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Abstract

Pyridinedicarboxylic acid (PDCA) analogs accelerate flower opening and retard senescence, which markedly extend the vase life of
spray-type ‘Light Pink Barbara (LPB)’ carnation. In the present study, we characterized the activity of these chemicals to develop
a novel flower care agent for a practical use. A representative PDCA analog 2,4-PDCA is effective in a wide range of spray-type
carnation cultivars, ‘Barbara’, ‘Beam Cherry’, ‘Candle’, ‘Collin’, ‘Rascal Green’ and ‘Scarlet Ostara’, as well as ‘LPB’ and ‘Mule’.
Treatment of ‘LPB’ flowers for the initial 24 h with 2,4-PDCA at 5 and 10 mM was almost as effective as the continuous treatment

with the chemical at 2 mM.
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Abbreviations: ACC, 1-aminocyclopropane-1-carboxylate; FONS, fully-open and non-senescent; LPB, Light Pink Barbara; PDCA,
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Introduction

Carnations are popular cut flowers and of highest economic
importance in the floriculture industry in many countries. They
are classified into standard and spray-type. The standard-type
carnations have only one flower per stalk (stem), whereas the
spray-type carnations have a main stalk with several offshoots,
each having one or two flowers at the tip (inflorescence), making
a plant with multiple flowers on a stalk, as a whole.

During the senescence of carnation flowers, a climacteric increase
in ethylene production occurs, and the evolved ethylene induces
in-rolling of petals, resulting in wilting of whole flowers (Abeles
et al., 1992; Satoh, 2011). The effect of ethylene on flower
senescence can be diminished by treatment with inhibitors of
ethylene biosynthesis or action, as discussed by Satoh et al.
(2014). Treatment with these inhibitors prolongs the vase life
of cut carnation flowers as well as other ethylene-sensitive
ornamental flowers.

Vlad et al. (2010) reported that 2,4-pyridinedicarboxylic acid
(2,4-PDCA) inhibited ethylene production in detached flowers
of “White Sim’, which is a standard-type carnation, and delayed
senescence of the flowers. They hypothesized that 2,4-PDCA
inhibited 1-aminocyclopropane-1-carboxylate (ACC) oxidase
by competing with ascorbate, a co-substrate of the enzyme
action. Then, Fragkostefanakis et al. (2013) showed that 2,4-
PDCA inhibited the in vitro activity of ACC oxidase prepared
from tomato pericarp tissues. This observation supported the
hypothesis that 2,4-PDCA inhibits ACC oxidase action by
competing with ascorbate in carnation flowers.

Satoh et al. (2014) confirmed that 2,4-PDCA inhibited ACC

oxidase action using a recombinant enzyme produced in
Escherichia coli cells from the carnation ACC oxidase gene
(DcACO1 cDNA). They also showed that 2,4-PDCA treatment
significantly prolonged the vase life of cut ‘Light Pink Barbara
(LPB)’ and ‘Mule’ carnation flowers, both of which belong to
the spray type, from the percentage of open flowers to the total
number of initial flower buds (Satoh et al., 2005). Then, Sugiyama
and Satoh (2015) evaluated the activity of 2,4-PDCA and its
five analogs (2,3-, 2,5-, 2,6-, 3,4- and 3,5-PDCAs) to accelerate
flower opening by determining the number of days to flower
opening, in addition to their activity to extend the vase life of cut
flowers of ‘LPB’ carnation. All six chemicals accelerated flower
opening and extended vase life, although the effects varied with
the chemical. They concluded that 2,3-PDCA and 2,4-PDCA
were useful. Recently, Sugiyama et al. (2015) showed that PDCA
analogs increased the number of open flowers according to their
criterion ‘gross flower opening’. Satoh et al. (2014) suggested
that gibberellin (GA) was involved in the promotive effect of 2,4-
PDCA on flower opening in cut flowers of spray-type carnation,
because 2,4-PDCA is a structural analog of 2-oxoglutarate
(2-Ox0GA) (Vlad et al., 2010), and the latter acts as a co-substrate
of enzymes responsible for GA biosynthesis and metabolism.

The foregoing studies (Satoh et al., 2014; Sugiyama and Satoh,
2015; Sugiyama et al., 2015) demonstrated that PDCA analogs
increased the number of open flowers, accelerated flower opening,
and lengthened the vase life by retarding senescence, thereby
markedly extending of the vase life of cut flowers of ‘LPB’
carnation. To the best of our knowledge, this is the first report of
a chemical with multiple effects on cut carnation flowers. This
novel agent, PDCA, may be applicable as a flower care agent in
the near future. In the present study, we explored the applicability
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of 2,4-PDCA to cut flowers of spray-type carnation cultivars,
including ‘LPB’ and ‘Mule’, and compared pulse treatment with
continuous treatment.

Materials and methods

Carnation flowers: Flowers of seven cultivars of the spray-type
carnation (Dianthus caryophyllus L.) were used, i.e., ‘Barbara’,
‘Beam Cherry’, ‘Candle’, ‘Collin’, ‘Light Pink Barbara (LPB)’,
‘Rascal Green’ and ‘Scarlet Ostara’. Flowers at the usual
commercial stage of flowering, when the first flower out of six
to eight flower buds on a stalk was partially open, were harvested
with 65-cm-long stalks at the nursery of a commercial grower in
Miyagi prefecture, Japan. The carnation flowers were harvested
in the afternoon (in May and June 2015), immediately placed
with their cut stalk ends in tap water, and sent in the next morning
to the Faculty of Agriculture of Ryukoku University, Otsu city,
Shiga prefecture, without supply of water during transportation.
The flowers were not treated with any flower preservatives,
including silverthiosulfate (STS), after harvest. Upon arrival the
next day, the flowers were placed in plastic buckets with their
cut stalk ends in tap water under continuous light from white
fluorescent lamps (14 umol m? s PPFD) at 23 °C and 50-70%
relative humidity, until experiments which were started several
hours after they arrived.

Determination of the days to flower opening, the vase life and
the gross flower opening of carnation flowers treated with
PDCA: Three samples (bunches) of 5 flower stalks (trimmed
to 60-cm long), each having 5 flower buds (25 buds in total per
sample), were put in 0.9 L glass jars with their stalk end in 300
mL of test solutions (one sample per glass jar). The flowers were
kept under continuous light from white fluorescent lamps (14
umol m s PPFD) at 23 °C and 50-70% relative humidity for 24
days or 30 days (‘Candle’). During this period the distilled water
(control and the samples after pulse treatment) was replaced once
a week, and test solutions were replenished as necessary in the
continuous treatment. For pulse treatment (Fig. 2), flower samples
were treated with 2,4-PDCA solutions at given concentrations
for 24 h, and kept in distilled water thereafter. Fully-open and
non-senescent (not wilted and turgid) flowers (FONS flowers), at
flower opening stages Os 6 to Ss 2 (Harada et al., 2010; Morita et
al., 2011), were counted daily and the percentage of these flowers
to the total number (25) of initial flower buds per sample was
calculated. Data are presented as changes of the percentages of
FONS flowers during 24 days. Flower samples having 40% or
more FONS flowers were regarded having display value.

The vase life of flowers is expressed by the number of days
during which the percentage of FONS flowers was 40% or more
(Satoh et al., 2014). The time to flower opening was determined
as the number of days from the start of the experiment to the
time when the percentage of FONS flowers reached 40%
(Sugiyama and Satoh, 2015). The gross flower opening was
shown by the cumulative daily percentage at 40% or more of
FONS flowers during incubation, which was shown by ‘scores’
as the unit (Sugiyama et al., 2015). The test solutions consisted
of 2,4-PDCA at 0 (control), 2, 5, 10 and 30 mM dissolved in
distilled water. The pH of these test solutions was not adjusted
and 8-hydroxyquinoline sulfate at 100 mg L' was added to the
solutions as a germicide. The stock solution of 100 mM 2,4-PDCA
was made by dissolving 2,4-PDCA as Na-salt and adjusted at pH
7 with 1 M NaOH, and diluted with distilled water before use.
Data are shown by the mean +SE. 2,4-PDCA was purchased from
Wako Pure Chemical Industries, Ltd., Osaka, Japan.

Statistical analyses: Statistical analyses were carried out by
Student’s t-test or Tukey’s multiple range test using an online
statistical analysis program, MEPHAS (http://www.gen-info.
osaka-u.ac.jp/testdocs/tomocom/, July 17, 2015). Values with P
< 0.05 were considered significant.

Results and discussion

Effects of 2,4-PDCA on flower opening characteristics of
different carnation cultivars: Figure 1 shows percentage of
FONS flowers in cut ‘Barbara’ flowers treated continuously
with 0 (control) or 2 mM 2,4-PDCA. Data are shown by those
of three independent replicated samples. Each sample consisted
of 5 flower stalks with 25 initial flower buds in total. Using this
figure, we determined (1) the time to flower opening, (2) the vase
life and (3) the gross flower opening which are shown by arrows
with 1, 2 and 3. The treatment with 2 mM 2,4-PDCA tended to
shorten the time to flower opening, lengthen the vase and increase
the gross flower opening compared with the untreated control
flowers. The same experiment as in Figure 1 was conducted
using other cultivars, and the values for these three criteria for
the flower opening profile are summarized in Table 1. The time
to flower opening tended to be shortened by 2 mM 2,4-PDCA in
all the cultivars tested, although it was significantly shortened in
‘Rascal Green’ cultivar.

The vase life was significantly extended by the treatment with
2 mM 2,4-PDCA, in ‘Barbara’, ‘Candle’, ‘Collin’, and ‘Rascal
Green’. The extension of the vase life was the greatest in ‘Collin’
cultivar (1.82 fold), followed by ‘Barbara’ (1.54 fold), ‘Candle’

Table 1. Effects of 2,4-PDCA on the time to flower opening, the vase life and the gross flower opening in cut flowers of various spray-type carnation

cultivars
Cultivars Time to flower opening (days) Vase life (days) Gross flower opening (scores)
Control PDCA Control PDCA Control PDCA
Barbara 3.7+0.3 24+03 11.2+0.9 17.2%%£0.5 126.7+17.0 550.7%* £ 26.6
Candle 2.44+0.1 2.0+0.2 16.5+0.2 23.6%*%+£0.2 429.3+51.7 1138.7** + 44.6
Collin 2.8+0.2 2.1+0.2 100+1.5 18.2%*% £ 0.8 208.0 +31.7 713.3**%+£19.6
Beam Cherry 6.3+0.6 5.1+0.5 10.8+1.3 13.5+£0.9 250.7 £ 40.7 548.0* £ 58.9
Scarlet Ostara 3.0+0.7 1.9+0.2 13.1+1.5 16.3+0.9 205.3+19.2 534.7*%*% £31.0
Rascal Green 9.5+£0.0 7.0%*% £ 0.5 9.8+£0.5 12.9%* + 0.1 218.7+33.7 480.0%* £31.2

Data are shown by the mean = SE of 3 replicated samples. * and ** show significant differences from the control by Student’s t-test at P < 0.05 and

P < 0.01, respectively.
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Fig. 1. Change in the percentage of fully-open and non-senescent
flowers for cut flowers of ‘Barbara’ carnation treated with 2,4-
PDCA. Bunches of cut flowers, each with 5 main flower stalks with
5 flowers (buds) on each stalk (25 flower buds in total), were treated
continuously with 0 (control) or 2 mM 2,4-PDCA. Three replicated
data for the control (0, O, A) and 2,4-PDCA treatment (o, m, A) are
shown. The time to flower opening (1), the vase life (2) and the gross
flower opening (3) are shown by arrows with numbers.

(1.43 fold) and ‘Rascal Green’ (1.32 fold) cultivars. In ‘Beam
Cherry’ and ‘Scarlet Ostara’, the vase life was extended by
2,4-PDCA treatment, 1.25 and 1.24 fold, respectively, though
not significantly different with the control. The gross flower
opening was increased by treatment with 2 mM 2,4-PDCA in all
the carnation cultivars. The magnitude of increase in the gross
flower opening was the largest with ‘Barbara’ (4.35 fold) followed
by ‘Collin’ (3.43 fold) and 2.19 to 2.65 fold in other cultivars.

Previous studies demonstrated the promotive effect of 2,4-PDCA
treatment on flower opening in cut flowers of ‘LPB’ and ‘Mule’
(Satoh et al., 2014). The present findings further indicate that
PDCA analogs, including 2,4-PDCA, promote flower opening
and delay senescence in a wide range of spray-type carnation
cultivars.

Comparison of the effect of 2,4-PDCA between the continuous
and pulse treatments: In previous studies (Satoh et al., 2014;
Sugiyama and Satoh, 2015), PDCA was applied to cut carnation
flowers continuously during experiments (the continuous
treatment). This procedure sometimes caused detrimental side
effects, resulting in browning of leaves or broken stalks (Sugiyama
and Satoh, 2015), probably because of excess absorption of the
chemicals. Also this procedure seems to be practically inadequate
from application perspective of the chemicals, since it would need
much labor work. Therefore, we tried to apply PDCA by a pulse
treatment, in which the flowers were treated once after harvest
for short period then kept in water. Fig. 2 shows the changes in
the percentage of FONS flowers for cut ‘LPB’ flowers treated
with 2,4-PDCA at 0, 5, 10 or 30 mM for 24 h, and thereafter left
with their stalk end in water (pulse treatment). For comparison,
the cut flowers were treated continuously with 2 mM 2,4-PDCA
(continuous treatment). The mean of 4 replicated samples each
for the control and the 2,4-PDCA-treated samples, each with 5
flower stalks having 25 initial flower buds in total, is shown.

The time to flower opening was 6.0+0.5 days in the control.
The pulse treatment with 5 and 10 mM 2,4-PDCA shortened it
to 5.0+0.7 days and 3.140.4 days, respectively, the latter value
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Fig. 2. Effects of pulse and continuous treatments with 2,4-PDCA on
flower opening characteristics of ‘Light Pink Barbara’ carnation.

Bunches of cut flowers, similar to those described in the legend to Fig.
1, were treated with 2,4-PDCA at 0 (©), 5 (e), 10 (m) and 30 mM (@)
for 24 h, then kept in water (pulse treatment). The continuous treatment
was conducted by leaving flower bunches continuously in 2 mM 2,4-
PDCA (O). Change in the percentage of fully-open and non-senescent
flowers is shown by the mean of 4 replicated samples.

being significantly different from the control (P < 0.05 by Tukey’s
multiple range test). The continuous treatment with 2 mM 2,4-
PDCA shortened the time to flower opening to 4.3+0.3 days,
though not significantly different with the control.

The vase life in the control was 5.7+1.7 days. It was lengthened by
the pulse treatment with 2,4-PDCA at 5 mM (11.9+0.7 days) and
10 mM (14.2+0.3 days), and by the continuous treatment with 2
mM 2,4-PDCA (11.2+0.5 days), with a significant difference from
the control value. The gross flower opening score in the control
was 94.0+£35.7. The pulse treatment with 5 and 10 mM 2,4-PDCA
increased the score to 335.0+28.8 and 495.0+8.5, respectively,
and the continuous treatment with 2 mM 2,4-PDCA increased
the score to 413.3+£74.2.

The pulse treatment with 30 mM 2,4-PDCA severely inhibited
flower opening, resulting in browning and death of stems and
leaves. The pulse treatment with 5 and 10 mM 2,4-PDCA did not
have this adverse effect. The present results demonstrated that the
effect of pulse treatment with 5 or 10 mM 2,4-PDCA on the flower
opening characteristics was similar to or greater than that of the
continuous treatment with 2 mM 2,4-PDCA in ‘LPB’ carnation.

The present study revealed that 2,4-PDCA, probably other
PDCA analogs as well, are effective on carnation cultivars,
with spray-type flowers. These finding will help promote the
practical use of PDCA analogs. Further studies are needed on
the effect of PDCAs on cut flowers of other species with spray-
type flowers, irrespective of the involvement of ethylene in the
process of flower senescence, such as Eustoma, Gypsophila, and
Alstroemeria flowers and spray-type Chrysanthemum.
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