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Abstract

The end of the relatively short life of carnations held in air is associated with climacteric rises in ethylene
production and respiration, and coordinate rises in activity of the enzymes of the ethylene biosynthetic
pathway. Carnation sensescence is associated with derepression of specific genes, increased polyribosome
activity, and major changes in patterns of protein synthesis. Isotopic competition assays indicate the presence
in carnation petals of ethylene binding activity with the expected characteristics of the physiological ethylene
receptor. Inhibition of ethylene production and/or ethylene binding (whether in selected varieties, or by
treatment with chemicals) results in longer-lived carnations. Examination of other flowers shows that the
carnation is not a universal paradigm for flower senescence. The response to ethylene varies widely, and in
many species petal wilting occurs without any apparent involvement of ethylene.

1. Introduction

Sensescence can broadly be defined as the com-
bination of events that leads to the death of cells,
tissues, or organs. Such a definition, applied to cut
flowers, might include adverse water relations and
floret abscission, but we will consider here only the
events occurring during ageing and death of floral
tissues. It is a common conviction in the floral trade
that flowers are very sensitive to ethylene. Amongst
plant physiologists, too, the importance of ethylene
in the sequence of events we call flower senescence
is considered well established. These assumptions
are based on a substantial body of research [15] but
are not universally true. The hormonal roie of
ethylene in flower senescence was not established
until the development of analytical methods suf-
ficiently sensitive to measure the minute quantities
produced by the minimal tissues of a flower. Using
gas chromatography, researchers have shown that,
depending on the species, ethylene may be involved
in several phases of flowering, from induction
through growth of floral tissues to petal senescence.

In recent exhaustive survey, Woltering and van
Doorn [30] studied the role of ethylene in petal
senescence of flowers of 93 species representing 23
families. Except for a few families (all tested

members of the Campanulaceae, Caryophyllaceae
and Malvaceae, and most Orchidaceae), most of
those flowers in which wilting was the primary
senescence symptom were not sensitive to ethylene
(Table 1) [29, 30]. Where petal abscission was
the initial symptom of senescence the flowers
were mostly sensitive to exogenous ethylene
(Geraniaceae, Labiatae, Ranunculaceae, Rosaceae,
Scrophulariaceae). Flowers that respond to low
exogenous concentrations of ethylene are probably
those in which ethylene is naturally involved in
senescence.

We briefly review here what is known of the role
of this hormone in flower senescence.

2. Ethylene and flowers

2.1 Effects of applied ethylene

For many cut flowers, the importance of ethylene in
senescence was first examined by testing the effects
of exogenous ethylene.

In the 1930s, researchers at the Boyce Thompson
Institute treated many different plant tissues,
including flowers, with relatively high concen-
trations of ethylene gas, and recorded the responses
[41]. The reactions varied, and included abscission
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Table 1. Ethylene and senescence of flowers from different
families (from the data of Woltering and van Doorn [30]).

Family Symptoms Sensitivity®

Monocotyledonae
Amaryllidaceae Wilting 0-2
Iridaceae Wilting 0-1
Liliaceae Wilting 0-1
Orchidaceae Wilting 3-4

Dicotyledonae
Campanulaceae Wilting 3-4
Caryophyllaceae Wilting 4
Compositae Wilting 0-1
Dipsacaceae Wilting 2-4
Euphorbiaceae Wilting |
Geraniaceae Abscission 4
Labiatae Abscission 4
Malvaceae Wilting 4
Primulaceae Abscission 3-4
Ranunculaceae Abscission 3-4
Rosaceae Abscission 3-4
Scrophulariaceae Abscission 2-4
Umbelliferac Wilting 0

* Sensitivity from 0 (insensitive) to 4 (very sensitive).

of petals, failure to open, and senescence of the
open flowers. More recent studies, such as those of
Woltering and van Doorn [30] have already been
referred to.

2.2 Ethylene production during flower senescence

Maxie et al. [13] demonstrated the close coinci-
dence between the onset of the respiratory climac-
teric and a burst of ethylene synthesis in cut
carnations. A similar relationship has been shown
in studies of ephemeral flowers such as those of
Ipomoea [3, 10, 12] Tradescantia [22], and Hibiscus
[33]. The advent of more sensitive techniques of
ethylene analysis such as the photoionization
detector for gas chromatography and the laser
photoacoustic sytem described by Woltering et al.
[32] will permit even more detailed evaluation of
the role of ethylene biosynthesis in the natural
sensescence of cut flowers. Woltering [31] used his
extremely sensitive instrument to examine the role
of ethylene in sensescence of emasculated orchid
flowers. The reason that removal of pollinia in
Cymbidium results in senescence of the flower (and
blushing of the labellum) is that desiccation of the
tissue of the rostrum stimulates the early pro-
duction of trace amounts of ethylene. These minute

quantities of ethylene are, in turn, responsible for
initiating general senescence of the flower.

The pathway of ethylene biosynthesis in plants
has now been almost completely described [40].
The essential steps of the pathway have been
completely identified in cut flowers. ACC (1-
aminocyclopropane-1-carboxylic acid) content [5],
ACC synthase [18), activity of the ethylene forming
enzyme (EFE) [27] and of f-cyanoalanine synthase
[11] have all been shown to rise coordinately with
the onset of the ethylene climacteric burst in
various flower parts. In a study of the control of
ethylene biosynthesis during the climacteric rise,
Whitehead et al. [27] showed that, unlike some fruit
tissues (where EFE activity is always high), the
activity of the EFE in senescing carnation petals
rises coordinately with the increase in synthesis of
ACC. Adam and Mayak [1] prepared an extract
from carnation petals which converted ACC to
ethylene. Although this preparation had some of
the characteristics of in vivo EFE activity, its high
Km, and lack of stereospecificity (Borochov and
Reid, unpublished observation) indicates that it is
probably a non-enzyme system, perhaps linked to
lipid peroxidation, rather than the in vivo enzyme.

The activity of ACC synthase (normally the rate-
limiting step) is markedly reduced by inhibitors of
pyridoxal phosphate enzymes, such as amino-
oxyacetic acid (AOA) and aminoethoxyvinylglycine
(AVG) [2]. Application of AOA to cut carnations
inhibits the rise of ethylene and respiration and
extends the vase life of cut carnation flowers [8].
Since AOA only prevents ethylene biosynthesis, it
has limited value, offering little protection in
ethylene-polluted environments [8, 9].

2.3 Ethylene action and flower senescence

The demonstration by Beyer [4] that Ag™ was an
effective and specific inhibitor of ethylene action
provided a powerful tool for examining the action
of ethylene in plant growth and development.
Using the more mobile silver thiosulphate (STS)
complex, Veen [25] demonstrated that inhibition of
ethylene action greatly extends the life of cut car-
nations. This material has become an important
commercial treatment for flowers sensitive to
ethylene (Figure 1). The cyclic olefin Norbor-
nadiene (NBD), also inhibits ethylene action,
presumably by competitively inhibiting the
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Fig. 1. Effect of STS treatment (1 umol/stem) on the life of “White Sim”™ carnations.

ethylene binding site [21]. This material, being
volatile, is a useful experimental tool, but its foul
odor and carcinogenic properties make it of no
practical value.

Nevertheless, it points to the possibility of
discovering other organic compounds that may
interfere with the ethylene binding site, and hence
prevent ethylene action. Such compounds are likely
to be of interest in practical control of ethylene
responses in flowers long before they can be applied
to fruits and vegetables. NBD has been shown to
reverse the early stages of ethylene-mediated petal
wilting in carnation flowers [26]. An hypothetical
model for the action of ethylene in flower
senescence is presented in Figure 2. This scheme
suggests a membrane-based binding site that is
activated, or repressed, by a “‘sensitivity factor™.
The ethylene molecule binds to a site where the
inhibitors of ethylene action, Ag* and NBD, can
also bind. When the binding site is sensitized and
ethylene binds to it, a second message is generated
which interacts with the 5" (promotor) regions of
genes involved in ethylene-regulated senescence,
inducing transcription of the genes, and synthesis
of the proteins encoded by the genes on poly-
ribosomes. A considerable amount of evidence has

accumulated from studies with cut flowers that is
consistent with this scheme.

2.3.1 The binding site

Using isotopic competition technique, Sisler et al.
[21] demonstrated the presence of a specific
ethylene binding site in carnation petals. The
application of STS or NBD to the flowers substan-
tially reduced binding activity. Veen [24] suggested
that Ag* competitively inhibited the ethylene-
stimulated growth of carnation styles.

2.3.2 The sensitivity factory

As Trewavas [23] has pointed out, response to a
plant hormone may involve increased biosynthesis,
increased sensitivity to the hormone, or both. In
ageing of some cut flowers there is a clear increase
in sensitivity to ethylene [27, 37]. This effect is
perhaps most striking in the ephermeral ethylene-
sensitive flowers [22, 33] whose sensitivity increases
very rapidly as the bud nears the day of opening.
Suttle and Kende [22] used pigment efflux as a
measure of senescence in Tradescantia petals.
While ethylene treatment hastened efflux in petals
excised from opening flowers, it had no effect on
petals taken from buds one or two days before
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Fig. 2. Hypothetical scheme for the action of ethylene in induc-
ing flower senescence.

opening. The nature of the sensitivity factor and its
site of action are unknown, although there is some
evidence supporting a short-chain fatty acid as a
sensitivity factor in pollinated petunias [28]. The
senescence-delaying effects of other growth
regulators [14] is consistent with the notion that
sensitivity to ethylene is a function of the balance of
growth regulators. One means by which sensitivity
to ethylene might be regulated is an interaction of
the sensitivity factor with the binding site itself, as
suggested in Figure 2, but this is only one of a
number of possibilities.

The timing of the onset of the ethylene burst and,
thus, the timing of senescence seems likely to be
controlled by the sensitivity factor. By analogy with
the situation in many fruits, the signal would be the
endogenously produced ethylene, which would
interact with the binding site and induce a response,
including a stimulation of ethylene biosynthesis,
once the tissue had become sensitive. Some authors
have espoused the attractive notion that the timing
of senescence is directed by interaction between
different floral organs [7]. Mature carnation petals,
however, senesce at the same time, whether
attached to the flower or held individually in small
vials [16]. Furthermore, removal of the gynoecium
from the flower does not affect the timing of flower
senescence. These data tend to indicate that the
timing of petal senescence is related to the petal
tissues themselves. There is, however, increasing
evidence that the base of the petal plays an import-
ant role in timing [17].

2.3.3 The second message

Sisler’s analysis of the compounds stimulating or
inhibiting an ethylene response [20] suggested to
him that a trans-effect pi-bonding scheme might be
involved. He suggested that the interaction of
ethylene with the binding site might release another
ligand, which would be an obvious candidate for
the second messenger. The nature of this com-
pound is still unknown, but analysis of the struc-
ture of the promotor regions of senescence-specific
genes in flower petals may provide important clues.

2.3.4 Messenger RNA synthesis

Woodson and his group [34-36] have provided
elegant evidence that ageing of carnation flowers and
the onset of ethylene biosynthesis are accompanied
by synthesis of mRNA species not found in young
flowers. They have isolated three cDNA clones from
a cDNA library prepared from mRNA isolated
from senescing carnation petals. The cDNAs are
representative of two classes of mRNAs that
increase in abundance during petal senescence. One
mRNA (pSRS) is present at low levels during the
early stages of development, and begins to
accumulate in mature petals prior to the increase in
ethylene production. Accumulation of this mRNA
is retarded, but not prevented, by inhibiting the
synthesis or action of ethylene. The other class of
mRNAs are highly regulated by ethylene. They are
not detectable (by Northern hybridization analysis)
prior to the rise in ethylene production, and
increase in abundance concomitantly with the
ethylene climacteric. Furthermore, their expression
is markedly inhibited by inhibition of ethylene
production or action. Analysis of the products of
these genes and examination of the control of their
expression should provide important information
about the way in which ethylene controls senescence.

2.3.5 Polyribosomes

The rapid rise in polyribosome profiles as petal
senescence commences in carnations [6] is consist-
ent with the observation that new genes are
transcribed during this period. The increase in
polyribosome profiles is somewhat unexpected,
since total protein showed a concomitant decrease.
This is presumably a reflection of the rapid
synthesis of catabolic enzymes during senescence.

2.3.6 Proteins
Treatment of flower petals with inhibitors of pro-



tein synthesis substantially delays their senescence
[22, 39]. Increased activities in catabolic enzymes
such as ribonuclease are associated with decline in
macromolecules including DNA, RNA, proteins
and membrane lipids [15]. Clearly, the onset of
senescence is associated with elaboration of
catabolic enzymes that presumably play an import-
ant role in remobilizing the cell contents of the petal
and the eventual death of the cells. The evidence
that has accumulated indicating the general
applicability of the scheme depicted in Figure 2
provides substantive support for the view that the
senescence of petals is a carefully regulated event,
involving the synthesis of specific proteins.

2.4 Ethylene-resistant mutants

In tomatoes, much has been learned about the role
of ethylene in fruit ripening by the use of ethylene-
resistant slow-ripening mutants [19]. Similar
variants have been sought in carnation [38], and
two commercial cultivars, Sandra and Chinera,
were found to have vase lives about twice that of
White Sim [37]. Measurements of ethylene produc-
tion showed that the senescence of “Sandra” was
qualitatively different to that of “White Sim”; these
flowers produced no ethylene (Figure 3), and levels
of ACC and EFE activity were also low throughout
the postharvest period. “Sandra” flowers never
showed normal corolla inrolling; their senescence
was marked by loss of petal color, and gradual
necrosis of the petals. In contrast, ““Chinera’s” long
vase life was due to a marked delay in the onset of
the normal symptoms of senescence — petal inrol-
ling, ethylene production and increases in ACC
content and EFE activity (Figure 3). “Sandra”
proved to be a very interesting model system.
Although its flowers produce no ethylene during
natural senescence, they are much more sensitive to
ethylene than those of “White Sim” (Figure 4).
Furthermore, ethylene treatment induces ethylene
biosynthesis in “Sandra”. The longer vase life of
this cultivar is therefore solely due to its failure
to initiate autocatalytic ethylene production.
“Chinera” was considerably less sensitive to
ethylene than “White Sim” (Figure 4). This
reduced sensittvity may explain its long vase life.

3. Ethylene-insensitive flowers

The striking effects of ethylene on responsive
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Fig. 3. Ethylene biosynthesis by long-lived carnation cultivars.
Ethylene production, ACC content, and EFE activity of cut
flowers of the White Sim ® Sandra a and Chinera B cultivars
of carnation were measured at intervals as previously decribed

38].

flowers, the availability of highly sensitive equip-
ment for measuring this gas, and the usefulness of
inhibitors of ethylene synthesis and action, have all
led postharvest researchers to concentrate on
cthylene-sensitive flowers. As a result of this
interest, we now have an ¢xcellent picture of many
of the events occurring during ethylene-induced
flower senescence. Commercially, application of
inhibitors of ethylene synthesis and action have
extended the life of a range of important cut
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Fig. 4. Sensitivity of long-lived carnations to ethylene. Cut
flowers of the White Sim ® Sandra a and Chinera B cultivars
of carnation were exposed continuously to different concen-
trations of ethylene in flowing air streams.

flowers. In the near future, we may expect the
development of ethylene resistant cultivars, based
on existing breeding lines, or on recent discoveries
in the molecular biology of ethylene action in
plants. As noted above, however, only some of the
commercially important cut flowers have an
ethylene-sensitive senescence, and these are in only
a handful of families. Senescence of the petals of
many cut flowers, including most of the important
geophytes (such as gladiolus, iris, narcissus, and
tulip) appears not to be related to ethylene. Despite
the convenience of working with ethylene and its
responses, it is clearly time to extend our exper-
iments to other flowers to learn whether the
sequence of events taking place in senescing petals of
ethylene-sensitive flowers are in any way analogous
to those occurring in flowers whose senescence is
neither associated with, nor stimulated by ethylene.

References

I. Adam Z and Mayak S (1984) Solubilization and partial
purification of an enzyme converting l-aminoyclopropane-
l-carboxylic acid to ethylene in plants. FEBS Letts 172:
47-50

2. Baker JE, Wang CY, Lieberman M and Hardenburg R
(1977) Delay of senescence in carnations by a rhizobitoxine
analog and sodium benzoate. HortSci 12: 38-39

3. Baumgartner B, Kende H and Matile P (1975) Ribonuclease
in senescing morning glory. Pl Physiol 55: 734-737

IS.

19.

20.

21.

22.

23.

. Beyer EM Jr (1976) A potent inhibitor of ethylene action in

plants. P1 Physiol 58: 268-271

. Bufler G, Mor Y, Reid MS and Yang SF (1980) Changes in

the I-aminocyclopropane-1-carboxylic acid content of cut
carnation flowers in relation to their senescence. Planta 150:
439-442

. Bufler G, Romani R and Reid MS (1983) Polysomal popu-

lation in relation to ethylene production and the senescence
of cut carnation flowers and floral parts. ] Amer. Soc Hort
Sci 108: 554-557

. Cook EI and van Staden J (1983) Senescence of cut car-

nation flowers: Ovary development and CO, fixation. Pl Gr
Reg I: 221-232

. Fujino DW, Reid MS and Yang SF (1980) Effects of amino-

oxyacetic acid on postharvest characteristics of carnation.
Acta Hort 113: 59-64

. Harkema H and Struijlaart PF (1989) Effect of amino-

oxyacetic acid on coloration of the labellum and longevity
of cut cymbidium flowers. Acta Hort 261: 293-304

. Kende H and Hanson AD (1976) Relationship between

ethylene evolution and senescence in Morning-Glory flower
tissue. Pl Physiol 57: 523-527

. Manning K (1986) Ethylene production and f-cyanoalanine

synthase activity in carnation flowers. Planta 168: 61-66

. Matile PH and Winkenbach F (1971). Function of lysosomes

and lysosomal enzymes in the senescing corolla of the
morning glory (/pomoea purpurea). J Exp Bot. 22: 759-771

. Maxie EC, Farnham DS, Mitchell FG, Sommer NF,

Parsons RA, Snyder RG and Rae HL (1973) Temperature
and ethylene effects on cut flowers of carnation (Dianthus
caryophyllus L.). J Amer Soc Hort Sci 98: 568-572

. Mayak S and Dilley DR (1976) Effect of sucrose on

response of cut carnation to kinetin, ethylene and abscisic
acid. J Amer Soc Hort Sci 101: 583-585

Mayak S and Halevy AH (1980) Flower senescence. In:
KV Thimann, ed. Senescence in Plants, pp [31-156. Boca
Raton, FL: CRC Press

. Mor Y and Reid MS (1980). Isolated petals — a useful

system for studying senescence. Acta Hort 113: 18-25

. Mor Y, Halevy AH, Spiegelstein H and Mayak S (1985) The

site of 1-aminocyclopropane-1-carboxylic acid synthesis in
senescing carnation petals. Physiol Plant 65: 196-202

. Pech J-C, Latche A, Larrigaudiere C and Reid MS (1987)

Control of early ethylene synthesis in pollinated petunia
flowers. Pl Physiol Biochem 25: 431437

Roberts JA, Grierson D and Tucker GA (1987) Genetic
variants as aids to examine the significance of ethylene in
development. In: GV Hoad, JR Lenton, MB Jackson and
RK Atkin, eds. Hormone Action in Plant Development: A
Critical Appraisal, pp 107-118. Cornwall: Butterworth
Sisler EC (1978) Ethylene activity of some pi-acceptor com-
pounds. Tobacco Science 21: 4345

Sisler EC, Reid MS and Fujino DW (1983) Investigation of
the mode of action of ethylene in carnation senescence. Acta
Hort 141: 229-234

Suttle JC and Kende H (1980) Ethylene action and loss of
membrane integrity during petal senescence in Tradescantia.
Pl Physiol 65: 1067-1072

Trewavas A (1981) How do plant growth substances work?
Pl Celi Env 4: 203-228



24.

25.

26.

27.

28.

29.

30.

31

32.

Veen H (1986) A theoretical model for anti-ethylene effects
of silver thiosulphate and 2,5-norbornadiene. Acta Hort
181: 129-134

Veen H and van de Geijn SC (1978) Mobility and ionic form
of silver as related to longevity of cut carnations. Planta 140:
93-96

Wang H and Woodson WR (1989) Reversible inhibition of
ethylene action and interruption of petal senescence in car-
nation flowers by norbornadiene. Pl Physiol 89: 434-438
Whitehead CS, Halevy AH and Reid MS (1984) Control of
ethylene synthesis during development and senescence of
carnation petals. J Amer Soc Hort Sci 109: 473-475
Whitehead CS and Halevy AH (1989) Ethylene sensitivity:
The role of short-chain fatty acids in pollination-induced
senescence of Petunia hybrida flowers. Pl Gr Reg 8: 41-54
Woltering EJ (1984) Ethyleengevoeligheid van zomer-
bloemen. Voorbehandeling voorkomt schade. Vakblad
voor de Bloemisterij 17: 34-37

Woltering EJ and van Doorn WG (1988) Role of ethylene
in senescence of petals: Morphological and taxonomical
relationships. J Exp Bot 208: 1605-1616

Woltering EJ and Harren F (1989) Role of rostellum desic-
cation in emasculation-induced phenomena in orchid
flowers. J Exp Bot 40: 907-914

Woltering EJ, Harren F and Bicanic DD (1989) Laser pho-
toacoustics: A novel method for ethylene determination in
plant physiological studies. Acta Hort 261: 201-208

33.

34.

35.

37.

38.

39.

40.

41.

43

Woodson WR (1985) Role of ethylene in the senescence of
isolated hibiscus petals. Pl Physiol 79: 679-683

Woodson WR (1987) Changes in protein and mRNA popu-
lations during the senescence of carnation petals. Physiol
Plant 71: 445-502

Woodson WR and Lawton KA (1988) Ethylene-induced
gene expression in carnation petals: Relationship to autoca-
talytic ethylene production and senescence. P1 Physiol 87:
478-503

. Woodson WR, Lawton KA and Goldsbrough PB (1989)

Ethylene-regulated gene expression during carnation petal
senescence. Acta Hort 261: 137-144

Wu MJ (1989) Studies of genetic and chemical control of
senescence in carnation (Dianthus caryophyllus L.) Ph.D.
Thesis, University of California, Davis

Wu MJ, van Doorn WG, Mayak S and Reid MS (1989)
Senescence of ““Sandra’ carnations. Acta Hort 261: 221-225
Waulster C, Sacalis J and Janes HW (1982) The effect of
inhibitors of protein synthesis on ethylene-induced sen-
escence in isolated carnation petals. J Amer Soc Hort Sci
107: 112-115

Yang SF (1985) Biosynthesis and action of ethylene. Hort
Sci 20: 4145

Zimmerman PW, Hitchcock AE and Crocker W (1931) The
effect of ethylene and illuminating gas on roses. Cont. Boyce
Thompson Institute 3: 459-481



