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Abstract

Carnation petals exhibit autocatalytic ethylene pro-
duction and wilting during senescence. The au-
tocatalytic ethylene production is induced by the
expression of 1l-aminocyclopropane-1-carboxylate
(ACC) synthase and ACC oxidase genes, whereas
the wilting of petals is related to expression of the
cysteine proteinase (CP) gene. Until recently, it has
been believed that these two phenomena, au-
tocatalytic ethylene production and wilting, are re-
gulated in concert in senescing carnation petals,
since the two phenomena occurred closely in paral-
lel. Our studies with petals of a transgenic car-
nation harboring a sense ACC oxidase transgene
and petals of carnation flowers treated with 1,1-
dimethyl-4-(phenylsulfonyl)semicarbazide showed
that the expression of ACC synthase and ACC ox-
idase genes and that of CP are regulated dif-
ferently in carnation petals. Interestingly, in the pe-
tals of transgenic carnation, the transcript for CP
was accumulated but the transcripts for ACC syn-
thase and ACC oxidase were not accumulated in
response to exogenous ethylene. Based on these
results, we hypothesized that two ethylene sig-
naling pathways, one leading to the expression of
ACC synthase and ACC oxidase genes and the oth-
er leading to the expression of CP gene, are func-
tioning in senescing carnation petals.
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Ethylene is the primary plant hormone involved
in the senescence of cut carnation flowers (Abeles et
al., 1992; Borochov and Woodson, 1989; Reid and
Wu, 1992). A large amount of ethylene is syn-
thesized several days after full opening of the flow-
ers during natural senescence (Manning, 1985; Peiser
et al, 1986, Woodson et al, 1992), or several hours
after compatible pollination (Nichols, 1977; Nichols
et al, 1983; Larsen et al.,, 1995) or after the treatment
with exogenous ethylene (Borochov and Woodson,
1989; Wang and Woodson, 1989).

Ethylene is produced first in the pistil during na-
tural (Shibuya et al, in submission) and pollination
-induced (Jones and Woodson, 1999a) senescence.
Then the produced ethylene, acting as a diffusible
signal, is perceived by petals and induces au-
tocatalytic ethylene production in the petals, result-
ing in in-rolling of petal margins and wilting of the
whole petals. The ethylene produced by au-
tocatalysis in the petals accounts for a large portion
of ethylene produced by carnation flowers during
senescence. On the other hand, exogenous ethylene
applied to carnation flowers directly acts on petals,
and induces autocatalytic ethylene production and
wilting of the petals (Shibuya et al., in submission).

Ethylene is synthesized through the following
pathway: L-methionine — S-adenosyl-L-methionene
— l-aminocyclopropane-1-carboxylate (ACC) — ethy-
lene. ACC synthase and ACC oxidase catalyze the
last two reactions (Yang and Hoffman, 1984; Kende,
1993). The increase in ethylene production in car-
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nation petals is accompanied by the expression of
genes for both ACC synthase (DC-ASC1: Jones and
Woodson, 1999b) and ACC oxidase (DC-ACO1 cor-
responding to pSR120 cDNA: Park et al., 1992). Petal
wilting in flower senescence is caused by the decom-
position of cell constituents by hydrolytic enzymes
such as protease and nuclease (Panavas et al, 1998,
1999). Cysteine proteinase (CP) may be one of the en-
zymes responsible for hydrolytic degradation of cell
components leading to cell death during senescence
of petals (Panavas et al, 1998; 1999). A CP gene is
up-regulated during natural, pollination-induced and
exogenous ethylene-induced senescence of carnation
petals (Jones et al., 1995). So far, it has been believed
that autocatalytic ethylene production and petal wilt-
ing are regulated in concert and can not be separat-
ed, since they occur closely in parallel. Recently, we
found that the expression of ACC synthase and ACC
oxidase genes in response to exogenous ethylene,
could be regulated different from that of CP gene in
petals of transgenic carnation harboring a sense
ACC oxidase transgene and in the petals of car-
nation flowers treated with 1,1-dimethyl-4-
(phenylsulfonyl)semicarbazide (DPSS). We also re-
vealed the presence of transcripts for the com-
ponents of ethylene signaling pathway in carnation
petals, which are homologous to those in Arabidopsis
thaliana. Based on these observations, we suggest the
presence of two ethylene signaling pathways in car-
nation petals, one leading to the expression of ACC
synthase and ACC oxidase and the other leading to
the expression of the CP gene.

Difference of the expression of
genes for ACC synthase and ACC
oxidase from jhai of the gene for CP

Experiments with the petals of the transgenic carnation
harboring a sense ACC oxidase transgene

We have recently generated more than 10 lines of
carnation plants transformed with transgenes of car-
nation ACC synthase or ACC oxidase, which ex-
pressed respective genes in sense or antisense orien-
tation (Kosugi et al., in submission). The line sACO1
is a transformant harboring at least 5 copies of a
sense ACC oxidase transgene under the control of a
strong constitutive promoter EI2W (Mochizuki et al.,
1999). The transgenic carnation plant grew and flow-
ered normally like the non-transformed control plant.
Cut flowers of the transgenic carnation produced
only a trace amount of ethylene during the senes-
cence period, and had a vase-life about 2-fold longer
than that of the control flowers. The suppressed ethy-

lene production was accompanied by the decrease in
the activities of ACC oxidase and ACC synthase as
well as ACC content in petals. In addition, there was
no accumulation of transcripts for ACC oxidase and
ACC synthase in the petals of the transgenic car-
nation, suggesting that the sense ACC oxidase
transgene caused cosuppression of the expression of
ACC oxidase gene, which was accompanied by the
blockage of the expression of the ACC synthase gene
resulting in the absence of autocatalytic induction of
ethylene production.

Interestingly, the treatment with ethylene of pe-
tals detached from the transgenic carnation flowers
caused the accumulation of the transcript for CP and
petal in-rolling, but not the accumulation of the tran-
scripts for ACC oxidase and ACC synthase and ethy-
lene production (Figure 1). The findings indicated
that the exogenous ethylene-induced expression of
ACC synthase and ACC oxidase genes, leading to
autocatalytic ethylene production, and that of CP
gene, leading to petal wilting, were regulated dif-
ferently in the petals of the transgenic carnation.
Also, the findings indicated that the expression of
ACC synthase gene in the petals of carnation flowers
required simultaneous expression of ACC oxidase
gene, and probably vice versa.

The mechanism for concerted expression of two
genes remains to be elucidated.
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Figure 1. Changes in the levels of transcripts for ACC oxidase,
ACC synthaase and CP in detached petals after the treat-
ment with exogenous ethylene. Petals detached from flow-
ers at full opening stage (day 0) were treated with or
without 10 pL/L ethylene for 18 h. Two individual flow-
ers (1 and 2) were used for the control line, and 3 in-
dividual flowers (1, 2 and 3) for the transgenic line. Ten u
g of total RNAs isolated from petals was separated on an
agarose gel and hybridized with DIG-labeled DC-ACO1,
DC-ACS1 or CP probes. NT, non-transformed control line
(cv. Nora); sACO, the transgenic line sACOL1.
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Experiments with the petals of carnation flowers treated
with DPSS, an antisenescent preservative

The investigation of the action mechanism of
DPSS also indicated a difference of the regulation of
genes for ACC synthase and ACC oxidase from that
of the gene for CP in carnation petals. DPSS is an an-
tisenescence preservative for cut carnation flowers
(Midoh et al.,, 1996). DPSS prolongs the vase-life of
carnation flowers by preventing ethylene production,
but does not affect the ethylene-induced senescence
in the flowers (Midoh et al., 1996). Application of
DPSS inhibits the increase in activities of ACC syn-
thase and ACC oxidase, which occurred in non-treat-
ed control flowers during natural senescence. DPSS
does not inhibit in vitro activities of either ACC syn-
thase or ACC oxidase obtained from senescing car-
nation petals (Satoh et al, 1997). Recently, we re-
vealed that the inhibitory action of DPSS was spec-
ific to the ethylene production in carnation flowers
undergoing natural senescence, and that DPSS did
not inhibit the ethylene production induced by ex-
ogenous ethylene in carnation flowers, that induced
by indole-3-acetic acid in mungbean hypocotyl seg-
ments and that induced by wounding in winter
squash mesocarp tissue (Onoue et al., 2000).

On the other hand, in carnation flowers, abscisic
acid (ABA) accumulated transiently before the onset
of ethylene production during natural senescence,
and exogenously applied ABA accelerated flower
senescence by stimulating ethylene production
(Onoue et al., 2000). These results suggest that ABA
triggers the senescence of carnation flowers. In-
terestingly, we observed that DPSS prevented the ac-
cumulation of ABA in the pistil and petals 2 days be-
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Figure 2. Changes in the levels of transcripts for ACC oxidase,
ACC synthase and CP in petals of carnation flowers treat-
ed with DPSS. Carnation flowers at day 0 were treated
with 0.1 mM DPSS for 24 h, then left for sampling of the
petals at given time. Two mUg of mRNAs isolated from
petals was separated on an agarose gel and hybridized
with *P-labeled DC-ACO1, DC-ACS1 or CP probes. For
reference, the mRNAs isolated from petals of flowers,
which underwent natural senescence for 5 days, were
treated similarly.
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fore the onset of ethylene production in carnation
flowers. Thus, DPSS seems to exert its inhibitory ac-
tion on ethylene production in naturally-senescing
carnation flowers through the action on the ABA-re-
lated process.

Most recently, we found that the administation of
DPSS to carnation flowers at the day of full opening
induced the accumulation of transcripts for ACC syn-
thase and ACC oxidase from the next day on, but
not that for CP (Figure 2). The mechanism of the ac-
tion of DPSS on the up-regulation of ACC synthase
and ACC oxidase genes and no increase in the ac-
tivities of the enzymes in carnation petals are now
under investigation. Anyway, the findings clearly in-
dicated that carnation petals have an ability to re-
gulate the expression of genes for ACC synthase and
ACC oxidase independent of that for CP.

The pathway of exogenous
ethylene-induced expression of
ACC synthase and ACC oxidase
genes is different from that of the
CP gene in carnation petals.

As mentioned above, senescence of carnation pe-
tals is accompanied by autocatalytic ethylene pro-
duction and wilting of the petals; the former is caus-
ed by the expression of ACC synthase and ACC ox-
idase genes and the latter is related to the expression
of CP gene. To our knowledge, there have been no
reports that showed any difference between these
two processes in senescing carnation petals. Howev-
er, in the present studies with the petals of a
transgenic line (sACO1) of carnation and petals treat-
ed with DPSS, we could show that the mechanism
of the expression of genes for ACC synthase and
ACC oxidase differs from that of the gene for CP in
carnation petals. In other words, carnation petals re-
gulate the expression of ACC synthase and ACC ox-
idase genes independent of the CP gene.

Although only the gene expression in response to
exogenous ethylene was examined in this study, it is
reasonable to speculated that similar regulation also
takes place in the petals of carnation flowers un-
dergoing natural senescence, in which the ethylene
evolved from the pistil acts on the petals. Based on
the present observations, we propose the presence of
two pathways leading to the expression of respective
genes in carnation petals as shown in Figure 3. One
pathway leads to the expression of ACC synthase
and ACC oxidase genes and autocatalytic ethylene
production. The other leads to the expression of CP
gene and probably other genes for enzymes for hy-
drolytic degradation, and petal wilting. We hy-
pothesize that these two physiological ethylene-de-
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Figure 3. Two putative ethylene signaling pathways responsible for petal senescence in carnation flowers. Sites of action for
known inhibitors [AVG (aminoethoxyvinyl glycine), AOA (aminooxyacetic acid) and STS] are shown in the figure.

pendent pathways represent two ethylene signaling
pathways functioning in senescing carnation petals.

We have succeeded in cloning of cDNAs (i.e., DC-
CTR1, DC-CTR2 and DC-EIL1(EIN3 Like 1) jfrom car-
nation petals, which are counterparts of genes in-
volved in ethylene signaling pathway in A. thaliana
(Johnson and Ecker, 1998; Kieber, 1997; Woeste and
Kieber, 1998). These results indicated that the ethy-
lene signaling pathway in carnation petals is homo-
logous to that in A. thaliana (Shibuya and Waki, un-
published). In addition, we have recently shown that
the gene for ethylene receptors expressed in car-
nation petals during senescence is mainly DC-ERS2
(Shibuya et al, 1998), not DC-ERS1 (Charng et al,
1997), which were identified in carnation plants. It is
of interest to investigate which one (or both) of the
CTR homolog genes (DC-CTR1 and DC-CTR2) is in-
volved in each of the ethylene signaling pathways in
carnation petals.

References

Abeles FB, Morgan PW, Saltveit ME Jr (1992) Ethylene in
Plant Biology. 2nd ed. Academic Press, San Diego.

Borochov A, Woodson WR (1989) Physiology and biochem-
istry of flower petal senescence. Hort Rev 11: 15-43.

Charng Y-Y, Sun C-W, Yan S-L, Chou S-J, Chen Y-R, Yang
SF (1997) c<DNA sequence of a putative ethylene receptor
from carnation petals (Accession no. AF016250) (PGR97-
144). Plant Physiol 115: 863.

Johnson PR, Ecker JR (1998) The ethylene gas signal trans-
duction pathway: A molecular perspective. Annu Rev
Genet 32: 227-254.

Jones M, Larsen PB, Woodson WR (1995) Ethylene-regulated
expression of a carnation cysteine proteinase during flow-
er petal senescence. Plant Mol Biol 28: 505-512.

Jones ML, Woodson WR (1999a) Interorgan signaling fol-
lowing pollination in carnations. ] Amer Soc Hort Sci 124:
598-604.

Jones ML, Woodson WR (1999b) Differential expression of

three members of the l-aminocyclopropane-1-carboxylate
synthase gene family in carnation. Plant Physiol 119: 755-
764.

Kende H (1993} Ethylene biosynthesis. Ann Rev Plant Physiol
Plant Mol Biol 44: 283-307.

Kieber JJ (1997) The ethylene reponse pathway in Arabidopsis.
Annu Rev Plant Physiol Plant Mol Biol 48: 277-296.

Larsen PB, Ashworth EN, Jones ML, Woodson WR (1995)
Pollination-induced ethylene in carnation. Role of pollen
tube growth and sexual compatibility. Plant Physiol 108:
1405-1412.

Manning K (1985) The ethylene forming enzyme system in
carnation flowers. In Roberts JA, Tucker GA (eds.), Ethy-
lene and Plant Development, pp 83-92, Butterworths, Bos-
ton, UK

Midoh N, Saijou Y, Matsumoto K, Iwata M (1996) Effects of
1,1-dimethyl-4- (phenylsulfonyl)semicarbazide (DPSS) on
carnation flower longevity. Plant Growth Regul 20: 195-
199.

Mochizuki A, Nishizawa Y, Onodera H, Tabei Y, Toki S,
Habu Y, Ugaki M, Ohashi Y (1999) Transgenic rice plant
expressing a trypsin inhibitor are resistant against rice
stem borers, Chilo suppressalis. Ent Exp Appl 93: 173-178.

Nichols R (1977) Sites of ethylene production in the pol-
linated and unpollinated senescing carnation (Dianthus
caryophyllus) inflorescence. Planta 135: 155-159.

Nichols R, Bufler G, Mor Y, Fujino DW, Reid MS (1983)
Changes in ethylene production and 1-aminocyclopropane-
1-carboxylic acid content of pollinated carnation flowers. J
Plant Growth Regul 2: 1-8.

Onoue T, Mikami M, Yoshioka T, Hashiba T, Satoh S (2000)
Characteristics of the inhibitory action of 1,1-dimethyl-4-
(phenylsulfonyl)semicarbazude (DPSS) on ethylene pro-
duction in carnation (Dianthus caryophyllus L.) flowers.
Plant Growth Regul 30: 201-207.

Panavas T, Reid PD, Rubinstein RB (1998) Programmed cell
death of daylily petals: Activities of wall-based enzymes
and effects of heat shock. Plant Physiol Biochem 36: 379-
388.

Panavas T, Pikula A, Reid PD, Rubinstein B, Walker EL
(1999) Identification of senescence-associated genes from
daylily petals. Plant Mol Biol 40: 237-248.

Park KY, Drory A, Woodson WR (1992) Molecular cloning of
an I-aminocyclopropane-1-carboxylate synthase from senesc-
ing carnation flower petals. Plant Mol Biol 18: 377-386.

Peiser G (1986) Levels of l-aminocyclopropane-1-carboxylic



Shigeru Satoh et al. 87

acid (ACC) synthase activity, ACC and ACC-conjugate in
cut carnation flowers during senescence. Acta Hort 181:
99-104.

Reid MS, Wu M-] (1992) Ethylene and flower senescence.
Plant Growth Regul 11: 37-43.

Satoh S, Oyamada N, Yoshioka T, Midoh N (1997) 1,1-
Dimethyl-4-(phenylsulfonyl)semicarbazide (DPSS) does
not inhibit the in vitro activities of 1-aminocyclopropane-1-
carboxylate (ACC) oxidase and ACC synthase obtained

from senescing carnation (Dianthus caryophyllus L.) petals.
Plant Growth Regul 23: 191-193.

Shibuya K, Satoh S, Yoshioka T (1998) A ¢<DNA encoding a
putative ethylene receptor related to petal senescence in
carnation (Dianthus caryophyllus L.) flowers (Accession No.

AF034770)(PGR98-019). Plant Physiol 116: 867.

Wang H, Woodson WR (1989) Reversible inhibition of ethy-
lene action and interruption of petal senescence in car-
nation flowers by norbornadiene. Plant Physiol 89: 434-438.

Woeste K, Kieber JJ (1998) The molecular basis of ethylene
signalling in Arabidopsis. Phil Trans R Soc Lond B 353:
1431-1438.

Woodson WR, Park KY, Drory A, Larsen PB, Wang H (1992)
Expression of ethylene biosynthetic pathway transcripts in
senescing carnation flowers. Plant Physiol 99: 526-532.

Yang SF, Hoffman NE (1984) Ethylene biosynthesis and its re-

gulation in higher plants. Ann Rev Plant Physiol 35: 155-
189.



