Journal of Experimental Botany, Vol. 64, No. 4, pp. 909-920, 2013

doi:10.1093/jxb/ers370 Advance Access publication 10 January, 2013 Journal of
This paper is available online free of all access charges (see http://jxb.oxfordjournals.org/open_access.html for further details) Experim ent al
Botany

www.jxb.oxfordjournals.org

RESEARCH PAPER

Flowering retardation by high temperature in
chrysanthemums: involvement of FLOWERING LOCUS
T-like 3 gene repression

Yoshihiro Nakano, Yohei Higuchi, Katsuhiko Sumitomo and Tamotsu Hisamatsu*

NARQO Institute of Floricultural Science (NIFS), National Agricultural Research Organization (NARO), 2-1, Fujimoto, Tsukuba, lbaraki,
305-8519, Japan

* To whom correspondence should be addressed. E-mail: tamotsu@affrc.go.jp

Received 2 August 2012; Revised 6 December 2012; Accepted 10 December 2012

Abstract

Flowering time of the short-day plant Chrysanthemum morifolium is largely dependent upon daylength, but it is also
distinctly influenced by other environmental factors. Flowering is delayed by summer heat. Here, the underlying basis
for this phenomenon was investigated. Heat-induced flowering retardation occurred similarly in C. morifolium and
C. seticuspe, a wild-type diploid chrysanthemum. In both plants, this flowering retardation occurred mainly because
of inhibition of capitulum development. Concurrently, expression of flowering-related genes in the shoot tip was
delayed under high temperature conditions. In chrysanthemums, FLOWERING LOCUS T-like 3 (FTL3) has been identi-
fied as a floral inducer produced in the leaves after short-day stimuli and transported to the shoot tip. In C. seticuspe,
heat-induced flowering retardation was accompanied by a reduction in FTL3 expression in the leaves. Two C. mori-
folium cultivars with flowering times that are differently affected by growth temperature were also examined. High
temperature-induced FTL3 repression was observed in the leaves of both cultivars, although the degree of repres-
sion was greater in the heat-sensitive cultivar than in the heat-tolerant cultivar. When a scion of the heat-sensitive
cultivar was grafted onto the stock of the heat-tolerant cultivar, flowering in the shoot tip was less sensitive to heat.
Conversely, a scion of the heat-tolerant cultivar grafted onto the heat-sensitive cultivar showed increased heat sensi-
tivity. Thus, several lines of evidence suggest that the reduction of FTL3 signalling from the leaves to the shoot tip at
high temperatures is involved in flowering retardation in chrysanthemums.
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Introduction

Chrysanthemum morifolium Ramat. is a short-day (SD) herb-
aceous perennial and a popular ornamental flower world-
wide. Its growth habits have been studied in order to establish
efficient cropping systems, but some problems remain to be
solved. In C. morifolium, flowering time is predominantly
determined by daylength. In natural settings, these plants
grow vegetatively under the long-day (LD) conditions of
spring and summer, and flower under the SD conditions of
autumn. For year-round cut-flower production, flowering

time in the field is mainly regulated by bringing the photo-
period closer to (e.g. shading) or farther from [e.g. night break
(NB)] the appropriate daylength for flowering. However,
flowering time also largely depends on the temperature of
the planting season, even when daylength is controlled. The
optimum flowering temperature for C. morifolium is reported
to be ~20 °C, and high temperatures delay flowering (Whealy
et al., 1987; Karlsson et al., 1989; Cockshull and Kofranek,
1994; Shibata, 1997; Nozaki and Fukai, 2008). For example,

Abbreviations: LD, long day; NB, night break; RT-PCR, reverse transcription—-polymerase chain reaction; SAM, shoot apical meristem; SD, short day.
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in Japan, where the air temperature is warmer than 20 °C dur-
ing both day and night in summer, the retardation of flower-
ing during summer and early autumn is a major production
problem. Therefore, further study of the linkage between
temperature and flowering is important in order to establish a
consistent C. morifolium production system.

The development of capitula in chrysanthemums mimics
that of a large single flower, in which a shoot apical mer-
istem (SAM) is converted into an inflorescence meristem
after floral transition. Bracts are formed around the grow-
ing inflorescence meristem. Once the inflorescence meristem
has grown, floral meristems appear on the inflorescence mer-
istem and develop into florets. Floral transition in chrysan-
themums is reported to occur within 10 SDs, but prolonged
SD conditions are required for capitulum development and
anthesis (Adams et al., 1998; Oda et al., 2012). High temper-
ature-induced flowering retardation is mainly caused by the
inhibition of capitulum development between inflorescence
meristem formation and the growth of florets (Cockshull and
Kofranek, 1994; Nozaki and Fukai, 2008). Therefore, the SD
stimuli required for reproductive growth seem to be counter-
acted by high temperature.

Studies in molecular biology have shed light on the nature
of florigen (Chailakhyan and Krikorian, 1936), a central
flowering promoter that transmits floral inductive stimuli per-
ceived in the leaves to the SAM. FLOWERING LOCUS T
(FT) in the LD plant Arabidopsis thaliana and Heading date
3a (Hd3a) in the SD plant rice (Oryza sativa) encode a phos-
phatidylethanolamine binding-like protein that is identified
as florigen (Kardailsky et al., 1999; Kobayashi et al., 1999;
Kojima ez al., 2002). These genes are mainly expressed in
the leaves and are up-regulated under floral inductive pho-
toperiods. The corresponding proteins are then translocated
to the SAM via the phloem, where they promote flowering
(Corbesier et al., 2007; Tamaki et al., 2007). Recently, Oda
et al. (2012) characterized FLOWERING LOCUS T-like 3
(FTL3) in C. morifolium and C. seticuspe (Maxim.) Hand.-
Mazz. f. boreale (Makino) H. Ohashi & Yoneke, a diploid
chrysanthemum species, and demonstrated the florigen-like
action of its transcription product. F7TL3 induces an early
flowering phenotype and acts as a graft-transmissible flo-
ral signal when overexpressed in C. morifolium. The expres-
sion in the leaves is largely dependent upon daylength and is
induced by SDs.

Growth temperature has also been reported to regulate
FT. Flowering of Arabidopsis, which is generally cultivated at
~23 °C in many laboratories, is promoted by thermal elevation
via FT up-regulation (Blazquez et al., 2003; Balasubramanian
et al., 2006; Kumar et al., 2012). Under natural conditions,
temperature gradually increases from the cold winter to flow-
ering time in many LD plants. However, the temperature
tends to decrease as anthesis approaches in many SD plants
that are native to temperate and subpolar zones, including
chrysanthemums. The effects of growth temperature on FT
and its functional homologues in LD plants may be opposite
to those in SD plants, as are the effects of daylength.

In Arabidopsis, FT belongs to a group of so-called ‘floral
pathway integrator’ genes, and it controls the genes involved

in flower organ morphogenesis (Simpson and Dean, 2002).
FT protein translocated to the SAM interacts with FD, a
basic leucine zipper protein (Abe et al., 2005; Wigge et al.,
2005). In the floral signalling cascade, the FT-FD protein
complex is a key element that regulates APETALAI (API)
and another floral pathway integrator, SUPPRESSOR OF
OVEREXPRESSION OF CONSTANSI (SOCI; Lee et al.,
2000; Samach et al., 2000; Abe et al., 2005; Wigge et al.,
2005; Yoo et al., 2005). SOCI further promotes LEAFY
(LFY) expression (Lee et al., 2008). LFY is an Arabidopsis
orthologue of the floral homeotic gene in Antirrhinum majus,
FLORICAULA (FLO), and is required for floral meristem
establishment, along with AP/ (Coen et al., 1990; Irish and
Sussex, 1992; Bowman et al., 1993; Weigel and Nilsson,
1995). FRUITFUL (FUL) is closely related to 4P and
acts redundantly with AP/ to regulate floral meristem iden-
tity (Ferrandiz et al., 2000). CmSOCI, CmFL, CmAFLI,
CDMI111, and CDMS8/CDM41 of C. morifolium have been
identified as the homologues of SOCI, FLO/LFY, API/FUL,
API, and FUL, respectively. The involvement of these genes
and C. seticuspe counterparts in flowering has been reported
(Shchennikova et al., 2004; Li et al., 2009; Sumitomo et al.,
2009; Oda et al., 2012). In accordance with SD requirements
during flower development (Adams et al., 1998), SD induc-
tion of a highly expressed state of FTL3 seems necessary for
the regulation of these genes (Oda et al., 2012). Temperature
may affect the activation cascade of flower morphogenesis
that begins with FTL3.

This study tested the hypothesis that growth temperature-
dependent FTL3 regulation is involved in high temperature-
induced flowering retardation in chrysanthemums.

Materials and methods

Plant materials

Chrysanthemum seticuspe accession NIFS-3 and C. morifolium
cultivar ‘Mona Lisa’ (Japan Agribio Co. Ltd, Tokyo, Japan) and
‘Kurarisu’ (National Federation of Agricultural Cooperative
Association, Tokyo, Japan) were used for the experiments. Mother
stocks and nursery plants were grown in a glasshouse heated below
18 °C and ventilated above 25 °C. In addition to natural light, 4h of
light exposure (2300-0300h) with fluorescent tubes (EFR25ED/22;
Toshiba Lighting & Technology Corp., Kanagawa, Japan) was pro-
vided as a NB to inhibit flowering. Cuttings (5cm) were rooted for
2 weeks on 1.5cm plastic cell trays that were filled with soil com-
posed mostly of peat moss (Metro-Mix 350; Sun Gro Horticulture
Canada Ltd, Canada). Rooted cuttings were cold treated at 5 °C for
4-5 weeks to avoid dormancy. Plants were then transplanted into
7.5cm plastic pots containing gardening soil (Yokabaido, Hokkaido
Peatmoss Co. Ltd, Japan) and allowed to become established for 1-2
weeks.

Temperature treatment

Temperature treatment was performed in growth chambers (LPH-
0.5P-SH; NK system, Osaka, Japan) with a 10h photoperiod at 20,
25, or 30 °C. Light was supplied via metal halide lamps (MF250EH/
BUP, Iwasaki Electric Co. Ltd, Tokyo, Japan) at a photosynthetic
photon flux density of 180 pmol m? s™'. In the experiments with
C. morifolium, shoot tips were pinched off from the potted plants
leaving four leaves behind, in order to encourage the growth of two
fresh lateral tops. The dates when the bracts became visible and the
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ligulate flower stood vertically were recorded as the date of visible
capitulum and date of anthesis, respectively. The number of leaves
and diameter of capitula were measured.

Short-term high temperature treatment

Temperature treatment of C. seticuspe was started at 20 °C with a
10h photoperiod, as described above. After 0, 1, 2, 3, or 4 weeks
of cultivation, the plants underwent a short-term high temperature
treatment at 30 °C for 1 week and then returned to 20 °C. As a nega-
tive control, plants were grown at 30 °C with a 10h photoperiod
throughout the experiment.

Microscopic examination

The 3cm shoot tip of each C. seticuspe plant was excised and stored
in 100% ethyl alcohol. Leaves and bracts were carefully detached
with a surgical knife under a stereoscopic microscope (MZ16; Leica
Microsystems K. K., Tokyo, Japan). The developmental stage of
each capitulum was classified into one of eight stages (Higuchi ez al.,
2012): 0, vegetative growth stage; 1, dome-shaped stage; 2, first stage
of involucre formation; 3, final stage of involucre formation; 4, first
stage of floret formation; 5, final stage of floret formation; 6, first
stage of corolla formation; or 7, final stage of corolla formation.

Grafting experiment

Shoot tips (Scm) of ‘Mona Lisa’ and ‘Kurarisu” were cut from pot-
ted plants and used as scions. The remaining parts of the plants,
each with 8-10 leaves, were used as stocks. A wedge-shaped/slit
grafting technique was used, and the site of union was wrapped with
Parafilm. Grafted plants were kept under a mist irrigation system in
the glasshouse described above for 1 week to obtain well established
plants. Temperature treatment was performed at 20 °C or 27 °C,
as described above. Prior to temperature treatment, the shoot tip,
leaves, and lateral shoots on the scion were detached, leaving behind
one fresh lateral shoot. Leaves and lateral shoots newly formed dur-
ing temperature treatment were detached continuously.

Total RNA preparation

Expanded leaves of the same node order or shoot tips (~3 mm in length)
were excised, frozen in liquid nitrogen, and stored at —80 °C until anal-
ysis. The samples were ground using a mortar and pestle in the pres-
ence of liquid nitrogen. Total RNA was extracted from 15-30mg of
the frozen powder by using an RNeasy Plant Mini Kit (Qiagen K. K.,
Tokyo, Japan) in combination with an R Nase-Free DNase Set (Qiagen
K. K.), according to the manufacturer’s instructions. The purity and
concentration of total RNA were measured using NanoDrop 1000
(Thermo Fisher Scientific K. K., Kanagawa, Japan).

cDNA cloning

A full-length cDNA library was constructed from the leaves and
shoot tips of C. seticuspe grown under various conditions by using

a SMART cDNA Library Construction Kit (TAKARA BIO INC.,
Shiga, Japan), according to the manufacturer’s instructions. Over 2
700 000 sequence tags were obtained by the genome sequencer FLX
(Roche Diagnostics K. K., Tokyo, Japan; T. Hisamatsu et al., unpub-
lished). Sequences highly homologous to CDMS8, CDM19, CDM37,
CDM41, CDM44, and CDM86 of C. morifolium (Shchennikova
et al., 2003, 2004) were screened from ~60 000 C. seticuspe contigs by
BLAST-N search and are referred to as CsM8 (AB770472), CsM19
(AB770473), CsM37 (AB770474), CsM41 (AB770475), CsM44
(AB770476), and CsM86 (AB770477), respectively.

Quantitative reverse transcription-polymerase chain reaction
(RT-PCR)

Reverse transcription was performed using 250ng of total RNA
and PrimeScript RT Master Mix Perfect Real Time (TAKARA BIO
INC.), according to the manufacturer’s instructions. The resulting
cDNA was diluted to 10% with 10mM TRIS-HCI buffer, pH 8.0,
containing I mM EDTA disodium salt. Quantitative PCR of leaf
mRNA was performed using cDNA templates and SYBR Premix
Ex Taq II Tli RNaseH plus (TAKARA BIO INC.) on a Thermal
Cycler Dice Real Time System II (TAKARA BIO INC.). Cycling
conditions were as follows: 1 min of denaturation at 95 °C, followed
by 40 cycles of 95 °C for 5 s and 60 °C for 30 s. Quantitative RT—
PCR of shoot tip mRNA was performed with SYBR Premix Ex Taq
(TAKARA BIO INC.) on a LightCycler system (Roche Diagnostics
K. K.), as described in Oda et al. (2012). Primers newly designed
for this study with Primer3 (Rozen and Skaletsky, 2000) are listed in
Supplementary Table S1 available at JXB online. ACTIN (AB770470
for CSACTIN, AB770471 for CmACTIN) or EFla (AB679278) was
used as an internal standard to normalize raw data. Specificities and
amplification efficiencies of primer pairs were confirmed by pre-
liminary experiments by using target cDNA subcloned in pPGEM-T
Easy Vector (Promega K. K., Tokyo, Japan). The analysis was per-
formed with three biological replicates through cDNA preparation
and two technical replicates in PCR.

Results

Effects of high temperature on flowering in
C. seticuspe

The effect of high temperature on flowering in C. seticuspe
was studied at 20 °C, the optimum flowering temperature
of these plants (Karlsson, 1989), and 30 °C with a 10h pho-
toperiod (Table 1). There were a slightly greater number of
leaves at 30 °C than at 20 °C. There was no difference between
temperatures in the number of days to visible capitulum.
Plastochron was smaller at 30 °C than at 20 °C. After 35 d
of SDs, the capitulum diameter of the plants grown at 30 °C
was about half that of the plants grown at 20 °C (Fig. 1A,
Table 1). Microscopic examination of the shoot tip showed

Table 1. Effects of high temperature on growth and flowering in C. Seticuspe. The plants were cultivated with a 10h photoperiod.

Values are means +SE (n=10).

Growth temperature No. of leaves at

Days to visible

Capitulum diameter Plastochron? (d-leaf™)

capitulum initiation capitulum at 35 d (mm)
20 °C 18.0+£0.4 19.3+0.4 5.64+0.11 2.37+0.11
30 °C 19.7+0.3* 18.9+0.6 2.53+0.08* 1.86+0.05"

*, ** Significantly different from plants grown at 20 °C (Student’s t-test, P < 0.05, P < 0.01, respectively).
2 The plants were cultivated with a 10h photoperiod and 30 min of NB for 12 d to measure the number of leaves (n=8).
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Fig. 1. (A) Representative C. seticuspe grown at 20 °C or 30 °C
with a 10h photoperiod for 35 d. (B) Progress in the development
of terminal inflorescence was observed under a microscope.

30°C

that inflorescence development was slower at 30 °C than at
20 °C (Fig. 1B). Differentiation of the florets was complete
(stage 5) after 3 weeks of SD treatment at 20 °C, while it was
delayed at 30 °C. The number of capitula on the uppermost
four lateral shoots was larger at 30 °C than at 20 °C (Fig. 1C).
Short-term high temperature treatment at different growth
stages was performed using plants cultivated at 20 °C.
Exposure of plants to 30 °C during the first week resulted in
an increase in the number of leaves (Fig. 2A). The number
of days to visible capitulum was not changed by temperature
treatment (Fig. 2B). Plants exposed to 30 °C in the second,
third, or fourth week flowered late, and plants continually cul-
tivated at 30 °C did not flower within the experimental period
(Fig. 2C, Supplementary Fig. SI at JXB online). High tem-
perature exposure in the fifth week did not affect flowering.

Expression analysis of flowering-related genes in the
shoot tip and of CsFTL3 in the leaves of C. seticuspe

The amount of flowering-related mRNA in plants grown at
20 °C and 30 °C was compared. Expression levels of CsSOCI
(AB679276), CsFL (AB679274), CsAFLI (AB679273), and
CsMS$ in the shoot tip increased to their maximum after 2
weeks at 20 °C (Fig. 3A). Thereafter, these genes were down-
regulated at 20 °C. In plants grown at 30 °C, expression of
these genes remained at high levels until the end of the experi-
ment. Expression levels of CsM111 (AB679275) and CsM41
increased after 2 weeks at 20 °C, while they started to increase
after 3 weeks at 30 °C (Fig. 3A). CsM37, CsM44, CsM19,
and CsM86 were identified in C. seticuspe as the homologues
of the Arabidopsis floral homeotic genes AGAMOUS (AG),
SEPALLATA (SEP), APETALA3 (AP3), and PISTILLATA
(PI), respectively. Transcripts of CsM86, CsM19, CsM37,
and CsM44 increased after 3 weeks at both 20 °C and 30 °C
(Fig. 3B). The transcript level of each gene was lower at 30 °C
than at 20 °C.

Expression of CsFTL3 (AB679272) in the leaves of plants
grown at 20 °C and 30 °C was studied (Fig. 4). Compared
with NB conditions, transcription of CsFTL3 increased after
1 week of SDs at both temperatures. After that, the expres-
sion level became higher at 20 °C than at 30 °C.

Differences in high temperature effect on flowering and
CmFTL3 expression in two C. morifolium cultivars

Chrysanthemum morifolium ‘Mona Lisa’ and ‘Kurarisu’
were cultivated with a 10h photoperiod at 20, 25, or 30 °C.
The number of leaves at capitulum initiation increased with

Development was scored as follows: O, vegetative growth stage;
1, dome-shaped stage; 2, first stage of involucre formation; 3,
final stage of involucre formation; 4, first stage of floret formation;
5, final stage of floret formation; 6, first stage of corolla formation;
and 7, final stage of corolla formation. Values are the means of five
shoot tips. (C) The number of capitula on each branch surrounding
the terminal capitulum. Values are means +SE (n=9). (This figure is
available in colour at JXB online.)
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Fig. 2. The effects of short-term high temperature treatment

at different growth stages on flowering in C. seticuspe. (A) The
number of leaves at capitulum initiation. (B) Days to visible
capitulum. (C) Days to anthesis. Plants were grown at 20 °C with
a 10h photoperiod and transferred to 30 °C for 1 week. Plants
continuously grown at 20 °C or 30 °C were also prepared. Values
are means +SE (n=8-9). *Significantly larger than the plants grown
at 20 °C (Dunnett’s test, P < 0.05).

temperature in ‘Mona Lisa’ (Fig. 5A). The number of days to
visible capitulum was slightly greater at 25 °C, and considerably

greater at 30 °C, than at 20 °C (Fig. 5B). In ‘Mona Lisa’, capit-
ulum diameter after 35 d of SDs decreased, and flowering was
increasingly delayed as the temperature increased (Fig. 5C,
D). In ‘Kurarisu’, flowering time did not differ between 20 °C
and 25 °C (Fig. 5C, D). However, at 30 °C, there were a signifi-
cantly greater number of leaves and days to visible capitulum
and a smaller capitulum size than at 20 °C.

CmFTL3 (AB770479) transcript levels in these cultivars
under different temperature conditions were compared after
3 weeks of SD. Expression of CmFTL3 in ‘Mona Lisa’ was
reduced at 25 °C, while that in ‘Kurarisu’ was not affected
(Fig. 6). CmFTL3 expression was lower at 30 °C than at 20 °C
and 25 °C in both cultivars.

Grafting experiment: effects of different stock cultivars
on high temperature-induced flowering retardation in
C. morifolium

To determine whether the sensitivity of CmFTL3 expres-
sion to high temperatures in the leaves reflects flowering time,
the shoot tip and stock of ‘Mona Lisa’ and ‘Kurarisu’ were
recombined by grafting. Since 30 °C strongly inhibited flower-
ing and CmFTL3 expression in both cultivars, 27 °C was used
for the high temperature treatment in this experiment. There
were more leaves at 27 °C than at 20 °C in all combinations
of scions and stocks tested (Fig. 7A). However, the impact of
high temperature was greater for scions grafted onto ‘Mona
Lisa’ stock than for those grafted onto ‘Kurarisu’. The num-
ber of days to visible capitulum at 27 °C was slightly greater
than that at 20 °C for the ‘Mona Lisa’ scion combined with
the “‘Mona Lisa’ stock, while there were fewer days to visible
capitulum at 27 °C than at 20 °C when ‘Kurarisu” was used
as stock (Fig. 7B). Both scions took longer to reach anthesis
at 27 °C than at 20 °C when paired with ‘Mona Lisa’ stock
(Fig. 7C, D). In contrast, high temperature did not affect the
flowering time of the scions grafted onto ‘Kurarisu’ stock.
CmFTL3 transcript levels after 20 d of SDs were signifi-
cantly repressed in ‘Mona Lisa’ and slightly repressed in
‘Kurarisu’ at 27 °C (Supplementary Fig. S2 at JXB online).

Discussion

The results of these experiments suggest that impaired F7L3
signalling from leaves to the SAM at high temperatures is
involved in flowering retardation of chrysanthemums. This is
different from de-vernalization of mother stock, a memory of
summer heat that inhibits growth and flowering of suckers in
the following seasons (Schwabe, 1955). This is the first report
that describes the negative effect of growth temperature ele-
vation on FTL gene-mediated floral promotion.

Flowering retardation by high temperature in
chrysanthemums

In order to study the molecular mechanisms of temperature
response in chrysanthemums, a diploid chrysanthemum,
C. seticuspe, was used because C. morifolium are complex
hybrids derived from several species. In this study, it was
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confirmed that the flowering of C. seticuspe shows a high
temperature response similar to C. morifolium (Whealy et al.,
1987; Cockshull and Kofranek, 1994; Shibata, 1997).

In C. seticuspe, the terminal capitulum is determined
within 4 d and morphological changes are observed at
around 8 d when daylength and temperature are appropriate
for flowering (Oda et al., 2012). In the experiments described
here, plants differentiated a larger number of leaves before
floral transition at 30 °C than at 20 °C (Table 1), as has
been previously reported for C. morifolium (Cockshull and
Kofranek, 1994). Nevertheless, the number of days to visible
capitulum (Table 1) and inflorescence meristem initiation
(Fig. 1B) were not different between the two tested tempera-
tures. These results indicate that although high temperature
increases the flowering node, it does not affect the timing of
floral transition so much. Faster initiation of leaves at 30 °C,
as indicated by the small plastochron (Table 1), supports
this idea. However, subsequent development of the capitu-
lum was retarded by high temperature (Fig. 1A, Table 1).
After the morphological change of the SAM to a dome
shape under floral inductive conditions, it is reported to shift
to inflorescence meristem development, floral meristem dif-
ferentiation, and floret development within 10, 15, and 20 d,
respectively (Zhang ez al., 1998). In this study, the capitula
developed in a similar manner at 20 °C (Fig. 1B). At 30 °C,
the capitula grew to visible size but were not followed by
floral meristem initiation and development. Additionally,
plants exposed to 30 °C for 1 week, at times correspond-
ing to the stages between floral meristem differentiation and
floret development (second, third, or fourth week of SDs),
flowered later than plants kept at 20 °C (Fig. 2C). On the
other hand, high temperature exposure at the fifth week of
temperature treatment did not affect flowering time, prob-
ably because capitulum development had passed the heat-
sensitive stages by that time.

Once established above the terminal leaf, the terminal
inflorescence meristem is surrounded by axillary bud pri-
mordia that develop into lateral inflorescence meristems or
vegetative shoots, depending on growth conditions. There

were more capitula on these side branches at 30 °C than
at 20 °C (Fig. 1C), indicating that determinate growth was
delayed by high temperature. Previous studies indicate that,
after induction of terminal capitulum differentiation on the
main stem by 8 SDs, LDs increase the number of capitula
on lateral shoots (Post, 1950). It has been suggested that in
plants that form a cyme, regulation of determinate growth in
the axillary meristems depends on competition between FT
protein, a central flowering promoter signal from leaves, and
TERMINAL FLOWER 1 (TFL1) protein, an FT antagonis-
tic floral inhibitor (reviewed by McGarry and Ayre, 2012).
High temperature seems to shift the balance between vegeta-
tive and reproductive growth of the SAM to vegetative in
C. seticuspe. However, expression of CsTFLI1,a TFLI homo-
logue of C. seticuspe, in the shoot tip was not so different
between the two temperatures (Supplementary Fig. S3 at JXB
online), suggesting that inhibition of reproductive growth
by CsTFL1 protein was not involved in high temperature-
induced flowering retardation.

Effect of high temperature on the expression of
flowering-related genes in the shoot tip

The analysis of the effects of high temperature on the expres-
sion of flowering-related gene counterparts of C. seticuspe
suggests that high temperature causes flowering retarda-
tion by inhibiting the activation cascade of floral homeotic
genes. Under SD conditions, expression of CsSOCI, CsFL,
CsMS8, and CsAFLI increased for 2 weeks at both 20 °C and
30 °C. Expression of these genes decreased after this time
at 20 °C, but down-regulation of these genes was inhibited
at 30 °C (Fig. 3A). Up-regulation of CsM111 and CsM41
after 2 weeks and that of floral homeotic gene homologues
(CsM19, CsM37, CsM44, and CsM86) that occurred after 3
weeks at 20 °C were delayed at 30 °C (Fig. 3). These results
might explain why high temperature had little effect on flo-
ral transition and significantly inhibited capitulum develop-
ment (Fig. 1A, B, Table 1). In Arabidopsis, down-regulation
of SOCI by the action of API protein is required for normal
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expression of floral homeotic genes and establishment of
floral meristem identity (Liu ez a/., 2007). It is possible that
such a system is conserved in C. seticuspe. Delayed induc-
tion of CsM111/CsM41 might have inhibited the down-
regulation of CsSOC! and up-regulation of floral homeotic
genes (Fig. 3).

Although the expression profiles of the floral integrator
and floral meristem identity genes were delayed under high
temperature conditions, the data did not indicate that there
was a heat-sensitive key step in the gene activation cascades
involved in the capitulum development.

Effect of high temperature on expression of CsFTL3
in leaves

Flowering retardation under high temperature conditions is
accompanied by a reduction in the expression of CsFTL3, an
SD-induced FT/Hd3a homologue, in the leaves of C. seticuspe
(Fig. 4; Oda et al., 2012). The inhibition of CsFTL3 expres-
sion by high temperature is small in comparison with the
inhibition of CsFTL3 expression by NB (Fig. 4). Therefore,
the amount of CsFTL3 mRNA amplified in the leaves by 1
week of SD seems to be enough to induce floral transition in
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C. seticuspe (Fig. 1B, Table 1), even under high temperature
conditions. This is supported by the failure of high tempera-
ture to affect expression of floral pathway integrator genes
significantly in the shoot tip at 1 week of SDs (Fig. 3A). Oda
et al. (2012) have suggested that although floral transition
occurs within a few SDs, continuous SD and CsFTL3 stim-
uli are necessary for floral gene regulation and inflorescence
development. CsFTL3 expression continued to increase at
20 °C by repeated SD stimuli, while the amplitude of induc-
tion was small at 30 °C (Fig. 4). CsFTL3 signal translocated
from the leaves to the shoot tip may not reach the threshold
for smooth inflorescence development at 30 °C, as indicated
by the phenotype (Fig. 1B, Table 1) and the delayed expres-
sion patterns of flowering-related gene mRNA in the shoot
tip (Fig. 3). These data suggest that inhibition of CsFTL3
amplification by high temperature causes a delay in the flow-
ering programme at the SAM.

There are at least two other F7/Hd3a homologues, CsFTLI
(AB679270) and CsFTL2 (AB679271), in C. seticuspe.
Although the role of CsFTLI has not been well studied, it is
repressed by SD and is insensitive to temperature (Oda et al.,
2012; Supplementary Fig. S4 at JXB online). Moreover, the
absolute expression level of CsFTL2 seems substantially
lower than the expression of the other two homologues (Oda
et al.,2012). Therefore, CsFTLI and CsFTL2 are not likely to
be involved in the temperature response studied here.

CmFTL3 expression and flowering in high temperature-
sensitive and less sensitive C. morifolium cultivars

There is a varietal difference in C. morifolium cultivars with
respect to flowering ability under high temperature, depend-
ing on breeding background (Whealy ez al., 1987; Shibata,
1997; Nozaki and Fukai, 2008). ‘Kurarisu’ is a cultivar
bred for summer production in Japan, where the average
temperature is >25 °C in summer. In contrast, ‘Mona Lisa’
was bred in The Netherlands, where the average tempera-
ture is <20 °C in summer. Although 30 °C severely inhib-
ited flowering in both cultivars, flowering of ‘Kurarisu’ was
not affected at 25 °C, while ‘Mona Lisa’ was prevented from
smooth flowering at that temperature (Fig. 5). Therefore,
the flowering of ‘Mona Lisa’ is more sensitive to high tem-
perature than that of ‘Kurarisu’. In accordance with flower-
ing rate, high temperature caused a striking repression of
CmFTL3 expression in ‘Mona Lisa’ (Fig. 6A). The expres-
sion was similarly repressed in ‘Kurarisu’ at 30 °C, and not
at 25 °C (Fig. 6B). Therefore, high temperature-induced
flowering retardation is associated with CmFTL3 repression
in C. morifolium, as it is in C. seticuspe, and this flowering
retardation seems quantitatively alleviated by the CmFTL3
expression level.

In chrysanthemums, FTL3 acts as a graft-transmissible
floral inducer (Oda et al., 2012). A grafting experiment was
performed in order to investigate whether levels of CmFTL3
expression in the leaves affect the magnitude of high temper-
ature-induced flowering retardation in the SAM. Each scion
that was combined with ‘Mona Lisa’ stock flowered late at
27 °C (Fig. 7). In contrast, there was no flowering retardation
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Fig. 6. Expression analysis of CmFTL3 in the leaves of

C. morifolium ‘Mona Lisa’ (A) and ‘Kurarisu’ (B) by using
quantitatitve real-time PCR. Plants were grown at 20, 25, or 30 °C
with a 10h photoperiod. The leaves were harvested after 3 weeks.
Open and filled horizontal bars represent light and dark periods,
respectively. CmACT was used as an internal standard. Values are
means +SE (n=3).
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at 27 °C when ‘Kurarisu” was used as stock (Fig. 7). The
expression of CmFTL3 was more strongly reduced by high
temperature in ‘Mona Lisa’ leaves than in ‘Kurarisu’ leaves
(Fig. 6; Supplementary Fig. S2 at JXB online). Although
CmFTL3 expression in ‘Kurarisu’ was slightly reduced at
27 °C, it was comparable with that in ‘Mona Lisa’ at 20 °C
(Supplementary Fig. S2). Thus, the signal might have reached
the threshold for prosperous flowering. These data suggest
that the degree of flowering retardation that results from
high temperature in chrysanthemums largely depends on the
amount of transmissible F7L3 signal from the leaves to the
SAM.

Conclusion

Several lines of evidence described herein support the hypoth-
esis that the regulation of FTL3 signalling by temperature is
responsible for high temperature-induced flowering retarda-
tion in chrysanthemums. Interestingly, this is in contrast to
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the spring bloomer Arabidopsis, in which LDs and high tem-
perature promote flowering via FT up-regulation (Blazquez
et al., 2003; Balasubramanian et al., 2006; Kumar et al., 2012).
In chrysanthemums, FTL3 seems to be one of the common
outputs from daylength- (Oda et al., 2012) and temperature-
sensing pathways, but it causes chrysanthemums to flower in
autumn. The inhibitory effect of high temperature on floral

transition is weaker than the powerful inhibition caused by
LDs or NB. Meanwhile, high temperature inhibits further
FTL3 signalling amplified by repeated SD stimuli, which seems
to have a large effect on the rate of inflorescence development.
FTL3 regulation by a temperature-sensing mechanism is a
steady determinant of flowering time in chrysanthemums. The
mechanism by which environments affect FTL3 expression
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and the reason why expression in C. morifolium cultivars is
differently influenced by temperature remain to be clarified.
Further studies will contribute to a better understanding of
the flowering mechanism in chrysanthemums.

Supplementary data

Supplementary data are available at JXB online.

Figure S1. Representative C. seticuspe exposed to 30 °C for
1 week at different growth stages.

Figure S2. Expression of CmFTL3 in the leaves of C. mori-
folium ‘Mona Lisa’ and ‘Kurarisu’ stocks at 20 °C and 27 °C.

Figure S3. Expression of CsTFLI in the shoot tip of
C. seticuspe at 20 °C and 30 °C.

Figure S4. Expression of CsFTLI in the leaves of C. seti-
cuspe at 20 °C and 30 °C.

Table S1. List of PCR primers used in this study.
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