (CmTOC1)
nd LATE ELONGATED HYPOCOTYL (CmLHY)—showed clear diurnal
hythms, which peaked at dusk and dawn, respectively. Under the
-SD/NB-B and B + R-SD/NB-B conditions, the amplitude of this
hythmic expression was slightly reduced, and the peak phase
as delayed (Fig. 3). The expression patterns of 2 chrysanthemum

rthologues of flowering-related genes that act downstream of the
ircadian clock—GIGANTEA (CmGI) and CONSTANS (CmCOL1)—and 2
hrysanthemum photoreceptor genes—CmPHYA and CmPHYB—also
howed clear diurnal rhythms (Fig. 3). Under the B-SD con-
itions, the expression of CmGI peaked 8 h after dawn. Under
-SD/NB-B and B + R-SD/NB-B conditions, this peak was  shifted
pproximately 4 h toward the evening. Meanwhile, CmCOL1 was
ighly expressed in the morning. However, under B-SD/NB-B
nd B + R-SD/NB-B conditions, the amplitude of this rhythmic
xpression was slightly reduced. Under B-SD and B-SD/NB-B con-
itions, the expression of CmPHYA peaked in the evening. However,
nder B + R-SD/NB-B conditions, this peak was slightly reduced.
eanwhile, under B-SD and B-SD/NB-B conditions, the expres-

ion level of the CmPHYB transcript increased 4 h after dawn.
owever, under B + R-SD/NB-B conditions, this peak was  slightly

educed.

iscussion

ffects of light quality on shoot extension and flowering response
f chrysanthemum

Genetic investigations using model plants have demonstrated

hat phytochrome and cryptochrome family members display syn-
rgistic and also antagonistic behavior (Lin, 2000; Neff et al.,
000). In the present study, the blue + red light combination sig-
ificantly suppressed shoot extension compared to blue or red
siology 169 (2012) 1789– 1796

light alone (Fig. 1B and C). This finding suggests a synergistic
effect of blue and red light receptors in the inhibition of chrysan-
themum shoot extension. Changes in light quality in the red
and FR regions of the spectrum are detected by phytochromes,
and phyB is the major regulator of this response (Franklin and
Whitelam, 2005). In addition to red-light responses, phyA and
phyB regulate various blue light-mediated physiological responses,
in an overlapping manner with cryptochrome (Shinomura et al.,
1996; Neff and Chory, 1998; Usami et al., 2007). In the present
study, the suppression of shoot extension under monochromatic
blue light conditions was  inhibited by supplementation with
FR light (Fig. 1D). This finding suggests that shoot extension
in chrysanthemum is partly regulated by blue light-stimulated
phytochromes.

In Arabidopsis, blue light plays an important role in the pro-
motion of flowering under LD conditions. Wild-type plants grown
under a LD photoperiod with monochromatic red light flowered
much later than did those grown under a LD photoperiod with
red + blue light (Mockler et al., 2003). Blue-light promotion of
flowering is mediated by 3 photoreceptors—phyA, cry1, and cry2
(Mockler et al., 2003). In contrast to Arabidopsis, chrysanthemum
showed no remarkable change in flowering response under SD,  LD,
LL, or NB conditions, irrespective of the different light sources tested
(Table 1 and Li et al., 2009). Thus, it appears that each red- and
blue-light signal is sufficient for day-length recognition of chrysan-
themum.

Effects of SD light quality on NB-mediated inhibition of flowering

In the present study, NB-R showed the strongest inhibition
of flowering under W-SD conditions (Table 2). However, when
monochromatic blue and monochromatic red light were used
during the daily photoperiod and for NB, NB-B and NB-R were
similarly effective in inhibiting flowering (Table 1). Furthermore,
NB-FR inhibited flowering of chrysanthemum grown under a daily
photoperiod with monochromatic blue light, but not white light
(Tables 1 and 2). We  postulated that these discrepancies were
caused by the difference in light quality provided during the daily
photoperiod. Physiological studies on SDPs have frequently indi-
cated that light has 2 distinct roles in photoperiodic flowering:
(1) by counteracting the effect of darkness, i.e. the ‘night-break’
reaction; and (2) by promoting the magnitude of flowering, i.e.
the ‘main-light-period’ reaction (Pfr-requiring reaction; Thomas
and Vince-Prue, 1997). For instance, in Pharbitis, Xanthium,  and
Lemna, red-light exposure preceding a period of inductive darkness
promoted flowering, whereas blue or FR light did not (Takimoto
and Naito, 1962; Salisbury, 1965; Ohtani and Ishiguri, 1979).
Meanwhile, in chrysanthemum, FR light exposure at the end of
a short light period (8-h sunlight; R/FR ratio of ∼1.15) inhib-
ited flowering, and also affected sensitivity to NB with red light
(Kadman-Zahavi and Ephrat, 1973). These findings suggest that the
relative amount of Pfr at the end of the light period is important
for the flowering-inducing capacity during darkness. In the present
study, the inhibitory effect of NB-B and NB-FR was observed only
following a daily photoperiod with monochromatic blue, and was
canceled by supplementation with red light (Fig. 2 and Table 3). It is
well known that blue and red light establish in vitro photoequilib-
ria for phytochrome (Pfr/Pr + Pfr) of 0.3–0.5 and 0.8, respectively
(Butler et al., 1964). In the present study, the estimated phy-
tochrome photoequilibria (Pfr/Pr + Pfr) maintained during the daily
photoperiods under B-SD and B + R-SD conditions were 0.54 and
0.85, respectively (Fig. 2A and Table 3; Sager et al., 1988). There-

fore, it is likely that the ratio of Pfr/Pr maintained throughout the
blue photoperiod was  much lower than that maintained under the
blue + red photoperiod. It is possible that the red-light-activated
Pfr strengthened the floral-inducer activity, resulting in a higher
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nergy requirement to abolish flowering. Alternatively, red-light
xposure during the daily photoperiod may  have induced desen-
itization of the blue/FR-sensing receptor during NB. We  believe
hat the latter hypothesis is more likely because, under SD with
lue, red, or blue + red photoperiods, flowering was  not promoted
y red-light supplementation compared to that with monochro-
atic blue light—in fact, it was slightly delayed in monochromatic

ed light (Table 1).

haracterization of the molecular mechanisms underlying the
owering response of chrysanthemum to light quality supplied
uring the daily photoperiod

Expression analyses of flowering-related genes in shoot tips
nd leaves have facilitated an understanding of how to reg-
late chrysanthemum flowering. Recently, 3 chrysanthemum
rthologues of FT—CsFTL1,  CsFTL2,  and CsFTL3—were identified.
he gene product of CsFTL3 was shown to be a key regula-
or of photoperiodic flowering in diploid wild chrysanthemum,
hrysanthemum seticuspe (Oda et al., 2012). CsFTL3 was  induced

n the leaves, and its up-regulation was correlated with the
vents occurring in the shoot apical meristem (i.e. floral evoca-
ion), via the activation of floral-integrator and/or floral-identity
enes under flower-inductive SD conditions (Oda et al., 2012).
oreover, overexpression of CsFTL3 induced flowering under LD

onditions, indicating that the gene product has the potential
o induce chrysanthemum flowering. In the present study, the
xpression of CmFTL3 was strongly correlated with the extent
f flower induction, i.e. highest under B-SD conditions, lowest
nder B-SD/NB-B conditions, and intermediate under B + R-SD/NB-

 conditions (Fig. 3). This finding suggests that regulation of
mFTL3 expression in the leaves is a key regulator of photope-
iodic flowering under the monochromatic blue-light conditions
sed in the present study. Furthermore, derepression of CmFTL3
xpression by red-light supplementation of the blue-light pho-
operiod may  have promoted flower induction under B + R-SD/NB-B
onditions.

To determine the involvement of CCGs, we analyzed the expres-
ion patterns of CmTOC1 and CmLHY, and also of 2 chrysanthemum
rthologues of flowering-related genes that act downstream of
he circadian clock—CmGI and CmCOL1. The expression of CCGs
as similarly affected by B-SD/NB-B and B + R-SD/NB-B condi-

ions; however, only B-SD/NB-B conditions suppressed flowering
Figs. 2A and 3; Supplementary Fig. S2).  Therefore, differences in
owering response between B-SD/NB-B and B + R-SD/NB-B may not
e caused by the altered circadian phase of CCGs. Lumsden and
uruya (1986) investigated the effects of NB on the phase setting of
ircadian rhythms in Pharbitis, and demonstrated that a very short
B (6–200 s of red light) inhibited flowering without affecting the
ircadian rhythm. However, longer exposures to light resulted in
hifting of the circadian phase (Lumsden and Furuya, 1986). Simi-
arly, the expression patterns of PnGI and PnCO were not altered
y ≤10 min  of NB (Liu et al., 2001; Higuchi et al., 2011). How-
ver, the expression of PnFT1 was completely suppressed (Hayama
t al., 2007). In rice, NB with 10-min white light had no major
ffect on the expression of OsGI and Hd1 (an ortholog of CO), but
trongly suppressed the expression of Hd3a (Ishikawa et al., 2005).
aken together, these findings indicate that NB has 2 distinct roles
epending on light intensity and duration: (1) by resetting the cir-
adian rhythm; and (2) by directly abolishing the production of
oral stimuli. Our present data suggest that both events occur dur-
ng the 4-h NB for chrysanthemum, but that the latter is more
mportant for inhibition of flowering. Moreover, the expression of
n FT-like gene is regulated independently of the phase shift in the
ircadian rhythm.
siology 169 (2012) 1789– 1796 1795

Possible involvement of two distinct phytochrome-mediated
regulation systems in the flowering response of chrysanthemum

Cathey and Borthwick (1957) demonstrated that the NB-
mediated inhibition of flowering by red light is FR-light reversible.
This R/FR reversibility is known as the low-fluence response (LFR),
and is mediated by phyB-type receptors (Casal et al., 1998). In
the present study, under W-SD conditions, red light showed the
strongest inhibition of flowering, whereas blue and FR light had
minimal inhibitory effects (Table 2). These findings confirmed that
NB-mediated inhibition of chrysanthemum flowering is clearly
dependent on the red-light-activated Pfr form of phytochrome, and
may  be mediated by phyB-type receptors. When monochromatic
blue light was  supplied during the daily photoperiod, flowering
was inhibited by NB-FR, and also by NB-B (Fig. 2 and Table 3).
Although NB-FR and NB-B appear to have similar effects, they prob-
ably comprise 2 distinct types of phytochrome response. The effects
of SNB-B and SNB-FR were much weaker than were those of SNB-
R; however, SNB-B suppressed flowering more effectively than did
SNB-FR (Table 4). Moreover, the inhibitory effect of SNB-B was par-
tially reversed by subsequent exposure to an FR light pulse (Table 5
and Supplementary Fig. S2). This finding suggests that a photo-
convertible type of phytochrome, such as phyB, is involved in the
NB-B reaction in chrysanthemum. In Arabidopsis, phyA and phyB
have been shown to function under blue light (Shinomura et al.,
1996; Neff and Chory, 1998). In rice, an NB with blue light sup-
pressed flowering, but this delay in flowering was lost in the phyB-1
mutant (Ishikawa et al., 2009). Therefore, similar mechanisms for
NB-B-induced inhibition of flowering may  operate in chrysanthe-
mum  and rice.

In addition to the R/FR-reversible LFR, 2 other phytochrome
responses exist: (1) the very-low-fluence response; and (2) the
high-irradiance response (HIR). In contrast to the LFR, the HIR
occurs primarily under conditions of FR light, and is mediated by
phyA-type receptors (Casal et al., 1998). In the present study, the
inhibition of flowering by SNB-FR was  weak (Table 4), but became
more prominent under longer exposure (>4 h) to FR light (Table 3).
This response may  be categorized as an HIR. The inhibitory effects
of NB-B and NB-FR were similarly abolished by red-light supple-
mentation of the blue-light photoperiod (Fig. 2 and Table 3). The
effects of red-light supplementation on flowering were stronger
than were those of FR reversibility in the ‘night-break’ reaction
(Supplementary Fig. S2). Thus, it appears that the mechanism
involved in the ‘main-light-period’ reaction may  be important in
elucidating the NB response of chrysanthemum. The expression
of CmPHYA mRNA was negatively regulated by red-light supple-
mentation of blue light (Fig. 3). Furthermore, in Arabidopsis, phyA
protein accumulates during the dark period, and rapidly degrades
upon exposure to red light (Sharrock and Clack, 2002). Recently,
Kong et al. (2010) demonstrated that phyA plays a dominant role
in inhibiting flowering of soy bean (Glycine max; an SDP) under
LD conditions. These findings are in accordance with our present
hypothesis that the regulation of CmFTL3 expression in chrysanthe-
mum  leaves under B-SD/NB-B conditions may  be partly regulated
by a phyA-mediated photoperiodic regulation system. Neverthe-
less, we cannot exclude the possibility that the NB-B response
pathway in chrysanthemum is mediated by cryptochromes.

In conclusion, our present findings suggest the involvement of
2 distinct phytochrome-mediated regulation systems in the flow-
ering response of chrysanthemum. Moreover, we  have shown that
red light supplied during the daily photoperiod affects sensitivity
to light irradiation during the flower-inductive dark period. Fur-

ther studies, including our ongoing loss-of-function analyses of
PHYA and PHYB, are required to elucidate the molecular mech-
anisms involved in these photoreceptor-mediated photoperiodic
regulation systems.
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