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Abstract. We have investigated the patterns of ethylene biosynthesis in carnation
(Dianthus caryophyllus L.) genotypes that exhibit extended vase life in comparison to
flowers of White Sim’. ‘White Sim’ flowers exhibited typical symptoms of senescence,
including petal in-rolling and rapid wilting, beginning 5 days after harvest. In contrast,
the other genotypes studied did not show petal in-rolling or rapid wilting associated
with petal senescence. The first visible symptom of senescence in these flowers was
necrosis of the petal tips, and it occurred from 3 to 7 days after the initial symptoms
of senescence were seen in ‘White Sim’ flowers. In all cases, the extended-vase-life
genotypes did not exhibit the dramatic increase in ethylene production that typically
accompanies petal senescence in carnation. This appeared to be the result of limited
accumulation of ACC. In addition, flowers of these genotypes had limited capacity to
convert ACC to ethylene. Therefore, we conclude that the low level of ethylene pro-
duced by these flowers during postharvest aging is the result of low activities of both
ACC synthase and the ethylene-forming enzyme. Treatment of ‘White Sim’ flowers at
anthesis with 1.0 µl ethylene/liter resulted in the induction of increased ethylene bio-
synthesis and premature petal senescence. The extended-vase-life genotypes exhibited
varying responses to ethylene treatment. One genotype (87-37G-2) produced elevated
ethylene and senesced prematurely, as did flowers of ‘White Sim’. A second genotype
(82-1) was induced to senesce by ethylene treatment but did not produce increased
ethylene. A third genotype (799) was unaffected by ethylene treatment. The results of
this study suggest these extended-vase-life genotypes are representative of genetic dif-
ferences in the capacity to synthesize and respond to ethylene. Chemical name used:
1-aminocyclopropane-1-carboxylic acid (ACC).
Flower senescence is a highly coordi-
nated, developmentally regulated process re-
quiring active gene expression and protein
synthesis (Borochov and Woodson, 1989).
In carnation, the phytohormone ethylene plays
an important role in the initiation and regu-
lation of the biochemical processes that ac-
company petal senescence, including acti-
vation of senescence-related gene expression
(Lawton et al., 1990). Treatment of flowers
with inhibitors of ethylene synthesis (Bufler
et al., 1980) or ethylene action (Bufler et al.,
1980; Veen, 1979; Wang and Woodson,
1989) prevents typical petal senescence.
Further, treatment of presenescent flowers
with ethylene induces premature petal se-
nescence (Nichols, 1968). The onset of petal
senescence in carnations is accompanied by
a dramatic rise in ethylene production (Ni-
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chols, 1966). This increase is the result of
increases in activities of both ACC synthase
and the ethylene-forming enzyme (EFE),
which convert S -adenosylmethionine (SAM)
to ACC and oxidize ACC to ethylene, re-
spectively (Park et al., 1992; Woodson et
al., 1992). In carnations, the capacity to per-
ceive and synthesize ethylene is clearly cen-
tral to the regulation of petal senescence. The
identification of genotypic variation in either
the response to ethylene or ethylene produc-
tion in carnation could lead to a more fo-
cused breeding effort in the genetic im-
provement of postharvest longevity of these
flowers. Indeed, several commercial culti-
vars have been described that exhibit ex-
tended vase life (Serrano et al., 1991; Wu
et al., 1991a). In all cases, the long vase
lives of these cultivars are associated with
the absence, reduction, or delay of ethylene
production that serves to initiate and regulate
programmed cell death. In addition to re-
Table 1. Vase life and senescence patterns of
carnation genotypes.

Vase life Senescence
Genotype (days) z pattern y

White Sim 5.3 ± 0.9 I,W
87-37G-2 8.1 ± 1.3 N
81-2 10.9 ± 2.1 N
799 11.2 ± 1.8 N
zValues are the mean of 10 flowers ± SE.
yPetal in-rolling (I), rapid petal wilting (W), and
petal necrosis (N).
duced ethylene biosynthesis, the long-lasting
cultivar Chinera was recently found to be
less sensitive to ethylene than other carnation
flowers (Wu et al., 1991b). Clearly, genetic
mutations affecting ethylene synthesis or re-
sponsiveness are valuable tools in the study
of flower senescence. In this paper we de-
scribe the ethylene biosynthesis, ethylene re-
sponsiveness, and senescence patterns of three
carnation genotypes that exhibit extended vase
life in comparison to ‘White Sim’ flowers.

Carnations were obtained as rooted cut-
tings from either Yoder Brothers (‘White
Sim’) or R. Ulinger of the Univ. of Ne-
braska. These represented selections that
Ulinger had identified as having improved
vase life and limited “sleepiness” symptoms
(petal in-rolling). Plants were grown in
greenhouses using standard commercial
practices (Woodson, 1987). Flowers were
harvested when petals were reflexed to form
90” angles with respect to the axis of the
calyx. Stems were recut to a length of 10
cm, placed in distilled water, and kept in the
laboratory at 20C. Flowers were evaluated
for symptoms of senescence, including in-
rolling of the petals (Nichols, 1968), irre-
versible wilting, and necrosis. Ethylene pro-
duction was measured daily by enclosing
flowers in l-liter gas-tight containers for 0.5
h, after which the headspace gas was sam-
pled and ethylene concentration determined
Fig. 1. Ethylene production ( ❍ ) and change in
fresh weight ( ● ) during the postharvest vase life
of carnation flowers. Genotypes used were
‘White Sim’ (A), 87-37G-2 (B), 81-2 (C), and
799 (D). Values are the mean of 10 flowers. SE

of the mean is shown when larger than the sym-
bol.
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Fig. 2. Changes in ACC content and ethylene-
forming enzyme (EFE) activity during the post-
harvest vase life of carnation flower petals. ‘Val-
ues are the mean of five samples. SE of the
mean is shown when larger than the symbol.

Fig. 3. Ethylene production following treatment
with 1.0 µl ethvlene/liter or air for 12 h. Flow-
ers were harvested at anthesis and treated for
12 h. Values are the mean of 10 flowers. SE of
the mean is shown when larger than the symbol.
by gas chromatography as described by
Woodson (1987). ACC content and EFE ac-
tivity of outer whorl petals were determined
according to Wang and Woodson (1989). For
treatment with ethylene, flowers were en-
closed in 24-liter gas-tight chambers through
which a mixture of ethylene in air was passed
at a rate of 60 ml-min-l. The concentration
of ethylene in the chamber was verified by
analysis of ethylene concentration in the in-
flux and efflux air.

All three carnation genotypes furnished by
Ulinger exhibited significant extension of
flower vase life in comparison to ‘White Sim’
carnations (Table 1). The vase life of geno-
type 799 was more than twice that of ‘White
Sim’. Senescence of ‘White Sim’ carnations
was associated with typical symptoms, in-
cluding petal in-rolling and rapid wilting be-
ginning » 5 days after harvest. In contrast,
the senescence of the extended-vase-life
genotypes was not associated with petal in-
rolling or rapid wilting. Instead, the first
symptoms of petal senescence in these geno-
types were drying and necrosis of the petal
tips, which slowly spread to the remaining
petal portions. The in-rolling and wilting of
‘White Sim’ petals has been shown to be a
response to the increase in ethylene produc-
tion associated with petal senescence (Bor-
ochov and Woodson, 1989; Nichols, 1966,
1968). Senescence symptoms in the ex-
tended-vase-life genotypes were typical of
those in ‘White Sim’ following treatment with
the ethylene action inhibitor silver thiosul-
fate (Bufler et al., 1980; Veen, 1979).
Therefore, we determined the rate of ethyl-
ene production by carnation flowers at var-
ious stages after harvest and related this to
symptoms of senescence, including water loss,
as measured by flower fresh weight.

‘White Sim’ began producing a detectable
increase in ethylene production beginning 4
days after harvest and peaking at 6 days (Fig.
1A). This increase in ethylene production was
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associated with a dramatic loss of fresh weight
and rapid petal wilting. In contrast, none of
the other genotypes examined exhibited this
typical “climacteric” increase in ethylene
production (Fig. 1B-D). Genotype 799
showed a significant increase in ethylene
production 12 days after harvest, at which
time these flowers were severely wilted and
considered senescent. Therefore, this ethyl-
ene likely represents a stress response. The
extended-vase-life carnations all showed sig-
nificant loss of fresh weight beginning 2 to
3 days after harvest (Fig. 1B-D). However,
in contrast to ‘White Sim’ (Fig. 1A), this
loss of weight was gradual. These results
suggest that the significant improvement in
flower vase life exhibited by these genotypes
is a result of low rates of ethylene produc-
tion.

In an attempt to determine the biochemical
reason for the limited production of ethylene
by these carnation flowers, we analyzed petal
ACC content and capacity to convert ACC
to ethylene (EFE activity). ‘White Sim’ pet-
als accumulated increasing amounts of ACC
concomitant with the onset of ethylene pro-
duction and visible symptoms of senescence
(Fig. 2). In contrast, the content of ACC
remained low (< 1.0 nmol·g-1) in the petals
of all three of the extended-vase-life geno-
types following harvest of flowers. The ac-
tivity of EFE was initially low in ‘White Sim’
petals but began to increase 4 days after har-
vest, reaching a maximum activity 5 days
after harvest and then declining (Fig. 2). Ac-
tivity of EFE remained low in petals of 87-
37G-2 and 799 flowers after harvest but
showed a transient increase beginning 5 days
after harvest in petals of 81-2 flowers. These
results show that the limited production of
ethylene in all three of these genotypes is the
result of low levels of ACC, likely the result
of low activity of ACC synthase. In addition,
low activities of the EFE limit ethylene pro-
duction in 87-37G-2 and 799.
The increase in ethylene associated with
petal senescence in climacteric carnations like
‘White Sim’ is the result of autocatalytic eth-
ylene, where ethylene promotes its own syn-
thesis (Borochov and Woodson, 1989). The
effect of ethylene on ethylene production has
been shown to occur at the level of both
ACC synthase and EFE (Park et al., 1992;
Wang and Woodson, 1989; Woodson et al.,
1992). Treatment of these climacteric-like
flowers with ethylene results in the induction
of autocatalytic ethylene production and pre-
mature petal senescence. A possible expla-
nation for the variant behavior of these
extended-vase-life carnation genotypes is that
they are not capable of responding to eth-
ylene. Recently, several genetic mutations
have been characterized in Arabidopsis that
impair the capacity to perceive and respond
to ethylene (Bleecker et al., 1988; Guzman
and Ecker, 1990). To examine this possibil-
ity we exposed freshly harvested carnation
flowers to 1.0 µl ethylene/liter for 12 h and
determined the effects of this treatment on
ethylene production and flower senescence.
Treatment of ‘White Sim’ with ethylene re-
sulted in increased ethylene production and
visible symptoms of petal senescence (in-
rolling and wilting) detectable the day after
ethylene exposure (Fig. 3). A similar re-
sponse, i.e., increased ethylene and petal in-
rolling, occurred in genotype 81-2. Flowers
of 87-37G-2 responded to ethylene as evi-
denced by petal in-rolling and rapid irrever-
sible wilting (data not shown). These flowers,
like those of ‘White Sim’, were considered
completely senescent 3 days after harvest (data
not shown). In contrast to flowers of ‘White
Sim’, 87-37G-2, and 81-2, flowers of 799
showed no obvious effects of the ethylene
treatment. These flowers did not exhibit an
increase in ethylene production and re-
mained attractive 8 days after harvest, at
which time the experiment was terminated.

These results indicate that the three ex-
tended-vase-life genotypes likely represent
different genetic mutations that affect the
postharvest longevity of their flowers. Geno-
type 799 was impaired in its ability to re-
spond to ethylene by increased ethylene
production or premature petal senescence. A
second genotype, 87-37G-2, appears to rep-
resent a mutation affecting the synthesis of
ethylene but not ethylene responsiveness. The
third genotype examined was capable of syn-
thesizing ethylene in response to ethylene
treatment but failed to produce ethylene dur-
ing normal aging. This pattern is analogous
to the recently described behavior of noncli-
macteric carnation ‘Sandra’ (Wu et al., 1991a,
1991b), which failed to produce elevated
ethylene during aging but responded to ex-
ogenous ethylene by increased ethylene syn-
thesis and premature senescence. These
genotypes may be useful in breeding pro-
grams where improvement of carnation post-
harvest longevity is sought. In addition,
genotypes that exhibit variation in ethylene
synthesis and response will be valuable tools
in studies on the physiology and biochem-
istry of senescence, particularly as related to
the role of ethylene in programmed cell death.
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Many studies have demonstrated the
marked physiological changes associated with
differentiation and subsequent growth of plant
cells. Ascorbic acid oxidase (AAO; EC
1.10.3.3.) is a Cu-containing enzyme that
catalyzes the oxidation of ascorbate to 2-de-
hydroascorbate with the concomitant reduc-
tion of molecular oxygen to water (Ohkawa
et al., 1989). Plants use ascorbate as an an-
tioxidant in an ascorbate peroxidase (EC
1.11.1.11) reaction that produces dehy-
droascorbate. Ascorbate is then regenerated
in a reduced glutathione (GSH)-dependent
reaction catalyzed by dehydroascorbate re-
ductase (EC 1.8.5.1). The oxidized disulfide
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form of glutathione (GSSG) is then reduced
back to GSH in a reaction involving gluta-
thione reductase (EC 1.6.4.2) and NADPH
(Dalton et al., 1986). Fuchigami and Nee
(1987) speculated that glutathione is in-
volved in overcoming rest in temperate woody
perennials. We previously reported an in-
crease in ascorbic acid, GSH, total glutathi-
one, total nonprotein thiol, and nonglutathione
thiol after thidiazuron-induced budbreak
(Wang et al., 1991a). Thidiazuron-induced
budbreak also increased the ratio of GSH :
GSSG and activities of ascorbate free radical
reductase (EC 1.6.5.4), ascorbate peroxi-
dase, dehydroascorbate reductase, glutathi-
one reductase, and superoxide dismutase (EC
1.15.1.1) (Wang et al., 1991a, 1991b). These
data suggest that the termination of dor-
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several higher plants (Newcomb, 1951), but
its function in the metabolism of the plant
cell is unclear. Newcomb (1951) and Morre
et al. (1987) suggested that the AAO system
might serve to generate energy-rich phos-
phates or alter properties of the plasma mem-
brane. High activity of AAO is characteristic
of diverse, actively growing tissue (New-
comb, 1951). High AAO activity apparently
is associated with rapid growth of the pri-
mary wall (Honda, 1955; Newcomb, 1951;
Waygood, 1950). We conducted our study
to determine the changes in the activity of
AAO in apple buds and to better understand
the involvement of AAO in apple buds dur-
ing budbreak and resumption of growth.

The growing conditions of ‘York Impe-
rial’ apple seedlings and treatment method-
ology used in this study were described by
Wang et al. (1986). The seedlings were
planted in 3.5-liter pots and grown in a
greenhouse with no chilling. Radiation sources

Fig. 1. Effect of pH on ascorbic acid oxidase
activity (AAO) in apple buds; AAO was ex-
tracted from apple buds 10 days after treatment
with 100 µM thidiazuron. Wall = cell wall
fraction. Sup = supernatant fraction. Data are
the means of three replicate samples. Vertical
bars denote   ± SE, bars smaller than the symbols
are not shown (Expt. 1).
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