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Abstract

This chapter describes recent topics on flower
opening and senescence of carnation flowers,
highlighting new chemicals found to promote
flower opening in carnationflowers, and the allelic
nature of two variants (DcACS1a and DcACS1b)
of a senescence-related 1-aminocyclopropane-
1-carboxylate (ACC) synthase gene (DcACS1).
Xyloglucan oligosaccharides (XGO) accelerated
flower opening in some cultivars of spray-type
carnation, suggesting the involvement of xyloglu-
can metabolism in petal cells undergoing cell
expansion leading to petal growth. Isomers of
pyridinedicarboxylic acid (PDCA), especially
2,3- and 2,4-pyridinedicarboxylic acids, acceler-
ated flower opening in spray-type carnation, and
eventually 3-pyridinecarboxylic acid, the most
simple analog of PDCA, was highest in the
acceleration of flower opening. ACC synthase
gene DcACS1, the key gene acting in ethylene
production in senescing carnation petals had two
variants, DcACS1a and DcACS1b. Some carna-
tion cultivars had only DcACS1a, and others
DcACS1aandDcACS1b.A recent search revealed
two carnation cultivars, ‘Skyline’ and ‘Scarlett

Plus’, which had only DcACS1b, suggesting that
DcACS1a and DcACS1b are present as alleles.

4.1 Introduction

This chapter describes our recent findings on
chemicals which accelerate flower opening,
eventually leading to the extension of vase life in
some carnation flowers, and the allelic nature of
two variants of a senescence-related carnation 1-
aminocylopropane-1-carboxylate synthase gene.
The vase life of cut carnation flowers is deter-
mined by the sum of the period for flower opening
and that for flower senescence. Acceleration of
flower opening followed by retardation of flower
senescence would surely prolong the vase life of
the flowers. There are many chemicals which have
been used to retard the senescence of carnation
flowers by inhibiting the synthesis and/or action
of ethylene (Satoh et al. 2014). Whereas, to our
best knowledge, no chemicals which accelerate
the opening of carnation flower were not practi-
cally used previously. Therefore, we started to
search for the chemicals which accelerate flower
opening and help extend the vase life of the
flowers. Our work to discover such the chemicals
revealed xyloglucan oligosaccharide mixture
(XGO) (Satoh et al. 2013) and isomers of pyr-
idine-di/mono-carboxylic acids (Satoh et al. 2014,
Satoh and Nomura 2019, Sugiyama and Satoh
2015). XGO is a mixture of enzymatic hydrolysis
products of xyloglucan, a constituent of cell wall
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of dicot plants, and was shown to promote flower
opening in some carnation cultivars. Its mecha-
nism of action was suggested to participate in the
process of cell wall loosening and promote petal
cell expansion, and eventually leading to flower
opening of carnation flowers. Vlad et al. (2010)
were the first to report that 2,4-pyridinedi
carboxylic acid (2,4-PDCA) inhibited ethylene
production in detached flowers of ‘White Sim’
carnation and delayed senescence of the flowers.
Then, Satoh et al. (2014) observed that 2,4-PDCA
prolonged the vase life of cut flowers of spray-
type carnation, by acceleration of flower opening
in addition to delayed senescence of fully open
flowers. The promotion of flower opening was
caused by many isomers of pyridine-di/mono-
carboxylic acids, although their mechanism of
action has not been uncovered yet.

Senescence in carnation flowers is character-
ized by autocatalytic ethylene production from
petals and subsequent wilting of the petals.
A large amount of ethylene is synthesized several
days after full opening of the flower during nat-
ural senescence (Woodson et al. 1992), or several
hours after compatible pollination (Larsen et al.
1995; Nichols 1977; Nichols et al. 1983) or
treatment with exogenous ethylene (ten Have and
Woltering 1997; Wang and Woodson 1989).
A substantial portion of ethylene comes from the
petals of the flower. The increased ethylene
production accelerates in-rolling of petals
resulting in wilting of the flower.

Ethylene is synthesized in carnation petals, as
well as in other plant tissues, via the following
pathway: L-methionine ! S-adenosyl-L-
methionine (AdoMet) ! 1-aminocyclopropane-
1-carboxylate (ACC) ! ethylene. The conver-
sion of AdoMet to ACC is a rate-limiting step in
ethylene biosynthesis and is catalyzed by ACC
synthase (ACS) (Yang and Hoffman 1984).
Three cDNAs coding for ACC synthase
(DcACS1, DcACS2, and DcACS3) were cloned
from carnation plants, suggesting that ACC
synthase genes form a family in the plants, and
tissue-specific or chemical-induced expression of
mRNA has been studied (Jones 2003, Jones and
Woodson 1999, ten Have and Woltering 1997).

DcACS1 is mainly responsible for autocat-
alytic ethylene production in carnation petals
(Jones 2003, Jones and Woodson 1999, Satoh
2011, Shibuya and Ichimura 2010, ten Have and
Woltering 1997); DcACS1 showed ethylene-
enhanced expression in petals (Jones 2003,
Jones and Woodson 1999, ten Have and Wolter-
ing 1997), and carnation lines transformed with
DcACS1 transgenes showed suppressed ethylene
production in flowers (Iwazaki et al. 2004).

About a decade ago genomic DcACS1 gene
was found to have two forms (variants),
DcACS1a and DcACS1b, in which the sizes and
nucleotide sequences of introns were different
(Harada et al. 2011a). These two genes were
suspected to make alleles of DcACS1 gene, but
this was not confirmed until recently.

4.2 Promotion by a Xyloglucan
Oligosaccharide Mixture
of Flower Opening in Carnation

Flower opening involves elongation, expansion,
and outward bending of petals, which result
from the enlargement of petal cells (Evans and
Reid 1988; Kenis et al. 1985; Koning 1984).
Cell-wall extensibility may be a growth-limiting
factor for petal expansion (Yamada et al. 2009).
An apoplastic enzyme, xyloglucan
endotransglycosylase/hydrolase (XTH) is con-
sidered to be involved in cell-wall loosening in
dicot plants (Carpita and McCann 2000). XTH
catalyzes the transglycosylation of xyloglucan,
which results in cleaving and reattachment
among xyloglucan chains [xyloglucan endo-
transglycosylase (XET) activity], and realign-
ment of the xyloglucan chain in different strata
when newly synthesized xyloglucans are incor-
porated (Fry et al. 1992; Nishitani and Tominaga
1992; Vissenberg et al. 2000). By disturbing or
inhibiting the cell-wall metabolism in the grow-
ing petals of opening flowers with an excess
amount of xyloglucan oligosaccharides (XGO),
the flower-opening process might be affected,
resulting in a modified display time of the
flowers.
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A mixture of xyloglucan oligosaccharides
(XGO) was prepared from xyloglucan (XG) of
tamarind seed gum by digestion with Aspergillus
XG-specific xyloglucanase and subsequent
purification by ethanol fractionation. The XGO
mixture contained XG7, XG8, and XG9
(Fig. 4.1) at the ratio of 1: 4: 5, which was almost
identical to the literature value of constituent
subunits ratio of 1.2: 3.8: 5.

The effect of XGO on flower opening was
examined in several carnation cultivars. For
example, cut buds, of cultivars ‘Pure Red’,
‘Lillian’ and ‘Collin’ were treated continuously
with 1% XGO for 10 days. Figure 4.2 shows the
time of flower opening over a period of 10 days
and flowering profiles at 5 days (‘Pure Red’ and
‘Collin’) and 6 days (‘Lillian’) after the start of
the experiment. XGO treatment promoted flower
opening in ‘Pure Red’ and ‘Lillian’. In ‘Pure
Red’ carnation, the stimulation of flower opening
was significant even one day after the start of
treatment. Flower opening of ‘Lillian’ carnation
was also promoted, but less than that of ‘Pure
Red’ carnation. XGO treatment did not affect
flower opening of ‘Collin’ carnation (Fig. 4.2)
and ‘Light Pink Barbara (LPB)’ and ‘Mule’
carnations (data not shown). The reason why the

XGO’s effect varies among carnation cultivars
has not been clarified yet.

The proposed mechanism of xyloglucan
oligosaccharide on promotion of flower opening
is as follows. Xyloglucan endotransglycosylase
(XET) activity of XTH catalyzes the transgly-
cosylation of xyloglucan, in which one chain of
xyloglucan is cleaved and reattached to the non-
reducing end of another xyloglucan chain
(Fig. 4.3; Fry et al. 1992; Nishitani and Tomi-
naga 1992; Vissenberg et al. 2000). Exogenously
applied XGO might act as a substrate for XET,
that is, an acceptor molecule of cleaved
xyloglucan polymers (Fig. 4.3). Since XGO was
not anchored to cellulose microfibrils, the for-
mation of XGO-xyloglucan polymer complexes
would cause more enhanced slippage of cellulose
microfibrils, which was led by turgor in cells,
resulting in the promoted expansion growth of
petal cells.

Carnation plants have at least four genomic
genes encoding xyloglucan endotransglycosylase/
hydrolase (XTH) (DcXTH1-DcXTH4) (Harada
et al. 2011b; Yagi et al. 2014). Harada et al. (2011b)
suggested that two XTH genes (DcXTH2 and 3) are
associated with petal growth and development
during flower opening. It is interesting to investi-
gate the in vivo and in vitro action of XGO on XTH
enzymes.

4.3 Acceleration
by Pyridinecarboxylic Acid
Isomers of Flower Opening
in Spray-Type Carnation

4.3.1 Acceleration of Flower Opening
by Treatment with 2,4-
Pyridinedicarboxylic Acid

Vlad et al. (2010) demonstrated that 2,4-
pyridinedicarboxylic acid (2,4-PDCA) inhibited
ethylene production in detached flowers of
‘White Sim’, a standard-type carnation which has
one flower on a stem, and delayed senescence of
the flowers. They suggested that 2,4-PDCA
inhibited the activity of ACC oxidase by acting
as a structural analog of ascorbate. Later, Satoh
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Fig. 4.1 Structures of XG7, XG8, and XG9 prepared
from tamarind seed gum. Conventional abbreviations for
respective XG oligosaccharides (XGO) are shown below
the structure
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et al. (2014, 2016) examined 2,4-PDCA action
on ethylene production and senescence in ‘LPB’
carnation. Interestingly, they demonstrated the
acceleration of flower opening by 2,4-PDCA as
well as 2,3-pyridinedicarboxylic acid (2,3-
PDCA) in the flowers, in addition to retardation
of their senescence, resulting in prolonged dis-
play time. Eventually, 3-pyridinecarboxylic acid
(3-PCA), the simplest analog of pyridinecar-
boxylic acid, was found to promote most mark-
edly the flower opening of cut spray-type
carnation. This section will describe the effects of
the pyridinecarboxylic acid analogs on flower
opening in cut spray-type carnation.

Usually, the time of flower opening and the
vase life of carnation flower are determined by
observing onset of flower opening and senes-
cence, i.e., in-rolling of petal margin leading to
wilting of whole petals. This method has been

used successfully for a standard type of carnation
flower with only one flower per stalk (stem).
However, in spray-type carnation flowers, which
have a main stalk with several offshoots, each
having one or two flowers at their tips, the time
of flower opening and the vase life of the flowers
are determined differently, since the onset of
flower opening and senescence varies depending
on each floret. Satoh et al. (2005, 2014) devel-
oped a method to determine the ‘time to flower
opening’ and ‘vase life’, for characterizing flower
opening profiles in cut spray-type carnation
flowers. This newly developed method is
demonstrated in the following with ‘LPB’ flow-
ers treated with 2,4-PDCA.

Figure 4.4 shows the percentage of fully open
and non-senescent (FONS) flowers of cut ‘LPB’
flowers treated with various concentrations of
2,4-PDCA (Sugiyama and Satoh 2015).
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Fig. 4.2 Effects of 1% XGO on flower opening in ‘Pure
Red’, ‘Lillian’, and ‘Collin’ carnation. a Time course of
flower opening after treatment with 1% XGO (○) or with
water (●). b Flower-opening profiles for respective
cultivars at given days after the start of treatment. Data
are the means of three replications, each with 6 or 7
flowers. * and ** show significant difference by Mann–
Whitney’s U-test at P < 0.05 and P < 0.01, respectively,

on each day The flower-opening score was determined by
separating flower opening profile into 6 stages according
to Harada et al. (2011a): score 1, petals just emerged from
buds; score 2, petals elongated vertically; score 3, petal
clusters expanded; score 4, outer petals start to reflex
(bend outwards); score 5, outer petals have reflexed; score
6, fully open flower with outer petals at right angles to the
stem
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The percentage of 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 is the time
in days from the start of experiment until the
percentage of open flowers reached 40%. The
vase life of spray-type carnation flowers was the
period during which 40% or more were fully
open and non-senescent (Satoh et al. 2005,
2014). The treatment with 0.3, 1 and 2 mM 2,4-
PDCA tended to shorten the time to flower
opening; that is, 4.3, 3.3 and 3.8 days, respec-
tively, as compared to 4.4 days in the control,
although the difference was significant only with
treatment at 1 mM by Steel’s multiple range test
(P < 0.05). The results suggested that 2,4-PDCA
accelerates flower bud opening. The vase life 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 (Satoh et al. 2014).

+ XGO

Cellulose microfibrils

XET

xyloglucan

A Ba. b.

Fig. 4.3 Possible action mechanism of XGO on the
promotion of flower opening in carnation. The drawing
was made according to the figure shown in a textbook
(Biochemistry and Molecular Biology of Plants, 2.38;
Carpita and McCann 2000) with necessary modification.
a During the ordinate process of petal cell growth, XET

catalyzes cleavage and reattachment among xyloglucan
chains, resulting in transient slippage of cellulosic
microfibrils. b When XGO was present in excess, cleaved
xyloglucan polymers were transferred to unanchored
XGO, causing more enhanced slippage of cellulose
microfibrils, eventually promoting flower opening
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Fig. 4.4 Evaluation of flower opening by determining
the time to flower opening and the duration of vase life in
cut flowers of ‘Light Pink Barbara’ carnation treated
continuously with different concentrations of 2,4-PDCA.
This figure was adapted from Fig. 4.2 in Sugiyama and
Satoh (2015). 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 (1) is the time in days from the start of
experiment until the percentage of open flowers reached
40%. The display time of the flowers (2) is the duration
when the percentage of FONS flowers was 40% or more
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4.3.2 Acceleration by Various
Pyridinedicarboxylic Acid
Isomers of Flower
Opening in Spray-Type
Carnation

Pryridinedicarboxylic acids (PDCAs) have six
isomers as shown in Fig. 4.5. Figure 4.6 shows
the flower opening and senescing profiles of the
flowers of ‘LPB’ carnation treated with 2,3-, 2,4-,
2,5-, and 3,4-PDCAs at 2 mM, which were cho-
sen as typical specimens out of 3 replicates 0, 3,
and 10 days after the start of the experiment. On
day 3, there were more open pink flowers among
the flowers treated with PDCAs, especially with
2,3- and 2,4-PDCAs, than in the control. These
observations indicated that treatment with PDCAs
accelerated flower opening compared with that in
the untreated control flowers, and the acceleration
effect was greatest with 2,3-PDCA among the
PDCAs. On day 10, the control flowers remained
as a mixture of buds, open flowers, and senesced
flowers. The senesced flowers showed in-rolling
and wilting of petals, typical symptoms of
senescence in response to ethylene. On the other
hand, almost all of the flowers treated with
PDCAs were fully open with non-wilted and
turgid petals. At the later stage, the PDCA-treated

flowers withered with browning at the petal
margins, as well as with jumbled, but turgid,
fading petals, as reported previously (Satoh et al.
2014), or lost their vase lives by the breaking of
flower stems.

Table 4.1 summarizes the effects of various
PDCA isomers at 2 mM on the time to flower
opening and the vase life of cut ‘LPB’ flowers.
The control (H2O) flowers reached the stage of
flower opening (40%) on day 9.0. The treatment
with all the PDCA isomers promoted flower
opening by shortening the time to flower open-
ing. The time to flower opening was the shortest
(4.0 days) for 2,3-PDCA and 2,4-PDCA, fol-
lowed by 2,5-PDCA and 3,5-PDCA (both,
4.7 days), then 2,6-PDCA and 3,4-PDCA. Four
of the PDCA analogs (2,3-, 2,4-, 3,4-, and 3,5-
PDCA) significantly lengthened the vase life
compared with that of the control (8.3 days); the
vase lives varied from 14.7 to 15.5 days.

A representative PDCA isomer 2,4-PDCA pro-
moted flower opening of spray-type carnation cul-
tivars, ‘Barbara’, ‘BeamCherry’, ‘Candle’, ‘Collin’,
‘Rascal Green’, ‘Scarlett Ostera’, and ‘Mule’, as
well as ‘LPB’. 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 (Satoh et al. 2016).

2,4-PDCA2,3-PDCA 2,5-PDCA

2,6-PDCA 3,4-PDCA 3,5-PDCA

Fig. 4.5 Structures of
pyridinedicarboxylic acid
isomers (PDCAs). Drawings
of the chemical structures
were taken from HP of
Sigma-Aldrich Co. LLC.
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Day 0

Day 3

Day 10

Control 2,3-PDCA 2,4-PDCA 2,5-PDCA 3,4-PDCA

Fig. 4.6 Flower-opening and -senescing profiles of cut
‘Light Pink Barbara’ flowers treated with 2,3-, 2,4-, 2,5-,
or 3,4-PDCA at 2 mM or water (control). Typical profiles

for each treatment out of 3 replicates were chosen for 0, 3,
and 10 days after the start of the experiment

Table 4.1 Effects of
PDCA isomers at 2 mM on
the time to flower opening
and the vase life of cut
spray-type ‘Light Pink
Barbara’ carnation flowers

Chemicals Time to flower opening (days) Vase life (days)

Control (H2O) 9.0±1.0 8.3±1.9

2,3-PDCA 4.0a ± 0.0 14.7a ± 0.3

2,4-PDCA 4.0a± 0.6 14.7a ± 1.7

2,5-PDCA 4.7a± 0.3 13.0±2.1

2,6-PDCA 5.3a ± 0.3 9.3±1.5

3,4-PDCA 5.7a ± 0.3 14.7a ± 2.4

3,5-PDCA 4.7a ± 0.7 15.5a ± 1.2

Data are the mean ± SE of 3 replicates, each with 5 flower stems with 5 florets (buds) on
a stem
aShows a significant difference from the control in each column by Dunnett’s multiple
range test (P < 0.05)
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4.3.3 Acceleration by 3-
pyridinecarboxylic Acid
(3-PCA) of Flower
Opening in Spray-Type
Carnation

The treatment of pyridinecarboxylic acids
(PCAs) revealed that 3-pyridinecarboxylic acid
(3-PCA) and its derivative, 3-PCA amide, were
most active in accelerating flower opening of
cut ‘LPB’ flowers (Satoh and Nomura 2019).
Figure 4.7 shows the changes in the percentage
of FONS flowers of ‘LPB’ carnations that were

treated on the first day with PCA and PDCA
analogs at 5 mM, then left in water for another
29 days.

3-PCA and 3-PCA amide markedly promoted
the opening of cut ‘LPB’ flowers and reduced the
days to flower opening (Fig. 4.7a). It is possible
that 3-PCA amide can be easily converted to 3-
PCA, an expected active form, or vice versa. 2-
PCA and 4-PCA also accelerated flower opening,
but their effects were weaker than those of 3-
PCA and 3-PCA amide. Moreover, the promo-
tive effects of 3-PCA and 3-PCA amide were
stronger than that of 2,3-PDCA, 2,4-PDCA, and
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Fig. 4.7 Changes in the
percentage of fully open and
non-senescent ‘Light Pink
Barbara’ flowers treated with
or without pyridinecarboxylic
acids (PCAs) (a) and
pyridinedicarboxylic acids
(PDCAs) (b) analogs at 5 mM
for one day then kept in water
until day 30. Data show the
mean ± SE of three
replicates, each with 25
flower buds. Data for the
control and 3-PCA treatment
are shown in both figures for
comparison.
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3,4-PDCA (Sugiyama and Satoh 2015).
Table 4.2 summarizes the days to flower opening
and the vase life of the flowers as affected by the
treatment with PCA and PDCA isomers, which
were determined in three experiments including
that shown in Fig. 4.7. Flower opening was
earliest in the flowers treated with 3-PCA and 3-
PCA amide (3.1 days), followed by 4-PCA
(4.0 days), 2,3-PDCA (4.2 days), and 2-PCA
(6.8 days) in this order. Among the PCA ana-
logs, 3-PCA was more effective than 4-PCA and
2-PCA in promoting flower opening. These
finding suggested that the carboxyl group at
position 3 of the pyridine ring is needed for the
promotion of flower opening.

4.4 Allelic Nature of Two Forms
(Variants) of DcACS1 Gene,
DcACS1a, and DcACS1b

4.4.1 Genomic DNA Structure
of a Carnation ACS Gene,
DcACS1

DcACS1 was found to be mainly responsible for
autocatalytic ethylene production in carnation
petals (Jones 2003, Jones and Woodson 1999,
Satoh 2011, Shibuya and Ichimura, 2010, ten
Have and Woltering 1997), and the genomic
DNA structure of DcACS1 was determined by

genomic PCR (Harada et al. 2011a). Interest-
ingly, in the genome of ‘LPB’ carnation, two
distinct nucleotide sequences, so-called variants,
were found and were designated DcACS1a and
DcACS1b. The former corresponded to a cDNA
coding for the carnation DcACS1 which was first
cloned as CARACC3 from ‘White Sim’ carnation
(Park et al. 1992), and later confirmed by
Henskens et al. (1994). The latter was a novel
gene (Fig. 4.8a). Both DcACS1a and DcACS1b
have five exons and four introns. These two
genes (variants) had almost identical nucleotide
sequences in exons, but not in some introns and
3′-UTR (Fig. 4.8b). Previous genomic PCR
analysis of 32 carnation cultivars showed that 25
cultivars have only DcACS1a and seven cultivars
have both DcACS1a and DcACS1b; that is, cul-
tivars such as ‘White Sim’, ‘Scania’, ‘Nora’, and
so on had only DcACS1a, whereas others such as
‘LPB’, ‘Tanga’, ‘Kibo’, and so on had both
DcACS1a and DcACS1b (Table 4.3).

4.4.2 Allelic Nature of DcACS1a
and DcACS1b Genes

There are two variants of DcACS1 gene,
DcACS1a and DcACS1b, which could be alleles
of DcACS1 gene. A search for carnation cultivars
which are homozygotes of the DcACS1b gene
was not successful (Harada et al. 2011a).

Table 4.2 Effects of PCA
and PDCA isomers on the
time to flower opening and
the vase life of ‘Light Pink
Barbara’ carnation flowers

Chemicals Time to flower opening (days) Vase life (days)

Control (8.5a) (15.9a)

2-PCA 6.8 ± 0.3 12.2 ± 0.5

3-PCA 3.1 ± 0.2 18.4 ± 1.1

3-PCA amide 3.1 ± 0.3 18.5 ± 1.7

4-PCA 4.0 ± 0.7 15.8 ± 3.4

2,3-PDCA 4.2 ± 0.6 16.6 ± 5.7

2,4-PDCA (4.4a) (23.5a)

3,4-PDCA (8.4b) (14.5a)

Data are the mean ± SE of 3 experiments, each with 3 replicates with 5 flower stems (25
buds in total) when the least display values for the flowers treated with respective
chemicals surpassed 20%. However, if this was not the case, values from only one
experiment (a) or the mean of two experiments (b) are shown in parentheses for reference.
The threshold value of 20% was used because of low flowering vigor of a used flower
sample as explained by Sugiyama and Satoh (2015)
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However, very recently, genomic PCR analysis
revealed two carnation cultivars ‘Skyline’ and
‘Scarlett Plus’, which had only the DcACS1b

gene, suggesting these cultivars are homozygotes
of the DcACS1b gene (Satoh et al. 2020). Fur-
thermore, analysis of the gene structure of a
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5’-UTR In 1 In 2 In 3 In 4 3’-UTR

Ex 1 Ex 2 Ex 3 Ex 4 Ex 5

5’-UTR In 1 In 2 In 3 In 4 3’-UTR

Ex 1 Ex 2 Ex 3 Ex 4 Ex 5

a.

b.

* Sizes are in nucleotide number.

Fig. 4.8 Genomic structures (a) and sizes (b) in nucleotide number of five exons, four introns, 3′-UTR, and 5′-UTR of
DcACS1a and DcACS1b

Table 4.3 Classification
of 40 carnation cultivars by
genomic PCR fragments of
DcACS1

Cultivars harboring DcACS1a/DcACS1a

Apollo Candy Chinera Coral

Delphi Eternal Green Francesco Killer

Kirk* Lester Light Cream
Candle

Miracle Rouge

Miracle Symphony Nora Northland Orange Range

Pallas Peter Pure Red Scania

Tobias Toy* Uconn Sim White Lucena

White Sim William Sim Yosooi

Cultivars harboring DcACS1a/DcACS1b

Barullo* Beam Cherry Carnet* Cherry
Tessino*

Fuji Kibo Light Pink Barbara Scarlett Ostera*

Seto no
Hatsushimo

Snow Crown
Pink

Tanga

Cultivars harboring DcACS1b/DcACS1b

Scarlett Plus* Skyline*

In this table, eight cultivars (with an asterisk) were newly added to the previously shown
32 cultivars (Harada et al. 2011a)

48 S. Satoh



hybrid carnation between ordinal carnation and
wild pink provided further evidence of the allelic
nature of DcACS1a and DcASC1b genes (Satoh
et al. 2020). Table 4.3 summarizes carnation
cultivars thought to be homozygotes of
DcACS1a or DcACS1b, and heterozygotes of
both genes. In the table, eight cultivars were
added to the 32 cultivars examined previously
(Harada et al. 2011a). Analysis of transcript
accumulation revealed that both DcACS1a and
DcACS1b are expressed at a similar level in
senescing petals of ‘LPB’ carnation, suggesting
that DcACS1a and DcACS1b are codominant
genes (Harada et al. 2011a).

Genomic ACC synthase genes, homologous
to carnation DcACS1 gene, were present as
variants in other two Dianthus species; six vari-
ants in D. petraeus and seven variants in D.
superbus var. longicalycinus (Satoh et al. 2011).
All 13 sequenced homologous ACS1 genes had
five exons and four introns, similar to DcACS1
genes in carnation. The exons had similar
nucleotide sequences and consequently similar
deduced amino-acid sequences. Satoh et al.
(2011) suggested the possible origin of two
variants (now alleles), DcACS1a and DcACS1b,
by studying the intron structure in DcACS1
homologous genes of Dianthus species. They
suggested that (1) the variation in intron structure
between two variants of carnation DcACS1 is
reminiscent of the variation that occurred uni-
versally in Dianthus species, (2) DcACS1a is
probably a gene intrinsic to carnation, and
(3) DcACS1b was acquired from another, as yet
unknown, Dianthus species, in the course of
breeding modern carnation cultivars. The present
findings suggest that variants of DcACS1
homologous genes in other Dianthus species are
also alleles in the specific species; for example,
DsACS1a and DsACS1b in D. superbus var.
longicalcinus are also alleles in Dianthus species.
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