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Abstract Seedlings of the Japanese morning glory (Pharbitis nil, formerly Ipomoea nil) cv. Violet are induced to flower by 
a single short day treatment, and endogenous levels of 9,10-ketol-octadecadienoic acid (KODA) in cotyledons were found to 
correlate with this mode of short-day induction. When 100 µM KODA solution was sprayed on 7-day-old seedlings before 
and after a marginal short-day induction, the seedlings bore approximately 4 flower buds, a one-bud increase compared with 
control seedlings. In treated seedlings, the second node most commonly bore the first flower bud, one node lower than in 
the control seedlings. We then used RT-PCR to determine expression levels of 10 genes related to photoperiodic induction 
of flowering. In the cotyledons, no differences were observed in expression of any genes, including P. nil FLOWERING TIME 
LOCUS T (PnFT1 and PnFT2), between the KODA-treated and the control seedlings. In the apical buds, P. nil APETALA1 
(PnAP1) was expressed earlier in the KODA-treated seedlings than in the control seedlings. A decrease in the expression 
of P. nil TERMINAL FLOWER1b (PnTFL1b) was also observed in the KODA-treated seedlings. These results suggest that 
KODA acts as a weak enhancer of flower bud formation.
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The transition from vegetative to reproductive growth is 
a significant phase change in higher plants, and the floral 
stimulus, florigen, plays a central role. Recent molecular 
and genetic studies in Arabidopsis thaliana have revealed 
the molecular identity of florigen, which is a product 
of the FLOWERING LOCUS T (FT) (Corbesier et al. 
2007; Jaeger and Wigge 2007; Kardailsky et al. 1999; 
Kobayashi et al. 1999; Turck et al. 2008). In A. thaliana, 
when the appropriate photoperiodic signal for flowering 
is perceived in a leaf, the leaf produces FT as a graft-
transmissible signal substance. FT then moves to the 
meristem of the active growing bud and up-regulates 
flower bud identity genes like APETALA1 (AP1) by 
activating the bZIP transcription factor, FD (Abe et 
al. 2005; Wigge et al. 2005). In Oryza sativa, the FT 
homologue Hd3a plays essentially the same role (Kojima 
et al. 2002; Tamaki et al. 2007; Tsuji et al. 2011). In other 
photoperiodic plant species, the homologues of FT/Hd3a 
are largely considered to function as florigens (Lifschitz 
et al. 2006; Lin et al. 2007).

The Japanese morning glory (Pharbitis nil, formerly 

Ipomoea nil) is a model ornamental plant. Libraries 
of expression sequence tags (ESTs) and bacterial 
artificial chromosomes have been created, genetic and 
molecular maps have subsequently been made available, 
transformation systems have been established, and whole 
genome sequencing is in progress. These experimental 
results are available through the National BioResource 
Project (NBRP) in Japan (Yamazaki et al. 2010). The 
Japanese cv. Violet is recognized as an absolute short-day 
(SD) plant for the study of flowering response because 
seedlings can be induced to change from the vegetative to 
the reproductive phase by a single SD treatment (Higuchi 
et al. 2011; Imamura 1967). Several genes associated 
with SD induction have been isolated and characterized 
(Hayama et al. 2007; Higuchi et al. 2007, 2011; Liu et al. 
2001; O’Neill et al. 1994; Ono et al. 1996; Sage-Ono et al. 
1998). Among them, a pair of cDNAs encoding PnFT1 
and PnFT2 were isolated and it was demonstrated that 
products of these function as florigens in P. nil (Hayama 
et al. 2007).

Several floral stimuli in addition to florigen have been 
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reported in P. nil (Hatayama and Takeno 2003; Ishioka 
et al. 1990; Kong et al. 2005; Shinozaki and Takimoto 
1983; Suzuki et al. 2003; Wada et al. 2010). Among them, 
9,10-ketol-octadecadienoic acid (KODA) is appropriate 
because endogenous levels of KODA in cotyledons 
are highly correlated with the mode of photoperiodic 
induction of flowering (Suzuki et al. 2003). Endogenous 
levels of KODA are elevated during the latter half of 
flower-inductive darkness, and floral induction can be 
canceled by the night-break treatment, that is a light 
exposure during the 8th hour of inductive darkness 
(Suzuki et al. 2003). KODA was originally isolated 
from Lemna paucicostata during experiments related to 
flowering and it showed flower-inducing activity when 
applied exogenously (Yamaguchi et al. 2001; Yokoyama 
et al. 2000). However, exogenous application of KODA to 
P. nil seedlings under long day non-inductive conditions 
showed no effects on flowering. The enhancing effects 
were observed only when KODA was sprayed on 
marginally induced seedlings; it then produced an 
increase in the number of flower buds (Yokoyama 2005).

Aside from this evidence related to flowering, the 
mechanisms of KODA function are unknown. In 
particular, the effects of KODA on genes related to 
flowering are poorly understood. Kittikorn et al. (2011) 
showed the expression levels of the TFL1 homologue, 
MdTFL1 mRNA, are decreased by KODA application 
in apple. To the best of our knowledge, this is the only 
report on changes in gene expression caused by KODA. 
In this paper, we precisely observed the enhancer activity 
of KODA using one-shot and marginal SD treatments 
in P. nil, and studied changes in the expression of genes 
related to photoperiodic flowering induced by KODA 
treatment.

Materials and methods

Plant materials and growth conditions
Seeds of Pharbitis nil cv. Violet (provided by Dr. Nitasaka) were 
slightly abraded on a part of their surface with a file, and then 
soaked in distilled water overnight. Swollen seeds were sown 
on wet vermiculite in trays and covered with Saran Wrap to 
maintain high humidity. Culture conditions were set at 24± 
1°C with illumination from continuous cool-white fluorescent 
lights (60 µmol m−2 s−1, FL40SW lamps; NEC Lighting Ltd., 
Tokyo Japan). When the primary roots were approximately 
3 cm long, the seed coats of seedlings in similar stages of 
development were removed and the seedlings were planted in 
fresh vermiculite in trays (11×15×5 cm). Six seedlings were 
planted per tray and they were watered once a day. The flower 
inductive dark period was given in a black box for 12 h. From 
the 8th day, a 0.1% (v/v) nutrient solution (Liquid Hyponex™ 
5-10-5; Hyponex Japan Co. Ltd., Tokyo, Japan) was applied.

KODA application
KODA solution was prepared and treated as described 
previously (Yokoyama 2005; Yokoyama et al. 2005). KODA 
solution (100 µM) containing Triton X-100 [0.1% (w/v)] and 
ethanol [0.6% (v/v)] was sprayed on all above-ground organs at 
12 h before the beginning of the 12-h dark period and just after 
the dark period. All controls were sprayed with a Mock solution 
containing an equivalent concentration of Triton X-100 [0.1% 
(w/v)] and ethanol [0.6% (v/v)].

Measurement of flowering response
Plants were assessed about 3 weeks after exposure to the 
inductive dark period, and the number of flower buds per plant 
and the nodal position of the flower buds on each plant were 
recorded. The nodal number was counted from the cotyledonal 
node. Data were presented as the means± SD of 40 plants, and 
the Student’s t-test was used to test for significance.

Isolation of PnTFL1 cDNAs
Partial genomic fragments of PnTFL1s were isolated using 
degenerate primers and total genomic DNA of P. nil cv. 
Violet. The degenerate primers containing inosine (I) used 
for the initial isolation were as follows: TFL-1S 5′-AAC/
TGGICAC/TGAA/GC/TTITTC/TCC-3′ and TFL-3A 5′-CG/
TC/TTGIGCA/GTTA/GAAA/GAAIAC-3′ (provided by Dr. 
Wada; Kotoda and Wada 2005). PCR was carried out under 
standard conditions using a thermal cycler (TP600, Takara Bio 
Inc., Ohtsu, Japan), with an initial denaturation step at 94°C 
for 12 min, followed by 40 cycles at 94°C for 60 s, 50°C for 60 s, 
and 72°C for 120 s, using AmpliTaq Gold DNA polymerase 
(Takara Bio, Inc.). The 5′-upstream and 3′-downstream 
regions of the partially cloned PnTFL1s were isolated by 
RACE using a Marathon cDNA Amplification Kit (Clontech 
Laboratories, Inc., Mountain View, CA, USA) according to 
the manufacturer’s protocol. The resulting DNA sequence 
information was analyzed with GENETYX MAC software 
(Software Development Co. Ltd., Tokyo Japan). Databases were 
searched using BLAST (Altschul et al. 1997; DNA Data Bank of 
Japan, Mishima, Japan). The phylogenetic tree was constructed 
using the neighbor-joining method (Saitou and Nei 1987) with 
ClustalW (Thompson et al. 1994; DNA Data Bank of Japan). 
The resulting phenogram was drawn using the NJplot program 
(Perrière and Gouy 1996).

Reverse transcription polymerase chain reaction 
(RT-PCR)
For the RNA extraction, apical buds (the plumule excluding the 
first leaf) and cotyledons were harvested at the time indicated 
in Figure 3, frozen in liquid nitrogen, and stored at −80°C. 
Total RNAs were isolated from apical buds and cotyledons 
using a Get pure RNA Kit (Dojindo, Kumamoto, Japan). First-
strand cDNA was synthesized from 1 µg of each RNA sample 
in a 20-µl reaction solution using a SuperScript First-Strand 
Synthesis System (Invitrogen, Carlsbad, CA) according to 
the manufacturer’s instructions. PCR was carried out under 
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standard conditions using a thermal cycler (TP600, Takara Bio 
Inc., Ohtsu, Japan), with an initial denaturation step at 94°C 
for 2 min, followed by 27–37 cycles at 94°C for 30 s, 60°C for 
30 s, and 72°C for 60 s. The primer sequences, annealing 
temperature, product length and accession numbers of all genes 
analyzed are listed in Table 1. The PCR products were separated 
on 1.5% agarose gels. After staining with ethidium bromide, 
DNA bands were photographed under ultraviolet light. Only 
the portion of the bands showing the amplified fragments is 
presented. For the time course experiments using PnAP1 
(Figure 5) and PnTFL1b (Figure 6), the intensity of DNA 
bands was quantitated using a Molecular Imager FX (Bio-Rad 
Laboratories, Hercules, CA, USA) and the data was normalized 
to PnUBIQUITIN (PnUBQ) expression levels. All RT-PCR 
analyses were performed three times with independent RNA 
samples. For Figures 5 and 6, data were averaged and graphed 
as the means± SE of three experiments. For Figures 5 and 6, one 
representative gel image of three independent experiments is 
also shown.
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Figure 1. Effects of KODA application on flowering in marginally 
induced seedlings. The number of flower buds per plant (A) and the 
number of the first node bearing a flower bud (B) were examined in 
P. nil seedlings exposed to 12 h of darkness. KODA solution (100 µM, 
+KODA) or the control solution (Mock) was sprayed at 12 h before the 
12-h darkness and immediately after the 12-h darkness. Data are the 
means±SD (n=40, *** p<0.001). The number of flower bud in (A) and 
node in (B) was shown by dots.
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Results

Effects of KODA application on number of flower 
buds and node of flowering
When 100 µM KODA solution was sprayed on 7-day-old 
seedlings 12 h before and just after a 12-h dark period, 
the average number of flower buds per plant was 3.8± 0.8 
(Figure 1A). There was an increase of one bud compared 
with the average number of flower buds per plant in 
mock-treated control plants (2.8± 1.1). We also found 
that KODA application produced a decrease in the node 
of the first flower of nearly one node (Figure 1B). The 
average node number of the first flower bud in KODA-
sprayed plants was 2.3± 0.6, whereas the average number 
of the first flowering node in mock-treated control 
plants was 3.2± 1.0. To gain insight into the molecular 
mechanisms of the effects of KODA application, we 
studied changes in expression of the genes related to 

photoperiodic induction of flowering.

Isolation of TFL1 homologues and phylogenetic 
analysis
Because TFL1 homologues had not been isolated from 
P. nil, we isolated two TFL1 homologues from P. nil, 
namely, PnTFL1a and PnTFL1b. The deduced amino 
acid sequence of PnTFL1a and PnTFL1b showed strong 
similarity to that of TFL1 of A. thaliana (Figure 2A). We 
performed a phylogenetic analysis that included all six 
phosphatidyl ethanolamine-binding proteins (PEBP) of 
A. thaliana, CEN of Antirrhinum, SP of tomato, and all 
the currently isolated PEBPs from P. nil (Figure 2B). The 
resultant phylogenetic tree indicated that both PnTFL1a 
and PnTFL1b proteins do not belong to either the CEN- 
or FT-clade, but clearly fall within the TFL1-like clade 
(Foucher et al. 2003; Mimida et al. 2001). We then 
studied changes in expression of PnTFL1a and PnTFL1b 
caused by KODA application.

Figure 2. Phylogenic analysis of PnTFL1a and PnTFL1b. (A) 
Comparison of the predicted amino acid sequences of TFL1 proteins. 
The predicted amino acid sequences of PnTFL1a and PnTFL1b are 
compared with those of A. thaliana TFL1. Conserved amino acid 
residues are indicated by outlined characters. (B) A phylogenic tree 
analysis of PnTFL1a and PnTFL1b. The tree includes TFL1-related 
proteins from Solanum lycopersicum SP (U84140), Antirrhinum 
majus CEN (S81193), A. thaliana ATC, TFL1, BFT, FT, TSF, and MFT 
(AT2G27550, AT5G03840, AT5G62040, AT1G65480, AT4G20370, and 
AT1G18100, respectively) and P. nil PnTFL1a, PnTFL1b, PnFT1, PnFT2 
(numbers of database accessions are shown in Table 1). The three 
major clades are indicated as CEN-, TFL1- and FT-like. The horizontal 
branch length is proportional to the estimated number of amino acid 
substitutions per residue (bar=0.02 aa substitution per residue). The 
program ClustalW was used for construction of phylogenic tree.

Figure 3. Effects of KODA application on mRNA level of the 
homologues of photoperiodic related genes. (A) Timing of KODA 
application and harvest of apical buds and cotyledons. On the seventh 
day, a 12-h period of darkness was given to seedlings grown under 
continuous light. KODA solution (100 µM) or the mock control 
solution was sprayed 12-h before and just after the period of darkness 
(indicated by vertical arrows). Cotyledons and apical buds were 
harvested at the time indicated after the beginning of the darkness. (B) 
Results of RT-PCR. Transcript levels of P. nil GIGANTEA (PnGI), P. 
nil CONSTANS (PnCO), P. nil FLOWERING LOCUS T1, and PnFT2 
(PnFT1/PnFT2) in cotyledons were determined by RT-PCR. Total 
RNA was extracted from cotyledons and RT-PCR was performed 
as described in the Materials and methods. PCR products were 
electrophoresed in agarose gels and ethidium bromide-stained bands 
were photographed under ultraviolet light. Only the portions of the 
bands showing amplified fragments are presented. PCR primers used 
and the sizes of amplified fragments are shown in Table 1. The number 
of cycles used for PCR amplification was indicated in parenthesis. 
PnUBQ was used as an internal control.



  M. Ono et al. 21

Copyright © 2013 The Japanese Society for Plant Cell and Molecular Biology

Effects of KODA application on the expression of 
flowering-related genes
In the SD-induced cotyledon of P. nil, changes in mRNA 
levels of PnCO, PnFT1, PnFT2 and PnGI have been 
reported (Hayama et al. 2007; Higuchi et al. 2011; Liu 
et al. 2001). We first observed changes in expression of 
these genes using RT-PCR between KODA- and mock-
treated cotyledons, because the internal level of KODA is 
dramatically changed during the SD dark period (Suzuki 
et al. 2003). However, none of these genes showed 
changes compared with the mock-treated cotyledons 
(Figure 3).

In apical buds, we studied changes in mRNA levels 
of the four AP1 gene family members, namely PnAP1, 
PnSAH1, PnSAH2, and PnSAH3 (Sasaki et al. 2008), 
two newly isolated TFL1 homologues, namely PnTFL1a 
and PnTFL1b (Figure 2), and PnMADS1 (Kikuchi et 
al. 2008). Only PnAP1 up-regulation and PnTFL1b 
down-regulation were reproducibly detected (Figure 
4). We then studied the timing of expression of PnAP1 
and PnTFL1b. Earlier up-regulation of PnAP1 was 
reproducibly observed in the KODA-treated seedlings 

compared with the mock-treated seedlings. Up-
regulation began 20–24 h after the beginning of the 
period of darkness (Figure 5). Earlier down-regulation of 
PnTFL1 was reproducibly observed in the KODA-treated 
seedlings compared with the mock-treated seedlings. 
Down-regulation began 24–48 h after the beginning 
of the period of darkness (Figure 6). Up-regulation of 
PnAP1 began earlier than down-regulation of PnTFL1b. 
Furthermore, we also studied changes in PnAP1 and 
PnTFL1b expression without SD treatment. KODA 

Figure 4. Effects of KODA application on mRNA levels of 
the homologues of photoperiod-related genes in apical buds. 
Transcript levels of P. nil homologues namely, APETALA1 (PnAP1), 
SEQUAMOSA-APETALA1 HOMOLOG (PnSAH1, PnSAH2, and 
PnSAH3), TEMINAL FLOWER1 (PnTFL1a and PnTFL1b), and 
PnMADS1 in apical buds were determined using RT-PCR. Total 
RNA was extracted from apical buds harvested at the time indicated 
in Figure 3 and RT-PCR was performed as described in the Materials 
and methods. PCR products were electrophoresed in agarose gels and 
ethidium bromide-stained bands were photographed under ultraviolet 
light. Only the portions of the bands showing amplified fragments are 
presented. The primers used and the sizes of amplified fragments are 
shown in Table 1. The number of cycles used for PCR amplification is 
indicated in parenthesis. PnUBQ was used as an internal control.

Figure 5. Effects of KODA application on the mRNA level of PnAP1 
in apical buds. The timing of the KODA application and of apical bud 
harvest are indicated in Figure 3. RT-PCR was performed as described 
in Figure 4. After the gel electrophoresis, the intensity of DNA bands 
was quantitated using a Molecular Imager FX (Bio-Rad Laboratories, 
Hercules, CA, USA) and the data was normalized to PnUBQ expression 
levels. RT-PCR analyses were performed three times with independent 
RNA samples. Data are the means±SE of three replicates. Only the 
portion of the bands showing amplified fragments of one representative 
analysis is presented.

Figure 6. Effects of KODA application on the mRNA level of 
PnTFL1b in apical buds. The timing of the KODA application and of the 
harvest of apical buds are indicated in Figure 3. RT-PCR was performed 
as described in Figure 4. After the gel electrophoresis, the intensity 
of DNA bands was quantitated using a Molecular Imager FX (Bio-
Rad Laboratories, Hercules, CA, USA) and the data was normalized 
to PnUBQ expression levels. RT-PCR analyses were performed three 
times with independent RNA samples. Data are the means±SE of three 
replicates. Only the portion of the bands showing amplified fragments 
of one representative analysis is presented.
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treatment did not increase or decrease the PnAP1 and 
PnTFL1b mRNA levels (Figure 7).

Discussion

KODA has a weak enhancer activity to marginal 
SD induction
The present study demonstrated that KODA application 
has a weak enhancer activity to marginal SD induction in 
seedlings of P. nil cv. Violet. Figure 1A shows a small but 
statistically significant increase in the average number 
of flower buds per plant. Previously, Yokoyama reported 
an approximately two-fold increase in an essentially 
similar experiment (Yokoyama 2005). The difference 
between the previous results and Figure 1A may be 
caused by differences in the methods used to cultivate 
the experimental seedlings. For example, seedlings 
were hydroponically cultivated with Nakayama’s culture 
solution (Nakayama and Hashimoto 1973) in Yokoyama 
(2005), whereas the present study used vermiculite. 
Detailed comparison of different culture conditions will 
be important for the studies on the effects of KODA on 
flowering and also on expression of flowering-related 
genes. The mechanism of this enhancing effect of KODA 
remains unknown. However, we did find that application 
of KODA alters the node of the first flower (Figure 1B).

Application of KODA lowered the nodal position 
of the first flower bud
In seedlings of P. nil, it is well established that the timing 
of the SD treatment determines the node in which the 
first flower bud is induced. When SD treatment is 
administered later, the nodal position of the first flower 
bud is higher (Imamura 1967; King and Evans 1969; 
Owens and Paolillo 1986). As the main shoots grow, 
apical dominance causes the axillary buds of lower nodes 
to gradually stop growing, and to cease to respond to 
florigen. Therefore, these axillary buds of lower nodes 
remained vegetative after SD treatment (Kujirai and 
Imamura 1958; Ono et al 1993). Figure 1B shows a 
statistically significant decrease in the average number of 
the node of the first flower bud. This result indicates that 
KODA application mimics the appearance of accelerating 
the timing of the SD treatment. The mechanism by which 
KODA lowers the node of the first flower bud remains 
to be elucidated. Acceleration of PnFT expression and 
PnFT movement through sieve elements and apical cells, 
acceleration of the association of the PnFT to PnFD-like 
bZip transcriptional factors (Tsuji et al. 2011; Turck et 
al. 2008), retardation of the effects of apical dominance 
to make the axillary bud dormant (Ono et al. 1993) and 
others are candidates for the mechanism.

Effects of KODA application on the expression of 
flowering-related genes
Using RT-PCR, we compared the expression of PnCO, 
PnFT1, PnFT2 and PnGI between KODA- and mock-
treated cotyledons. However, none of these genes showed 
changes in expression levels between treated and mock-
treated cotyledons, unless the internal level of KODA is 
dramatically changed during the SD dark period.

We then studied changes in gene expression in 
apical buds. In the apical bud, we observed PnAP1 up-
regulation and PnTFL1b down-regulation (Figure 4). In 
A. thaliana, it is well established that AP1 down-regulates 
TFL1 (Alvarez et al. 1992; Mandel and Yanofsky 1995; 
Shannon and Meeks-Wagner 1991). Although we did 
not study the pattern of expression nor the function of 
PnTFL1b, high homology in the amino acid sequence of 
PnTFL1b to TFL1 suggests that regulation of PnTFL1b 
is similar to regulation of TFL1. PnAP1 may control 
the down-regulation of PnTFL1b. As shown in Figures 
5 and 6, the up-regulation of PnAP1 began earlier 
than the down-regulation of PnTFL1b. These results 
suggest that the initial target of KODA treatment is 
PnAP1 enhancement and that PnTFL1 is subsequently 
down-regulated by PnAP1. A more detailed analysis 
with narrower sampling intervals will be required for 
further discussion on the timing. Kittikorn et al. (2011) 
reported that KODA may be related to flower bud 
formation through its influence on MdTFL1, which is a 
TFL1 homologue in apple. Our results for PnTFL1b may 
conflict with what was reported for MdTFL1. However, 
the results in apple were obtained through experiments 
conducted over several months, whereas our results 
in P. nil were obtained within a few hours. Therefore, 
we cannot compare these two results directly. In spite 
of orthologous gene pairs such as CONSTANS of A. 
thaliana and Hd1 of Oryza sativa, highly homologous 
genes sometimes play antagonistic roles in different plant 
species (Yano et al. 2000). Therefore, we should study 
carefully on every homologous gene for further analysis 
in P. nil.

Additionally, we briefly examined the possibility that 
KODA alone can up-regulate PnAP1 and down-regulate 
PnTFL1b, without SD treatment (data not presented). 
KODA application failed to change the expression of 
PnAP1 and PnTFL1b under long day un-inductive 
conditions of continuous light. Similar to the results for 
flower bud number, expression of these genes required 
marginal SD treatment.

In the near future, whole genome sequencing in 
P. nil will reveal the existence of an FD homologue 
and many other genes related to flowering. Using such 
information, we will be able to study the effects of KODA 
application on flowering more extensively. However, the 
one-bud increase caused by the combination of KODA 
application and marginal SD treatment may be too 
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weak, and may cause difficulty in carrying out detailed 
analysis in further studies. In A. thaliana, KODA has not 
been discovered yet, and thus the flower bud inducing 
activity of KODA will be studied in plants such as P. nil, 
regardless of the difficulty.
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