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Abstract

This chapter describes our recent findings on diverse biological effects of pyridinecarbox-
ylic acids, both pyridine-di-carboxylic acids (PDCAs) and pyridine-mono-carboxylic acids 
(PCAs), on plant growth processes. PDCA analogs promoted flowering and extended dis-
play time (vase life) of cut flowers of spray-type carnation. 2,3-PDCA and 2,4-PDCA were 
most active in the promotion. Apart from these actions, some of PDCAs and PCAs stimu-
lated root and shoot growth of lettuce, carrot, and rice seedlings. Studies on structure–
activity relationship of the chemicals showed that one of the most effective chemicals was 
pyridine-3-carboxylic acid. Pyridine-3-carboxylic acid is known as vitamin B3 (niacin) 
and safe for human and animals. These findings suggested the possibility to develop 
PDCAs and PCAs as novel flower-care agents as well as growth-promoting agents which 
will be used for vegetable cultivation.

Keywords: pyridine-di-carboxylic acids, pyridine-mono-carboxylic acids,  
pyridine-3-carboxylic acid, flowering, seedling growth, promotion

1. Introduction

Pyridine-di-carboxylic acid (PDCA) has six structural analogs, that is, 2,3-, 2,4-, 2,5-, 2,6-, 3,4-, 
and 3,5-PDCA. In the past, there were a few works on biological activities of PDCA analogs. 2,6-
PDCA was reported to inactivate markedly aconitase, but 2,3-, 2,4-, and 2,5-PDCA did not [1]. 
2,4-PDCA is a structural analog of 2-oxoglutarate (OxoGA) and was shown to inhibit OxoGA-
dependent dioxygenases by competing with OxoGA [2, 3]. For example, OxoGA-dependent 
dioxygenases include proline-4-hydroxylase [2–4] and enzymes involved in gibberellin (GA) 
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biosynthesis and metabolism, such as gibberellin 3β-dioxygenase (gibberellin 3β-hydroxylase), 
gibberellin-44 dioxygenase, and gibberellin 2β-dioxygenase (gibberellin 2β-hydroxylase) [5–9].

Iturriagagoittia-Bueno et al. [10] reported that OxoGA competitively inhibited the activity 
of 1-aminocyclopropane-1-carboxylate (ACC) oxidase with respect to ascorbate, which was 
extracted from ripe pear fruits. ACC oxidase catalyzes the last-step reaction of ethylene bio-
synthesis in plants. Vlad et al. [4] demonstrated that 2,4-PDCA inhibited ethylene produc-
tion in detached carnation flowers and delayed senescence of the flowers and suggested that 
2,4-PDCA inhibited the activity of ACC oxidase by acting as a structural analog of ascorbate. 
Then, Fragkostefanakis et al. [11] showed that 2,4-PDCA inhibited the in vitro activity of ACC 
oxidase prepared from tomato pericarp tissues. These results confirmed that 2,4-PDCA inhib-
its ACC oxidase by competing with ascorbate.

Recently, we examined 2,4-PDCA action on ethylene production and senescence in spray-type 
carnation flowers to know whether it can be used as a flower-care agent to prolong the display 
time of the flowers, which had not been referred in the previous paper [4]. Interestingly, we 
could demonstrate the acceleration of flower opening by 2,4-PDCA in cut spray-type carnation 
flowers, in addition to retardation of their senescence, resulting in prolonging their display time. 
We furthermore compared 2,4-PDCA action with those of its structural analogs, such as 2,3-
PDCA, 2,5-PDCA, and so on, in order to obtain further information on 2,4-PDCA’s action. On 
the other hand, in the course of the above-mentioned study, we found that 2,3-PDCA promoted 
root elongation, whereas 2,4-PDCA inhibited it in lettuce, carrot, and rice seedlings. We explored 
the promoting activities of 2,3-PDCA to other PDCA analogs and pyridine-mono-carboxylic 
acid (PCA) analogs. Also, we carried out a preliminary investigation on the possible biochemical 
and molecular mechanism of PDCA, mainly with 2,4-PDCA. This chapter describes the details 
of the effects of 2,4-PDCA and related chemicals on flower opening and display time in carna-
tion flowers, as well as the promotion of seedling growth in some agricultural crops.

2. 2,4-PDCA extends the display time of cut spray-type carnation 

flowers by promoting flower opening as well as retarding senescence

2.1. Procedures for observation of flower opening and senescence

A carnation cultivar, Dianthus caryophyllus L. “Light Pink Barbara (LPB),” which belongs 
to the spray type of carnation flowers having multiple flowers (buds) on a stem, was used. 
Flowers were harvested when the first floret out of six to eight flower buds on a stalk was 
partially open. Stems of cut flowers were trimmed to 60 cm. Bunches of 5 stems, each having 
5 flower buds (25 buds in total per bunch), were put in 900-ml glass jars containing 300 ml of 
test solutions. The test solutions were distilled water (control) and the solutions containing 
each of PDCA analogs at given concentrations. The flowers were kept under continuous light 
at 23°C and 50–70% relative humidity. Fully open non-senescent (FONS) flowers, which were 
regarded as flowers ranging from Open stage 6 to Senescence stage 2 [12, 13], were counted 
daily, and the percentage of these flowers to the total number (25) of initial flower buds per 
bunch was calculated. The display time of the cut flowers in days is expressed by the number 
of days during which the percentage of FONS flowers was 40% or more [14, 15]. Data are 
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presented as changes of the percentages of FONS flowers during 24 days. The time to flower 
opening was defined as the number of days from the start of experiment to the time when the 
percentage of FONS flowers reached 40% [16].

2.2. Analysis of flower opening as well as display time (vase life) in cut “LPB” 
carnation flowers

Figure 1 shows changes in the percentage of FONS flowers for cut “LPB” carnation flowers 
treated with different concentrations of 2,4-PDCA [16]. The treatment with 2,4-PDCA tended 
to shorten the time to flower opening, which was 4.4 days for the control, 4.3 days for 0.3 mM, 
3.3 days for 1 mM, and 3.8 days for 2 mM, although it was significantly different from the 
control only with treatment at 1 mM 2,4-PDCA by Steel’s multiple range test (P < 0.05). These 
observations suggested that 2,4-PDCA has an activity to accelerate flower bud opening. The 
display time was significantly lengthened by treatment with 2,4-PDCA, attaining 53, 111, and 
135% increases at 0.3, 1, and 2 mM 2,4-PDCA, respectively, as compared with the control [15].

This figure was adapted from Figure 2 in Sugiyama and Satoh [16]. The percentage of fully 
open and non-senescent (FONS) flowers was calculated from the proportion of those flowers 
to the total number of initial flower buds (25 buds per 5 flowers). The time to flower open-

ing (I) is the time in days from the start of experiment until the percentage of open flowers 
reached at 40%. The display time of the flowers (II) is the duration when the percentage of 
FONS flowers was 40% or more.

Figure 1. Profiles of flower opening and duration of display time in cut flowers of ‘Light Pink Barbara’ (LPB) carnation 
treated continuously with different concentrations of 2,4-PDCA. This figure was adapted from Figure 2 in Sugiyama and 
Satoh [16]. The percentage of fully-open and non-senescent (FONS) flowers was calculated from the proportion of those 
flowers to the total number of initial flower buds (25 buds per 5 flowers). The time to flower opening (I) is the time in 
days from the start of experiment until the percentage of open flowers reached 40%. The display time of the flowers (II) 
is the duration when the percentage of FONS flowers was 40% or more. 
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2.3. Comparison of the effect of 2,4-PDCA between the continuous and pulse 
treatments

In the experiment described earlier, 2,4-PDCA was applied to cut carnation flowers continu-
ously during experiments (the continuous treatment). This procedure sometimes caused 
detrimental side effects, resulting in the browning of leaves or broken stalks [16], probably 
because of excess absorption of the chemicals. Also, this procedure seems to be practically 
inadequate from the 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 a short period when kept in water [17]. We treated cut “LPB” 
flowers with 2,4-PDCA at 0 (control), 5, or 10 mM for 24 h, and thereafter left with their stalk 
end in water (pulse treatment). The time to flower opening was 6.0 ± 0.5 days (shown by 
the mean ± SE of three replicates) in the control. The pulse treatment with 5 and 10 mM 2,4-
PDCA shortened it to 5.0 ± 0.7 days and 3.1 ± 0.4 days, respectively, whereas the continuous 

Figure 2. Flower opening and senescing profiles of cut “LPB” carnation flowers treated without (control) or with 2,4-
PDCA at 2 mM. Typical profiles for each treatment out of three replicates were chosen for 0, 3, and 10 days of the 
experiment. This figure was adapted from Figure 4 in Sugiyama and Satoh [16], by extracting only the data for 2,4-PDCA.
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treatment with 2 mM 2,4-PDCA shortened the time to flower opening to 4.3 ± 0.3 days. The 
display time in the control was 5.7 ± 1.7 days. It was lengthened by the pulse treatment with 
2,4-PDCA at 5 mM to 11.9 ± 0.7 days and with 10 mM to 14.2 ± 0.3 days, and by the continu-

ous treatment with 2 mM 2,4-PDCA to 11.2 ± 0.5 days. These results revealed 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.

3. PDCA analogs extend the display time of carnation flowers

As described earlier, 2,4-PDCA stimulated flower opening and prolonged the display time 
in cut spray-type carnation flowers. Then, we compared 2,4-PDCA’s action with those of its 
structural analogs (2,3-, 2,5-, 2,6-, 3,4-, and 3,5-PDCA) in order to obtain further information 
on 2,4-PDCA’s action [16] . In this experiment, cut “LPB” carnation flowers were treated with-

out (control) or with each of PDCA analogs at 2 mM.

Figure 2 shows flower opening and senescing profiles of the control and 2,4-PDCA-treated 
flowers, which were chosen as typical specimens, 0, 3, and 10 days after the start of the experi-
ment. On day 3, open pink flowers were seen more among the flowers treated with 2,4-PDCA 
than in the control. These observations indicated that treatment with 2,4-PDCA accelerated 
flower opening as compared with the untreated control flowers. On day 10, the control flow-

ers remained as a mixture of buds, open flowers, and senesced flowers. The senesced flow-

ers showed in-rolling and wilting of petals, typical symptoms of senescence in response to 

Table 1. Effects of PDCA analogs on the time to flower opening and the display time of cut spray ‘‘LPB’’ carnation 
flowers. The data were adapted from Table 1 in Sugiyama and Satoh [16], by extracting only the data for 2 mM PDCA. 
Data are shown in days with the mean ± SE of three replicates, each with five flower stems with five florets (buds) on 
a stem.* shows a significant difference from the control in each column by Dunnett’s multiple range test (P < 0.05).
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ethylene. On the other hand, almost all the flowers treated with 2,4-PDCA were fully open 
with non-wilted and turgid petals. At the later stage, 2,4-PDCA-treated flowers withered with 
browning at the petal margins, as well as with jumbled, but turgid, fading petals [15].

Table 1 summarizes the effects of all the PDCA analogs on the time to flower opening and the 
display time of cut “LPB” flowers. The time to flower opening was 9.0 days for the control flowers 
and was significantly shortened by treatment with all of the PDCA analogs. It was the shortest by 
treatment with 2,3-PDCA and 2,4-PDCA (both 4.0 days), followed by 2,5-PDCA and 3,5-PDCA 
(both 4.7 days) and 2,6-PDCA (5.3 days) and 3,4-PDCA (5.7 days). Four of the PDCA analogs 
(2,3-, 2,4-, 3,4-, and 3,5-PDCA) significantly lengthened the display time compared with that of 
the control (8.3 days); the display times varied from 14.7 to 15.5 days. 2,5-PDCA and 2,6-PDCA 
tended to lengthen the display time, although their effects were not statistically significant.

4. PDCA and PCA analogs stimulate root and shoot growth in 
lettuce, carrot, and rice seedlings

4.1. Effects of 2,3-PDCA and 2,4-PDCA on root elongation of lettuce, carrot, and rice 
seedlings

The action mechanism of PDCAs for accelerating flower bud opening in carnation remains 
unresolved. Satoh et al. [15] hypothesized on the association of gibberellin (GA) with the 
promoting action of 2,4-PDCA on flower bud opening in cut flowers of spray-type carna-
tion. This hypothesis arose from the notion that 2,4-PDCA is a structural analog of OxoGA, 
which is a cosubstrate for enzymes acting in GA biosynthesis and inactivation. We tried to test 
whether 2,3-PDCA and 2,4-PDCA have GA-like activity using a bioassay system, in which 
exogenously applied GA promotes hypocotyl elongation of lettuce seedlings [18].

Uniformly germinated seeds were placed on solidified Gellan Gum (1.0%, w/v) in a glass test 
tube. The Gellan gel contained 2,3-PDCA or 2,4-PDCA at 0 (control), 0.3, 1, and 3 mM, and 
GA3 at 0.3 mM. After 7 days at 23°C in the light, 2,3-PDCA at 0.1 mM promoted root elon-
gation, and the degree of promotion increased up to 1 mM, then declined slightly at 3 mM, 
whereas, 2,4-PDCA at 0.1–3 mM severely inhibited the elongation of lettuce roots (Figure 3). 
GA3 at 0.3 mM promoted hypocotyl elongation but inhibited root elongation in lettuce seed-
lings. Moreover, we found that 2,3-PDCA and 2,4-PDCA had similar effects on root elonga-
tion of carrot seedlings; 2,3-PDCA at 0.3–3 mM promoted the elongation of roots, whereas 
2,4-PDCA at 0.1–3 mM inhibited it.

4.2. Effects of PDCA and PCA analogs on root and shoot elongation of rice seedlings

Similar to the investigation with lettuce and carrot seedlings, the effects of PDCA analogs on 
root growth of rice seedlings were examined. 2,3-, 3,4-, and 3,5-PDCA promoted the root elon-
gation, although the latter two were less effective, whereas 2,4-PDCA and 2,6-PDCA inhibited 
the root elongation, and the effect of 2,5-PDCA on root elongation was very small. These 
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results suggested that the carboxyl group at position 3 of the pyridine ring is necessary to pro-

mote root elongation in rice seedlings and probably in lettuce and carrot seedlings. Therefore, 
we explored the activity of PCA analogs, that is, 2-, 3-, and 4-PCA and 3-PCA amide, as well 
as 2,3-, 2,4-, and 3,4-PDCA, on the growth of rice seedlings grown for 7 days by hydroponic 
culture [18].

Uniformly germinated rice seeds were hydroponically grown in water (control) and test solu-

tions containing PDCA or PCA analogs (2,3-, 2,4-, and 3,4-PDCA; 2-, 3-, and 4-PCAs; 3-PCA 
amide) at 0.03, 0.1, and 0.3 mM. Twenty-five germinated seeds were floated on a plastic mesh 
using a polyurethane float in a transparent plastic box containing 300 ml of test solutions. 
After 7 days, the whole seedlings, and roots and shoots were photographed. The root and 
shoot (leaf + leaf sheath) lengths were measured with a curvemeter (Pen-type Map-meter 
Concurve 10, Koizumi Sokki Mfg. Co., Ltd., Nagaoka, Japan) on printed photographs. The 
total root length of each seedling was obtained as the sum of the lengths of a seminal root 
and all coronal roots. The seedlings were aligned according to the total root length, then 15 
seedlings in the middle were chosen for measuring the root length. Also, the shoot length was 
determined similarly.

Figure 4 shows the seedlings treated with the PDCAs and PCAs at 0.3 mM. The apparent 
mass of roots (both seminal and coronal roots) was clearly increased by 3-PCA, 3,4-PDCA, 
and 2,3-PDCA, but decreased by 2-PCA, 4-PCA, and 2,4-PDCA. Interestingly, 3-PCA amide 
decreased the mass of roots, although not as much as 2-PCA, 4-PCA, and 2,4-PDCA. On the 
other hand, all the chemicals, except 4-PCA, appeared to promote the elongation of shoots, 
which was judged from the protrusion of shoot over the edge of containers.

Figure 5A and B show the total length of root and shoot per seedling, respectively, treated 
with PCA and PDCA analogs at 0.03–0.3 mM. Root elongation was significantly promoted by 
3-PCA, 3,4-PDCA, and 2,3-PDCA at all the concentrations used. The magnitude of promotion 
was similar in 3-PCA and 3,4-PDCA, followed by 2,3-PDCA. By contrast, 2-PCA, 4-PCA, 2,4-
PDCA, and 3-PCA amide significantly inhibited the root elongation at all the concentrations 

Figure 3. Effects of 2,3-PDCA, 2,4-PDCA, and GA3 in root elongation of lettuce seedlings. This figure was cited from 
Figure 1 in Satoh and Nomura [18]. Three germinated lettuce seeds with radicles protruded 1 mm were placed on the 
surface of solidified Gellan Gum (0.1%, w/v) containing 2,3-PDCA and 2,4-PDCA at 0.1–3 mM and GA3 at 0.3 mM and 
allowed to grow for 7 days at 23°C under light from white fluorescent lamps. Water was used as the control.
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used. 2-PCA had the greatest inhibitory effect on root elongation, followed by 4-PCA, 2,4-
PDCA, and 3-PCA amide. On the other hand, all the chemicals, except 4-PCA, significantly 
promoted the elongation of shoots of rice seedlings. 3-PCA was most active in the promotion 

Figure 4. Effects of PCA analogs (2-, 3-, 4-PCA, and 3-PCA amide) and PDCA analogs (2,3-, 2,4-, and 3,4-PDCA) on 
the growth of rice seedlings. Germinated rice seeds were grown at 23°C for 7 days hydroponically in test solutions 
containing each chemical at 0.3 mM. This figure was previously shown as Figure 5 in Satoh and Nomura [18].

Figure 5. Effects of PCA analogs (2-, 3-, 4-PCA, and 3-PCA amide) and PDCA analogs (2,3-, 2,4-, and 3,4-PDCA) on 
the root elongation (A) and shoot elongation (B) of rice seedlings. * shows significant difference from the control by 
Dunnett’s multiple range test (P < 0.05), and symbols between top and bottom stars at given concentrations are all 
significantly different from the control. This figure was previously shown as Figure 6 in Satoh and Nomura [18].
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of shoot elongation in rice seedlings, followed by 3-PCA amide, 2,4-PDCA, and 2-PCA. 4-PCA 
did not affect the shoot elongation of rice seedlings.

Precise analyses of the effects of PDCA and PCA analogs revealed that the acceleration of 
root elongation in rice seedlings depends on the free carboxyl group (-COOH) at position 3 
of the pyridine ring, and the inhibition of root elongation depends on -COOH at positions 2 
or 4 of the ring (Figures 3–6). When the second carboxyl group was introduced into 3-PCA, 
its introduction to position 2 of the pyridine ring, which makes 2,3-PDCA, reduced the pro-

moting activity of 3-PCA more severely than that into position 4 of the pyridine ring, which 
makes 3,4-PDCA (Figures 4 and 5). Moreover, in PDCAs, 3-COOH overcame the inhibitory 
effects of 2- or 4-COOH; in other words, the latter two -COOHs could not nullify the promo-

tive effect of 3-COOH. Interestingly, when 3-COOH of 3-PCA was replaced with -CONH2, the 
resultant 3-PCA amide lost the root elongation promoting activity in rice seedlings (Figure 5). 
Both 3-PCA and 3-PCA amide are vitamin B3, known as nicotinic acid and nicotinamide, 
respectively, and are regarded to have an activity equivalent to the vitamin. The present find-

ings that 3-PCA promoted but 3-PCA amide inhibited rice root elongation suggested that the 

root elongation promoting the activity of 3-PCA did not originate from its activity as vitamin 
B3. The present findings showed the promoting effects of 3-PCA and PDCA analogs with 
3-COOH on root elongation in rice seedlings. This notion may also apply to the promotion of 
root elongation in lettuce and carrot seedlings.

Figure 6. The inhibition of ACC oxidase activity by 2,4-PDCA. ACC oxidase was prepared by the expression of carnation 
DcACO1 cDNA in E. coli, and its activity was determined at 1 mM ACC in the absence or presence of 2,4-PDCA at the 
given concentrations. Data are the means ± SE of triplicate determinations. This figure was adapted from Figure 1 in 

Satoh et al. [15].
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5. Search for a possible biochemical action mechanism of PDCA and 
PCA analogs

We searched for possible biochemical and molecular mechanism of PDCA action. So far, we 
tested effects of 2,4-PDCA on recombinant ACC oxidase activity [15] and on gibberellin action 
by examining the changes in gene expression of DELLA protein (GAI), a negative regulator of 
GA signaling, and GA contents in carnation flowers [19].

First, we examined the action of 2,4-PDCA on ACC oxidase, which was synthesized in 
Escherichia coli cells from carnation ACC oxidase gene (DcACO1). For the construction of an 
expression plasmid, the entire coding region was amplified from DcACO1 cDNA [20] by 
PCR. DcACO1 protein was expressed from DcACO1 cDNA in E. coli cells as described else-

where [21]. ACC oxidase activity was assayed by the standard method [21]. The recombinant 
ACC oxidase had a Km of 118 mM for ACC. This Km value was comparable to that reported 
previously for ACC oxidase from carnation petals, 30–425 mM depending on CO2 concentra-

tion [22] and 111–125 mM in the presence of NaHCO3 [23].

Figure 6 shows the inhibitory effects of 2,4-PDCA on the activity of the recombinant ACC oxi-
dase. 2,4-PDCA inhibited an enzyme activity by 47% at 0.5 mM, and the magnitude of inhibi-
tion increased gradually as its concentration increased, attaining 85% inhibition at 10 mM. The 
results confirmed that 2,4-PDCA inhibited the activity of ACC oxidase. Iturriagagoittia-Bueno 
et al. [10] showed that OxoGA inhibited ACC oxidase by competing with ascorbate. 2,4-PDCA 
was shown to compete with OxoGA in the inhibition of vertebrate collagen proline-4-hydrox-

ylase, an OxoGA-dependent dioxygenase [2, 3].

Therefore, it is speculated that 2,4-PDCA inhibits ACC oxidase activity by competing with 
ascorbate, although there is a possibility that 2,4-PDCA inhibited ACC oxidase activity by 
chelating Fe2+ [24].

Next, we examined the expression profiles of DcGAI gene in carnation flowers by qRT-PCR 
analysis. DcGAI was expressed in all the tissues examined, that is, calyx, style, receptacle, 
ovary, and petals. A high level of expression was observed in calyx, and the expression levels 
in style, receptacle, ovary, and petals were low. We also analyzed the changes in expression 
levels of DcGAI in petals of carnation flowers during the flower opening process. The tran-

script level of DcGAI was high at the early stages of flower opening and decreased at later 
stages of flower opening. We examined the expression of the gene in 2,4-PDCA-treated flow-

ers. Flowers at Opening stage (Os) 1 to Os 2 were treated with 2 mM 2,4-PDCA for 10 days. 
Using petals sampled from these flowers, the expression of DcGAI was examined by qRT-
PCR. The expression of the gene was decreased in accordance with the progression of the 
flower opening process in the control flowers. By contrast, the expression of DcGAI was main-

tained at a high level in 2,4-PDCA-treated flowers and was significantly higher than that in 
the control flowers at day 10.

Thus, an increase in the transcript level of DcGAI was observed in 2,4-PDCA-treated flow-

ers. GAI is a negative regulator of GA action and suppresses growth and elongation [25]. 
Therefore, it is supposed that the increase in DcGAI expression leads to the suppression of petal 
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cell growth, which does not coincide with the enhancement of flower opening. Therefore, it is 
likely that the alteration of GAI expression is not related to the enhancing effect of 2,4-PDCA.

Furthermore, we examined GA contents as affected by 2,4-PDCA treatment in opening car-

nation flowers by LC–MS/MS analysis. Although endogenous GAs acting in carnation have 
not been identified so far, we set out to measure the GA

1
 content since several ornamental 

plants (Chrysanthemum morifolium, Eustoma grandiflorum, Gentiana triflora, Phalaenopsis hybrid, 
and petunia) contain GA

1
 as a bioactive GA [26]. However, GA

1
 was not detected in carna-

tion petals in our LC–MS/MS analysis. We found GA3 accumulated instead and determined 
the GA3 content in petals of opening flowers. In this experiment, all the flowers starting from 
Os 2 reached Os 4–6 in 4 days in the control flowers. 2,4-PDCA treatment accelerated flower 
opening, and all the treated flowers reached Os 4–6 in 2 days. We measured GA3 content in 

the non-treated flowers at days 0–4 and found that the GA3 level tended to be decreased in the 
course of flower opening. We also measured GA3 content in 2,4-PDCA-treated flowers at day 
1, when the treated flowers showed a significant increase in the number of open flowers. We 
observed a tendency that GA3 content in the 2,4-PDCA-treated flowers was lower than that in 
the control. The GA3 content in the control flowers was 48.5 ± 10.0 pmol·g−1FW, whereas it was 
26.6 ± 14.3 pmol·g−1FW in the 2,4-PDCA-treated flowers. There was no significant difference 
between the control and the treated samples by t-test at P < 0.05. These results showed that 
2,4-PDCA increases the gene expression of the growth suppressor, GAI, and decreases the GA 
level, suggesting that GA signaling and action are altered by 2,4-PDCA treatment. However, 
such changes are contradictory to the enhancement of flower opening, which suggests that 
GA is not associated with the enhancing effect of 2,4-PDCA in carnation flowers.

6. Discussion

Our studies showed that PDCAs accelerate flower opening and retard senescence, which increase 
the number of open flowers, resulting in the extension of the display time of cut flowers of “LPB” 
carnation. At first, this finding was obtained by the experiment with 2,4-PDCA and then subse-

quent experiments with other PDCA analogs, that is, 2,3-, 2,5-, 2,6-, 3,4-, and 3,5-PDCA. Judging 
from their effectiveness in the acceleration of flower opening and extension of display time, 2,3-
PDCA and 2,4-PDCA were thought to be suitable agents for the treatment of the flowers.

2,4-PDCA is a structural analog of OxoGA and has been suggested to inhibit OxoGA-
dependent dioxygenases by competing with OxoGA and ethylene production in detached car-

nation flowers by competing with ascorbate on ACC oxidase action [4, 11]. We confirmed that 
2,4-PDCA inhibited ACC oxidase action with a recombinant enzyme produced in E. coli cells 
from carnation DcACO1 cDNA. These findings suggested that 2,4-PDCA primarily inhibited 
ACC oxidase action, resulting in the inhibition of ethylene production and the delay of with-

ering of carnation flowers. However, probably, this mechanism of action could not be appli-
cable for PDCA analogs other than 2,4-PDCA. Meanwhile, it was suggested that GA might 
be involved in the action of 2,4-PDCA on flower opening and senescence of carnation flowers 
[15]. However, 2,4-PDCA treatment gave no significant effects on the expression of DcGAI 

gene, which is a key factor in the GA-signaling pathway and on GA content in the flower petals 
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[19]. Therefore, at present, there is no reliable explanation for the PDCAs’ action mechanism in 
the stimulation of flower opening and extension of display time in carnation flowers.

It was revealed that 2,3-PDCA promoted root elongation in lettuce, carrot, and rice seedlings, 
whereas 2,4-PDCA inhibited it [18]. The action of PDCA and PCA analogs on root and shoot 
elongation was further examined using rice seedlings. 2,3-, 3,4-, and 3,5-PDCA promoted rice 
root elongation, whereas 2,4- and 2,6-PDCA inhibited it, and 2,5-PDCA had little effect. 3-PCA 
(nicotinic acid) promoted rice root elongation, but 2- and 4-PCA did not. Moreover, 3-PCA amide 
(nicotinamide) did not promote root elongation. These findings indicated that a carboxyl group 
substituted on position 3 of the pyridine ring is necessary to promote root elongation, and that 
the promoting effect of 3-PCA was not from its action as vitamin B3, but from its intrinsic activ-
ity as a 3-COOH-substituted pyridine. On the other hand, all the PCA and PDCA analogs tested 
in this study, except for 4-PCA, promoted shoot elongation of rice seedlings. The mechanism of 
action of PCA and PDCA analogs on root growth will hopefully be elucidated in the near future.

We have observed that PDCAs are practically applicable to cut flowers of spray-type car-
nation cultivars other than “LPB.” In addition, this issue will also be examined with other 
species of ornamentals, of which flowers are used as spray-type flowers, such as Eustoma, 
Gypsophila, and Alstroemeria flowers and spray-type Chrysanthemum. The promotion of root 
elongation in the seedling of vegetable and ornamental crops by PDCA and PCA analogs 
probably has merits in practical agriculture, since massive roots of seedlings surely promote 
root establishment of the seedlings after transplanting. From this point of view, we are now 
investigating a practical method to apply these chemicals to grow sound and vigorous seed-
lings of vegetable and ornamental crops.
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