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Abstract
We studied the effect of aging after the full-open stage on auto-catalytic ethylene production and the 
expression of genes for ethylene biosynthesis and signaling pathway following exogenous ethylene 
treatment in long-life carnation flowers (Miracle Rouge [MR] and Miracle Symphony [MS]). As exog-
enous ethylene treatment time increased, auto-catalytic ethylene production increased in the petals of 
the control flower (White Sim), MR and MS, on Day 0 and 3, but it increased only slightly in the MR 
and MS flowers on Day 15.  The levels of ethylene biosynthesis pathway gene Dc-ACS1 in MR petals 
on Day 15 following 20 h exogenous ethylene treatment were around 1/10 of those on Day 3.  In MS on 
Day 15, the levels were around 1/5 of those on Day 3.  The levels of another ethylene biosynthesis 
pathway gene, Dc-ACO1, did not differ on both Day 3 and 15 in MR and MS. Levels of ethylene sig-
naling pathway gene Dc-EIL4 on Day 3 were higher than those on Day 15 at corresponding times. 
These results indicated that aging may affect the expression of Dc-ACS1 and Dc-EIL4, but not the 
expression of Dc-ACO1, ethylene receptors, and Dc-EIL1/2, 3.
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Introduction

Ethylene, a gaseous plant hormone, regulates many 
important growth and developmental cues, such as flower 
senescence, fruit ripening, germination, and abscission, in 
numerous plant species1,47.  The ethylene biosynthetic path-
way can be summarized as follows: Methionine → S-adeno-
sylmethionine (AdoMet) → 1-aminocyclopropane-1-car-
boxylate (ACC) → ethylene19.  The conversion of AdoMet 
to ACC and the conversion of ACC to ethylene are cata-
lyzed by ACC synthase (ACS) and ACC oxidase (ACO), 
respectively19,51, and several genes encoding them have been 
cloned in many plant species.  These steps are generally 
considered to be rate-limiting for ethylene biosynthesis.  
Components of the ethylene signal transduction pathway 
regulate a lot of ethylene-inducible genes13,44.  Ethylene 
receptors that are studied for ethylene perception in plant 
tissue are considered to act as negative regulators14,20.  Many 
ethylene signal components besides ethylene receptors have 

been studied in Arabidopsis45.  EIN3 and three EIN3-LIKE 
(EIL1, EIL2, and EIL3) genes were cloned, and these pre-
dicted proteins were nuclear-localized transcription factors6.  
Genes encoding EIN3/EIL have been cloned from other 
plant species, such as tobacco33, tomatoes40,52, mung beans24 
and carnations16,42.

We have used the carnation as a model to study ethyl-
ene-induced petal wilting in flowers.  It shows a climacteric-
like rise in ethylene production during flower senescence, 
which is accompanied by the in-rolling of petals, a typical 
senescence symptom in carnations1,3,11,21,32,43.  Petal in-roll-
ing, which is one post-pollination development, is acceler-
ated by ethylene17.  The flower is a complex organ that 
produces ethylene at different times.  Ethylene production 
from the gynoecium starts first in normal carnation flowers, 
such as White Sim (WS), during natural senescence.  The 
careful removal of the gynoecium prolonged the life of the 
carnations37, and the life of the detached petals was longer 
than that of the attached petals39.  This data indicated that 
auto-catalytic ethylene production in the petals was induced 
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from ethylene from gynoecium and/or surroundings. 
Ethylene production increased with a rise in ACS and 

ACO mRNA levels during senescence and the genes for 
these mRNAs were up-regulated by exogenous ethyl-
ene12,18,30,44,49.  Three ACC synthase genes (Dc-ACS1, Dc-
ACS2 and Dc-ACS3) and one ACC oxidase gene (Dc-ACO1) 
have been identified, and their levels during flower senes-
cence have been characterized18,30.  Dc-ACS1 mRNA was 
the most abundant of all Dc-ACS genes in the petals18,34.  
Dc-ACS2 and Dc-ACS3 occur in the gynoecium but to a 
lesser extent34.  Ethylene responsiveness, auto-catalytic eth-
ylene production, and the senescence process in the flower 
organs implicate ethylene perception and ethylene signaling.  
It is possible that the levels of some senescence-related (SR) 
genes, including Dc-ACS and Dc-ACO, were directly or 
indirectly regulated by Dc-EILs16.  EIN3/EIL, which are 
positive regulators, act as the last component in the primary 
ethylene-signaling pathway16,41.  In general, EIN3/EIL are 
supposed to be regulated at posttranslational levels, because 
their genes did not change at transcript levels after ethylene 
treatment10,31,50.  In carnations, Dc-EILs appear to be regu-
lated by ethylene at transcript levels in the flower and they 
will implicate in the up-regulation of SR genes13,16.  Levels 
of PhEIL1, which is the EIN3-like gene in petunias, were 
induced by exogenous ethylene in normal plants and were 
not induced by ethylene in ethylene-insensitive mutants35.

The flower life of a normal carnation, such as WS, was 
from 5 to 6 days under a constant air temperature of 23°C 
and RH of 70%.  Miracle Rouge (MR) and Miracle Sym-
phony (MS) were selected to improve the flower life of car-
nations by crossbreeding from 1992 to 2003 in a breeding 
research program of the National Institute of Floricultural 
Science, Japan27.  The flower life of MR and MS is from 18 
to 20 days under the same conditions, since their flowers 
produce slightly lower levels of ethylene during flower 
senescence27.  The low levels of ethylene in MR and MS 
flowers have been implicated in the low levels of Dc-ACS1, 
Dc-ACS2, and Dc-ACO1 in the petals and gynoecia39, yet 
their ethylene sensitivity at the full open stage (Day 0) was 
the same as that observed in ethylene-sensitive Sim-type 
cultivars29,38.  In general, the ethylene sensitivity of the flow-
ers increases with age during senescence.  However, ethyl-
ene sensitivity in long-life carnation cultivars decreased 
with age after anthesis25,29.  A decline in ethylene sensitivity 
and auto-catalytic ethylene production with age may also 
contribute to long flower life in MR and MS.  However, it is 
still unknown why ethylene sensitivity and auto-catalytic 
ethylene production decreases with age.  To clarify whether 
the induction of ethylene biosynthesis and ethylene-signal-
ing genes changes with age after exogenous ethylene treat-
ment, we studied their levels in long-life carnation flowers.  
Furthermore, we discussed the influence of aging on the 
levels of genes responsible for auto-catalytic ethylene pro-

duction.

Materials and methods

1. Plant material
Two long-life carnation (Dianthus caryophyllus L.) 

cultivars, Miracle Rouge (MR) and Miracle Symphony (MS), 
and a control cultivar, White Sim (WS), were grown under 
natural daylight conditions in a greenhouse27,28.  WS has 
been used as a control flower in many studies of senescence 
in carnation petals.  We defined the full open stage as anthe-
sis.  Flowers were harvested when the outer petals were 
horizontal.

2. Ethylene treatment
On Day 0, the stems of the harvested flowers were cut 

to 10 cm and held in distilled water under standard condi-
tions at a constant air temperature of 23°C and a continuous 
photoperiod under cool fluorescent white lamps (10 μmol 
m-2 s-1). 

Flowers that were 0, 3, 6 or 15 days after harvest were 
placed in a 70-l chamber with 10 μl l-1 ethylene at 23°C.  
They were recorded every 1 h by a digital camera Caplio 
GX (Richo, Tokyo, Japan) to determine the onset of senes-
cence symptoms. 

3. Ethylene measurement
After the flowers were treated with ethylene (10 μl l-1) 

for 0, 4, 8, and 20 h, they were exposed to fresh air for 1 h. 
They were placed in a 143- or 433-ml glass bottle, which 
was closed with a silicon cap and kept at 23°C for 1 or 2 h.  
To determine whether ethylene is produced mainly by the 
petals or the gynoecia, after ethylene treatment (10 μl l-1), 
the gynoecia and petals were placed in a 15-ml glass vial or 
a glass bottle, which was closed with a silicon cap and kept 
at 23°C for 1 h.  Gas samples (1 ml) were taken from the 
headspace and injected into a gas chromatograph, GC-13A 
(Shimadzu, Kyoto, Japan), equipped with an alumina col-
umn and a flame ionization detector.

To elucidate the dose-response relationships for the 
induction of auto-catalytic ethylene production, the flowers 
were treated with 0.01, 0.1, 1, and 10μl l-1 ethylene for 20 h.  
These flowers were kept in fresh air for 1 h and the ethylene 
production from the flowers was measured.

4.  Real-time PCR analysis of Dc-ACS1, Dc-ACO1, 
Dc-ETR1, Dc-ERS2, Dc-EIL1/2, Dc-EIL3, and 
Dc-EIL4 transcripts

Changes in the levels of ethylene-signaling pathway 
genes were investigated in order to understand how these 
genes are involved in the decrease in auto-catalytic ethylene 
production.  We determined the levels of Dc-ACS1, Dc-
ACO1, Dc-ETR1, Dc-ERS2, Dc-EIL1/2, Dc-ERL3, and Dc-
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EIL4 mRNA in the petals after exogenous ethylene 
treatment using Real-time RT-PCR analysis.  The total RNA 
was extracted from the petals of Day 3 and 15 flowers using 
the RNeasy Plant Mini Kit (Qiagen, Hilden, Germany), and 
1 μg of it was used for the synthesis of the first strand cDNA 
by oligo (dT) primer and reverse transcripts using an 
Advantage RT-for-PCR kit (BD BioscienceClontech., Palo 
Alto, CA, USA).  To confirm the amount of template RNA, 
a fragment of carnation actin (Dc-ACT1-2) was used as 
internal control38.

Real-time PCR was achieved using a LIGHTCYCLER 
model 3.1 System (Roche Diagnostics, Mannheim, 
Germany).  PCR was performed as described in a previous 
paper38.  The identity of amplified fragments coded for par-
tial Dc-ACS1, Dc-ACO1, Dc-ETR1, Dc-ERS2, Dc-EIL1/2, 
Dc-ERL3, and Dc-EIL4 cDNA was confirmed by direct 
DNA sequencing. 

The sequence of primers for Dc-ACS1 forward, Dc-
ACS1 reverse, Dc-ACO1 forward, and Dc-ACO1 reverse 
were described in a previous paper38.  Primers used for real-
time PCR are shown in Table 1.  The amplification of PCR 
products was monitored via the intercalation of SYBR-
Green.  The following program was applied: initial poly-

merase activation: 95°C, 10 min; 60 cycles at 94°C, 10 s; 
57°C, 15 s; 72°C, 20 s for Dc-ETR1; 60 cycles at 94°C, 10 
s; 60°C, 15 s; 72°C, 20 s for Dc-ERS2; 60 cycles at 94°C, 
15 s; 60°C, 10 s; 72°C, 20 s for Dc-EIL1/2; 40 cycles at 
94°C, 10 s; 60°C, 10 s; 72°C, 15 s for Dc-EIL3; 40 cycles at 
94°C, 10 s; 60°C, 10 s; 72°C, 15 s for Dc-EIL4.  Data is 
shown as the mean ± SE of three determinations for each 
sample.

Results

1.  Reduction of auto-catalytic ethylene production 
induced by exogenous ethylene resulting from 
aging in long-life carnations

The flowers of MR and MS on Day 0 and 3 after 
anthesis showed petal in-rolling (inward rolling) following 
exogenous ethylene (10 μl l-1) for 20 h, and flowers on Day 
6 showed slight petal in-rolling (Fig. 1).  However, the flow-
ers of MR and MS on Day 15 did not show petal in-rolling 
following ethylene treatment.  The petals of MR and MS 
became brown from the petal edge and eventually desic-
cated. 

The auto-catalytic ethylene production of the flowers 

Gene Name Forward Primer Sequence Reverse Primer Sequence
Dc-ETR1 CGTTCCGAGAGACCGATAATAG CGGTCTCGTCAACCAGATAC
Dc-ERS2 TCAGAACACACTCAGAGCACG TGGCCTCCTCTTATAGTGCG
Dc-EIL1/2 CAGCAGCTCGATCAATGC GAAGAGATCGAGGAACAATCTCC
Dc-EIL3 GATCGGTGAGCTTATGTCAATG CTGTGTAACAACGCAGCTCG
Dc-EIL4 AGCAGCTTGATCAATGCAGG CGAACAGAAGGATTCGAGTCC

Table 1.  Primers used for real-time RT-PCR

0 3 6 15

Miracle Rouge

Miracle Symphony

Days after anthesis

Fig. 1.  Effect of exogenous ethylene treatment (10 μl l-1) for 20 h on different aging MR and MS flowers
Flowers at Day 0, 3, 6 and 15 after the fully opened petals stage were used for this experiment. The flowers were held in 
distilled water at a constant air temperature of 23°C and a continuous photoperiod under cool fluorescent white lamps (10 
μmol m-2 s-1).
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of all three cultivars increased on Day 0 and 3 with the 
increasing time (0, 4, 8 and 20 h) of exposure to exogenous 
ethylene (10 μl l-1) (Fig. 2).  In WS flowers, levels of auto-
catalytic ethylene production were no different between Day 
0 and 3.  However, the increase in the auto-catalytic ethyl-
ene of MR and MS flowers on Day 15 was only slight with 
the increasing time of ethylene treatment.  MR flowers that 
were treated with ethylene for 20 h on Day 0 and 3 produced 

less ethylene than MS flowers.
Exogenous ethylene induced auto-catalytic ethylene 

production in whole MR and MS flowers on Day 3 in a 
dose-dependent manner (Fig. 3).  In both cultivars, ethylene 
production on Day 3 was higher than that on Day 15 at 1 
and 10μl l-1 of exogenous ethylene.

Levels of ethylene produced by the petals were higher 
than those of the gynoecia in MR and MS on all harvest 
days (Fig. 4).  In MR, ethylene production from the petals 
was 203.3, 353.3, and 43.8 (nl flower part-1 h-1) on Day 0, 3, 
and 15, respectively, and from the gynoecium, it was 32.0, 
69.3, and 11.0 (nl flower part-1 h-1) on Day 0, 3, and 15, 
respectively.  In MS, ethylene production from the petals 
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Fig. 2.   Auto-catalytic ethylene production induced by exogenous ethylene (10 μl l-1) in whole carnation flowers at Day 0, 3, 
and 15 after the fully opened petals stage

Flowers were held in distilled water after harvest and treated with ethylene for 0, 4, 8, and 20 h. After ethylene treatment, 
the flowers were kept in fresh air for 1h and their ethylene production was measured. The values are the mean ± SE of six 
replications.
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Fig. 3.   Dose-ethylene production induced by the exogenous 
ethylene of flowers at Day 3 and 15 after anthesis

The values are the mean ± SE of three replications.
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Day 3 and 15 after anthesis
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was 536.0, 529.4, and 56.1 (nl flower part-1 h-1) on Day 0, 3, 
and 15, respectively, and from the gynoecium, it was 69.1, 
181.3, and 8.6 (nl flower part-1 h-1) on Day 0, 3, and 15, 
respectively.  Thus, the petals were the main producer of 
ethylene after exogenous ethylene treatment in these culti-
vars.

2.  Levels of ethylene synthetic pathway genes in 
petals of long-life carnations

We analyzed changes in the ethylene synthetic path-
way genes in the petals of WS, MR, and MS, because the 
petals produced much ethylene following exogenous ethyl-
ene treatment.  Sequences of Dc-ACS1and Dc-ACO1 were 
the same as those in the previous paper31,44,49.  Dc-ACS1 

mRNA was induced in the petals of WS on Day 3 by ethyl-
ene treatment for 8 h, and reached the highest levels after 20 
h of treatment (Fig. 5A).  In MR and MS, levels of Dc-ACS1 
mRNA in the petals rose drastically on Day 3 after ethylene 
treatment, but increased only slightly on Day 15.  In MR 
after ethylene treatment for 20 h, levels of Dc-ACS1 on Day 
15 (1.7 × 105 molecules 1μg Total RNA-1) were much lower 
than on Day 3 (16.9 × 105 molecules 1μg Total RNA-1).  In 
MS, levels were lower (3.3 × 105 molecules 1μg Total RNA-

1) on Day 15 than on Day 3 (15.4 × 105 molecules 1μg Total 
RNA-1).  This indicated that the induction of Dc-ACS1 in 
response to ethylene declines with the age of the flower.

Dc-ACO1 showed clear accumulation with increasing 
ethylene treatment time in the petals of MR and MS on Day 
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3 and 15 (Fig. 5B).  Transcript levels of Dc-ACO1 in WS 
petals on Day 3 were very high compared with those of 
other cultivars.  Dc-ACO1 in MR and MS was also increased 
by ethylene treatment on Day 3 and 15, suggesting that the 
induction of induced Dc-ACO1 transcripts in response to 
ethylene was unchanged with the age of the flower.

3.  Levels of ethylene signaling pathway genes in 
the petals of long-life carnations

Transcripts of ethylene receptor genes Dc-ETR1 and 
Dc-ERS2 showed a similar expression pattern (Fig. 6A,B).  
Their levels in WS on Day 3 increased after ethylene treat-
ment for 4 h and decreased after 20 h of treatment.  Their 
levels in MR and MS on Day 3 and 15 were relatively con-
stant at 0, 4, 8 and 20 h after ethylene treatment.

We also studied the transcripts levels of three EIN3-
like (EIL) genes, Dc-EIL1/2, Dc-EIL3, and Dc-EIL4.  Dc-
EIL1 and Dc-EIL1/2 were isolated from Nora and WS, 
respectively.  The sequences of Dc-EIL1 cDNA are very 
similar to those of Dc-EIL1/2; the deduced amino acid of 
Dc-EIL1/2 shares 98% identity with Dc-EIL116.  Levels of 
Dc-EIL1/2 in WS and MR on Day 3 decreased with time 
following ethylene treatment (Fig. 7A).  Their levels in MR 
and MS on Day 3 changed little.  Levels in MS on Day 15 
increased after ethylene treatment.

Levels of Dc-EIL3 increased after ethylene treatment 
in MR and MS on Day 3 and 15 (Fig. 7B).  Dc-EIL3 levels 
in WS after 8 and 20 h of ethylene treatment on Day 3 were 
high compared to the other cultivars.  Dc-EIL3 in MR and 
MS was also increased by ethylene treatment on Day 3 and 
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Fig. 6.   Transcript levels of Dc-ETR1 (A), and Dc-ERS2 (B) in the petals of carnation cultivars. These are the results of three 
independent experiments (± SE)
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15, and their levels on Day 3 were similar to those of Day 
15. 

Changes in transcripts of Dc-EIL4 were different from 
the cultivars (Fig. 7C).  Dc-EIL4 levels declined in WS with 
increasing ethylene treatment time.  In MR and MS, Dc-
EIL4 levels increased temporarily at 4 h and then decreased 
after 8 h.  Levels of Dc-EIL4 in MR and MS on Day 3 were 
higher than those on Day 15 at the corresponding times.

Discussion

To determine the effect of aging on auto-catalytic eth-
ylene production in carnation petals induced by exogenous 
ethylene, we investigated the gene levels of Dc-ACS1, Dc-
ACO1, Dc-ETR1, Dc-ERS2, Dc-EIL1/2, Dc-EIL3, and Dc-
EIL4.  Real-time PCR analysis showed that transcripts of 
Dc-ACS1 and Dc-ACO1 accumulated in WS, MR, and MS 
petals on Day 3 after ethylene treatment (Fig. 5A,B).  
Expression levels of these genes were related to the ethylene 
production of the petals34.  In MR, Dc-ACS1 in the petals on 
Day 15 following 20 h of ethylene treatment were lower 
than on Day 3 (10.1%).  In MS, they were lower on Day 15 
than on Day 3 (21.4%).  In MR and MS, levels of Dc-ACS1 
transcripts in the petals following ethylene treatment dif-
fered widely between Day 3 and 15, but levels of Dc-ACO1 
were the same on Day 3 and 15 (Fig. 5A,B).  These results 
strongly suggest that reduction in auto-catalytic ethylene 
production with age is the result of a decrease in Dc-ACS1 
induction.

In general, the ethylene sensitivity increases with age 
in many flowers, such as Petunia hybrid46, Pelargonium × 
domesticum7,8, Eustoma grandiflorum15, and Torenia fourni-
eri9.  In carnation flowers, the ethylene sensitivity of the 
petals increased from bud to flower open2,5,17,23,48.  Ethylene 
sensitivity, however, decreased with age from the flower 
full open stage to the senescence stage in long-life carna-
tions25,26,29.  Our study showed that both ethylene sensitivity 
and auto-catalytic ethylene production following exogenous 
ethylene treatment declined from the petal open stage to the 
flower senescence stage.  As a consequence of the reduction 
in ethylene sensitivity, in-rolling was not observed in long-
life carnations with age after ethylene treatment, and these 
flowers senesced gradually.  Levels of ethylene receptor 
genes in the petals on Day 3 did not differ from those on 
Day 15 in MR and MS (Fig. 6A,B).  A previous study 
reported that ethylene responsiveness cannot be attributed to 
ethylene receptor gene levels36.  In addition, ethylene bind-
ing did not change during petal development4.  Thus, ethyl-
ene receptors would not be related to the decrease in 
ethylene sensitivity and auto-catalytic ethylene production 
with aging, and aging does not affect the expression pattern 
of the ethylene receptors gene.

Three EIN3-like (EIL) genes, Dc-EIL1/2, Dc-EIL3, and 

Dc-EIL4, have been identified in carnations13,16,42.  In con-
trast to findings in other plants45, levels of the Dc-EIL3 gene 
were regulated at the transcriptional level16.  The pattern of 
Dc-EIL3 was similar to that of some senescence-related 
(SR) genes, SR8 and SR1222,41, and the up-regulation of EIL 
should relate to the up-regulation of ethylene biosynthesis 
genes13.  Ethylene responsive elements were found in the 
promoter region of these SR genes, and might interact with 
EIL proteins23.  Therefore, Dc-EIL3 is a possible regulatory 
gene, which modulates levels of SR8, SR12 and ethylene 
biosynthesis genes13,16.  In our study, levels of Dc-EIL3 
increased with exposure to ethylene in the petals of all culti-
vars, suggesting that its gene should be regulated by exoge-
nous ethylene (Fig. 5B, 7B).  Levels of Dc-EIL3 were the 
same on Day 3 and 15 after ethylene treatment; therefore, its 
gene expression should not be affected by aging.  On the 
other hand, levels of Dc-EIL4 on Day 15 were lower than 
those on Day 3 in MR and MS (Fig. 7C).  Thus, levels of 
Dc-EIL4 should be affected by aging.

In this study, we have demonstrated that age after 
anthesis affects auto-catalytic ethylene production induced 
by exogenous ethylene.  These results indicated that the 
decrease in auto-catalytic ethylene production with age is 
related to reduction in Dc-ACS1 levels.  We also showed 
that levels of Dc-ACS1 and Dc-EIL4 were affected by the 
aging of the petals.  Additional research on the regulation of 
the Dc-ACS1 gene should help us understand the effect of 
aging on auto-catalytic ethylene production in petals.
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