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ABSTRACT
ETHYLENE AND FLORAL SENESCENCE IN TRADESCANTIA

By
Jeffrey Charles Suttle

Flowers of Tradescantia (Clone 02), which are ephemer-

al, produce ethylene during senescence with the maximum
rates occurring during the initial period of fading. Senes-
cing, isolated petals produce ethylene in a similar manner,
exhibit a loss of membrane semipermeability, and exogenous
ethylene hastens the onset as well as the subsequent rate of
this loss. Aminoethoxyvinylglycine at 0.1 mM completely
inhibits ethylene production by isolated petals but only
partially inhibits the loss of membrane semipermeability.
Isolated petals acquire a sensitivity to ethylene as they
mature, becoming fully sensitive on the day of flower open-
ing.

The stimulation of anthocyanin efflux (an indicator of
increased membrane semipermeability) by exogenous ethylene
occurs after a 1 to 2.5-h lag. Simultaneous application of
0.1 mM cordycepin or cycloheximide with ethylene abolishes
the response to ethylene. Analysis of phospholipid levels
in these petals during senescence has shown that the in-
crease in membrane semipermeability is accompanied by a

massive loss of phospholipids. Factors which enhance or
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retard the rate of anthocyanin efflux exert a corresponding
effect on the rate of phospholipid loss. The composition of
the phospholipid fraction remains constant during senes-
cence. The activity of phospholipase D declines during
senescence while that of acyi hydrolase remains unchanged.
Lipid peroxidation, as measured by ethane evolution, is ab-
sent in these petals during senescence.

Application of 10 mM CaCl, to ethylene-pretreated pet-
als results in a retardation of the onset and a lowering of
the subsequent rate of anthocyanin efflux but stimulates
ethylene production in these same petals. Exposure of pet-
als to one hour of anaerobiosis also results in the retarda-
tion of anthocyanin efflux while stimulating ethylene pro-
duction. When petals are cut into basal and apical halves,
the initiation of ethylene production in the basal halves is
found to precede the onset of anthocyanin efflux by at least
60 min. These results indicate that ethylene production is
not dependent on the loss of vacuolar integrity.

When senescing petals are incubated on L-methionine-U-
14C, radioactivity.is found associated with S-methylmethio-
nine, methionine, C02, protein and ethylene. During the
course of senescence, there is a large increase in the
radiocactivity associated with methionine. A substantial
portion of this increase in methionine arises from protein
degradation. S-Methylmethionine appears to be a storage

form of methionine and is not directly involved in ethylene

biosynthesis.
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Application of 1-aminocyclopropane-1-carboxylic acid
(ACC) to all parts of the flower results in a stimulation of
ethylene production. The stimulation of ethylene production
by ACC is inhibited by n-propyl gallate but is not inhibited
by aminoethoxyvinylglycine (AVG). Analysis of the endogen-
ous content of ACC shows that the level of this compound
correlates with the rate of endogenous ethylene production
in these petals. Factors which enhance or diminish the rate
of endogenous ethylene production exert a corresponding
effect on the level of this compound. There is close agree-
ment in the specific radioactivities of ethylene and ACC in
petals which have been incubated on L-methionine-U-'%C.

These results indicate that ACC is the immediate precursor

of ethylene in petals of Tradescantia.
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GENERAL INTRODUCTION

The term senescence, as used in these studies, has been
defined as ''the final phase in ontogeny of the organ in
which a series of normally irreversible events is initiated
that leads to cellular breakdown and death of the organ"
(Sacher, 1973). Early studies concerning plant senescence
focussed primarily on the degenerative aspects of senes-
cence. It was noted that massive losses of both RNA and
protein accompanied the loss of cellular function during
senescence, an observation which indicated to the early
investigators (see Varner, 1961) that the whole process of
senescence in plants consisted essentially of a loss of
cellular function. This conclusion was in agreement with
the observed nature of mammalian senescence, a fact which
facilitated its general acceptance.

With the advent of the use of radioisotopes as metabol-
ic tracers in biological studies came a reappraisal of many
heretofore accepted dogmas of biological science. Through
the use of these tracers, it was demonstrated that all bio-
logical materials were in a state of continued synthesis and
degradation and that the steady-state level of a given
molecule represented a balance between these two processes.
Thus, the concept of turnover was born. Application of

radioisotope techniques to the study of plant senescence

1
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showed that, against a background of degradation, active
synthesis of both nucleic acids and proteins continued
throughout the senescence process. In addition, application
of metabolic poisons, known to interfere with both RNA and
protein synthesis, were found to be effective in arresting
the senescence process. Thus, not only did synthesis occur
during senescence, it was apparently a prerequisite for the
process itself.

The acceptance of these observations on plant senes-
cence gave rise to a new way of viewing the overall process
of senescence. From this new perspective, plant senescence
was seen as an active, highly-controlled aspect of the over-
all development of the organism or tissue and, as such, se-
nescence became a fruitful area for the exploration of the

metabolic control of development.

Leaf Senescence

The initial and most dramatic aspects of leaf senes-
cence occur within the chloroplast and result in a massive
reduction of the photosynthetic capacity of the leaf (Wood
and Cruickshank, 1944). The underlying biochemical altera-
tions which contribute to the loss of chloroplast integrity
and function include: Loss of chlorophyll, which leads to
the unmasking of secondary pigments (leaf yellowing), loss
of grana and loss of chloroplast membrane lipids (Thimann,
1978b). Interestingly, it has been shown that the loss of
chloroplast integrity results from events occurring outside

of the organelle itself. Retardation of leaf yellowing by



inhibitors of cytoplasmic protein synthesis (Martin and
Thimann, 1972) as well as by enucleation (Yoshida, 1961) all
suggest that the chloroplast plays a passive role during
leaf senescence. Further support for this hypothesis can be
derived from the fact that isolated chloroplasts lose both
chlorophyll and protein at a much reduced rate when compared
to chloroplasts in situ (Choe and Thimann, 1975).

In addition, leaf senescence is associated with reduc-
tions in respiration, although a transient increase may
occur as senescence proceeds (Woolhouse, 1967). 1In excised
leaf tissue, the increase in respiration can be partially
explained by an increase in substrate concentration and by a
partial uncoupling of respiration from ATP synthesis (Tetly
and Thimann, 1974). However, respiration in leaves which
are allowed to senesce on the plant is sensitive to uncou-
pling agents and leaves retain the capacity to incorporate
inorganic phosphate into ATP (see Biale, 1975).

Loss of protein and RNA are also conspicuous features
of leaf senescence (see Thimann, 1978a). In excised leaves
this hydrolysis is accompanied by an accumulation of amino
acids. However, no such accumulation occurs in leaves al-
lowed to senesce on the plant (Thimann et al., 1974). The
loss of both protein and RNA is associated with an increase
in their respective hydrolases presumably due to de-novo
synthesis (Balz, 1966). DNA has also been shown to decline
during leaf senescence but this appears to be a relatively

late event and of minor magnitude (see Thimann, 1978a).
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Degradation of the intracellular membrane systems and
the resulting loss of compartmentation also occurs during
leaf senescence. Loss of vacuolar integrity (as judged by
anthocyanin efflux) occurs during senescence of Rhoeo leaf
tissue and this loss was shown to precede the onset of res-
piratory changes (Sacher, 1959). Ultrastructural observa-
tions have confirmed that disorganization of the tonoplast
is a characteristic attribute of senescence in leaf tissue
(Butler and Simon, 1971). Lastly, the ability of calcium
salts to delay leaf senescence indicates that loss of mem-
brane integrity is a key event in the overall process of
senescence in leaves (Poovaiah and Leopold, 1973).

A major obstacle in arriving at a unified scheme of
leaf senescence has been the use of excised leaf tissue.
While excision hastens the process of senescence and thereby
facilitates its study, the comparative value of such studies
is questionable. Ultrastructural observations have shown
that the sequence of cytological changes occurring during
leaf senescence is not identical in excised and non-excised

leaf tissue (Colquhoun et al., 1975).

Fruit Senescence

Fruit senescence (or ripening) is a multifaceted pro-
cess which has received a great deal of attention because of
its commercial importance. Fruits have been classified as
either climacteric or nonclimacteric based on the pattern of
respiration exhibited during senescence (Biale, 1960). This
discussion will focus on the ripening behavior of climacteric

fruits.



The most dramatic and well-studied aspect of fruit ri-
pening is the large upsurge in Co, evolution or 02 consump-
tion that occurs during the so-called climacteric period.
Initial attempts to explain this surge invoked uncoupling as
the biochemical basis for the increase in respiration. How-
ever, it has been shown that incorporation of 32P into high-
energy compounds was highest during the climacteric (Young
and Biale, 1967). Furthermore dinitrophenol, a respiratory
uncoupler, has been found to inhisit the subsequent ripening
of tomato fruit (Marks et al., 1957). Further studies have
shown that cycloheximide, if administered prior to the cli-
macteric period, would greatly inhibit the subsequent ripen-
ing processes with little effect on the climacteric process
itself (Frenkel et al., 1968). This observation indicated
that the capacity for the climacteric rise in respiration
was already present within the tissue, and the results of
more recent investigations (Theologis and Laties, 1978) con-
firm this hypothesis.

Fruit ripening is also characterized by changes in both
the texture (firmness) and pigmentation of the fruit. Soft-
ening is associated with alterations in pectic substances
and possibly cellulosic materials as well. Attainment of
the characteristic color of the ripe fruit is usually accom-
panied by loss of chlorophyll with increases in secondary
pigments. Ultrastructural observations have shown that the
alterations in pigmentation are accompanied by conversion of

chloroplasts to chromoplasts (Butler and Simon, 1971).



Also attending fruit ripening are gross changes in
tissue permeability. Although the exact timing of these
changes is not well established, it is clear that the tissue
has lost much of its semi-permeable nature by the onset of
the climacteric peak (Hansen, 1966; Sacher, 1967). While
the changes in permeability are well documented, the under-
lying biochemical basis for these changes has received
little attention.

Unlike leaf senescence, fruit ripening is accompanied
by very small changes in the total levels of both RNA and
protein. Some tissues, such as apple, actually show an in-
crease in protein content during ripening (Hulme et al.,
1948). Studies with radioactive precursors have shown that
both RNA and protein synthesis occur throughout fruit ripen-
ing and that a transient increase in the synthesis of both
RNA and protein may occur prior to the climacteric period
(Richmond and Biale, 1969). 1In spite of the near-constant
levels of protein found throughout ripening, electrophoretic
studies have shown that there are marked changes in the
nature of the endogenous proteins during ripening (Clements,
1970) . Indeed, the activities of many enzymes are altered
during the course of ripening with marked increases in many
types of hydrolytic activities (see Dilley, 1970). In some
cases, there is a good correlation between the onset of in-
creased hydrolytic activity and the decline in substrate
content. However, such correlations are not always evident.
For example, RNase activity in ripening apples has been

shown to increase at the same time when the level of total



RNA is increasing. The physiological importance of the
increases in the various enzyme activities is indicated by
the effectiveness of various RNA and protein synthesis inhi-
bitors in arresting the ripening process (Frenkel et al.,
1968). Application of cycloheximide prior to the climacter-
ic period completely arrests many processes of ripening
(Frenkel et al., 1968). Thus, fruit ripening, like leaf
senescence, is an active, highly-controlled phase of plant

development.

Floral Senescence

Senescence or fading of flowers is a composite phenome-
non that includes not only the senescence of the perianth
but also the growth of the gynoecium. Early work with or-
chid flowers (see Burg and Dijkman, 1967) demonstrated that
pollination led to a rapid fading of the perianth as well as
to an enlargement of the gynoecium. Later it was discovered
that an extract of pollen could produce similar symptoms
demonstrating that pollination rather than fertilization was
the key event. Subsequent investigations (Hall and Forsyth,
1967) showed that auxin was the active principle in ﬁollen ‘
which induced these changes. As studies shifted their focus
from pollination to the actual senescence of the flowers,
greater attention was given to changes occurring within the
perianth during fading.

A notable aspect of flower fading is the wilting of the
perianth. Examination of the petals showed that wilting was

accompanied by liquid logging of the intercellular air spaces



which gave the petals a translucent appearance (Horie,
1961). Studies with carnations (Nichols, 1968; Mayak et

al., 1977), rib segments of Ipomoea tricolor flowers (Hanson

and Kende, 1975) and Tradescantia (Suttle and Kende, 1978)

showed that enhanced efflux of cellular constituents was a
characteristic process during petal senescence.

Isolated petals exhibited much the same pattern of res-
piration during senescence as senescing leaves did (Coorts,
1973) . Respiration in petals was at a peak during flower
opening and declined subsequently (Biale, 1975). As petals
began to show visible signs of deterioration, a transient
increase in respiration was noted (Beyer and Sundin, 1978).

A large decline in DNA,. RNA and total protein levels
was found to occur during petal senescence (Matile and
Winkenbach, 1971). 1In corollas of Digitalis, loss of pro-
tein was more extensive and preceded the loss of RNA during
senescence (Stead and Moore, 1977). On the other hand, the
reverse situation was found to occur in senescing corollas
of Ipomoea (Matile and Winkenbach, 1971).

As in senescing leaves and fruits, the activities of
several hydrolases were shown to increase during petal sen-
escence in Ipomoea (Matile and Winkenbach, 1971). The
activities (on a per corolla basis) of DNase, RNase, gluco-
sidase and phosphatase were found to increase in senescing
petals of Ipomoea. The activity of proteases was found to
decline during this same period. In addition, both actino-
mycin D and cycloheximide were found to inhibit the increase

in these activities (Matile and Winkenbach, 1971).



Studies on the fate of the newly formed hydrolysis pro-
ducts produced during senescence showed that these sub-
stances were actively translocated via the phloem to both
the enlarging gynoecium and to the parent plant (Nichols and
Ho, 1975). That this recovery is of survival value to the
parent plant was indicated by the fact that excision of
flowers from Ipomoea plants led to a reduction in the total
number of flowers formed by the plant (Wiemken-Gehring et
al., 1973).

Loss of Membrane Integrity and Its Significance During

Senescence

The frequency of reports demonstrating enhanced leakage
of cellular solutes during senescence has left no doubt that
this leakage is a normal aspect of senescence of plant tis-
sues. However, the origin of this increased leakage has
been interpreted in at least two ways. Most investigators
have felt that the increased efflux results from increased
membrane permeability (Sacher, 1973). However, Burg et al.
(1964) have pointed out that the increase in solute efflux
could have arisen from tissue damage that occurs as a result
of the hypotonicity of the bathing medium used in these
studies (water), or through concentration-dependent diffu-
sion, owing to an increase in the tissue content of the
solutes whose efflux is being measured. Subsequent studies
with banana tissue have demonstrated that the increased
efflux has not been appreciably affected by the inclusion of

up to 0.6 M mannitol in the bathing medium (Brady et al.,
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1970). Further, it has been shown that cellular constitu-
ents whose internal concentration remains constant during
senescence also exhibit an increased rate of efflux during
senescence (Sacher, 1966). In addition, studies with excis-
ed petal tissues have shown that the efflux of preloaded
solutes and vacuolar pigments whose content remains constant
also increases during senescence (Hanson and Kende, 1975;
Suttle and Kende, 1978). Thus, it appears that the increas-
ed leakage of solutes observed during senescence results
from an increase in membrane permeability.

While the increase in membrane permeability has gained
general acceptance, the underlying mechanism which results
in the increased permeability is not completely understood.
Studies on membrane behavior in model systems have shown
that membrane permeability can be affected by at least two
different mechanisms. It has been shown that changes in the
saturation index of the fatty-acid groups of the membrane
lipids can affect membrane permeability properties, presum-
ably through changes in the fluidity of the membrane (Blok
et al., 1975). A second, somewhat more fundamental mechan-
ism affecting membrane permeability is the loss of membrane
lipids which eventually destabilizes the bilayer configura-
tion of the membrane and thus affects its permeability
properties (Simon, 1974).

Examination of the profiles of esterified fatty acids
during senescence, with the exception of senescing leaf
tissue, has failed to show any significant alteration in the

relative amounts of saturated and unsaturated fatty acids.
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In senescing leaves, the degree of unsaturation of membrane
lipids has been shown to decline, primarily as a result of
the loss of linolenic acid (Draper, 1969). Since linolenic
acid is found primarily in the chloroplast membranes, its
loss probably reflects the loss of chloroplast function
rather than the loss of membrane semi-permeability (Mazliak,
1977). On the other hand, large declines in the phospholip-
id content of both senescing leaf and petal tissues have
been shown to occur (Ferguson and Simon, 1973; Beutelmann
and Kende, 1977). Comparative studies have demonstrated
that the loss of phospholipids roughly accompanies the in-
crease in membrane permeability. Thus, it appears that the
loss of membrane function (semi-permeability) dﬁring senes-
cence results primarily from the degradation of membrane
lipids. Very little information is available concerning the
enzymatic basis for the loss of these lipids from senescing
tissues.

The next question concerns the physiological signifi-
cance of the loss of membrane integrity. Metabolic studies
have demonstréted that various cellular metabolites and
enzymes are not homogeneously dispersed within the cell but.
rather that they are selectively enriched in one or more
subcellular organelles. This spatial separtion is of prime
importance to the cell because of the fact that many mole-
cules have multiple fates and because many seemingly oppos-
ing reactions (such as protein synthesis and breakdown)
occur simultaneously. Thus, the integrated functioning of a

cell requires that this spatial separation be maintained.
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Therefore, the increase in membrane permeability, which
leads to a loss of compartmentation, will certainly result
in a modified metabolic pattern which, in turn, could affect
the physiological state of the tissue.

Early investigators were quick to grasp this fact and
use it to explain many phenomena. In particular, the onset
of the respiratory climacteric in fruits has been attributed
to the loss of "organizational resistance'" or compartmenta-
tion (Blackman and Parija, 1928). This notion has been ex-
panded by Sacher (1962, 1973) who has demonstrated that
increases in membrane permeability accompany the onset of
the respiratory climacteric. Because of this, Sacher has
suggested that the increase in permeability is causally
related to the respiratory climacteric. However, further
studies (Brady et al., 1970) have shown that in some in-
stances, the two phenomena can be dissociated and therefore
are not related in a cause-and-effect manner.

Similarly, loss of compartmentation has been used to
explain the surge in ethylene production in senescing flower
tissue (Hanson and Kende, 1976). In support of this hypo-
thesis it has been shown that the onset of ethylene produc-
tion in senescing floral tissue coincides with the onset of
rolling up of the tissue, a phenomenon, at least initially,
driven by permeability-related turgor changes (Hanson and
Kende, 1976). Since floating Morning Glory flower tissue
produces little ethylene, no direct comparison between loss
of compartmentation and ethylene synthesis could be made.

Therefore, the vaiidity of this hypothesis remains to be
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proven. Along these lines, it has been shown that the onset
of ethylene evolution in senescing petals of Dianthus pre-
cedes the increase in membrane permeability (Mayak et al.,
1977).

The aforementioned increased leakage of anthocyanin
pigments during both leaf and petal senescence indicates
that loss of vacuolar integrity occurs during senescence.
In the past, the vacuole has been considered as a refuse
deposit for metabolic end products. However, with the ad-
vent of specific cytological stains and the introduction of
vacuole isolation techniques, it has become clear that many
hydrolytic activities are localized in the vacuole (Matile,
1975; Nishimura and Beevers, 1978; Boller and Kende, 1979).
Because of these findings, the vacuole has been proposed as
the plant's equivalent to the animal lysosome (Matile,
1975). 1If this hypothesis holds true for senescing tissues,
then the loss of tonoplast integrity gains new importance
since it would result in the release of a variety of hydro-
lases which, in turn, would initiate the numerous degrada-
tive changes associated with senescence. This conclusion
must remain tentative as the isolation of vacuoles from
senescing tissues has never been reported. In addition, it
would be necessary to demonstrate that those hydrolases
whose activities increase during senescence originate from

the wvacuole.
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The Action of Ethylene During Senescence

The senescence-promoting effects of ethylene were first
described nearly a century ago by investigators concerned
with the toxic effects of illuminating gas on plants (see
Abeles, 1973). However, a role for endogenously produced
ethylene as a natural regulator of plant senescence was not
established until the introduction of gas chromatographic
techniques which allowed for the accurate determination of
the small amounts of ethylene normally produced by plants
during senescence. Since that time it has become clear that
endogenously produced ethylene is a major regulator of
senescence in plant tissues.

The exact role of ethylene in senescence has been the
subject of an intense debate. Some investigators feel that
ethylene is the actual trigger which initiates the entire
process of senescence (Burg and Burg, 1968). Support for
this hypothesis is derived mainly from the effects of hypo-
baric treatments on the ripening processes in fruit (Burg
and Burg, 1965). Other investigators feel that ethylene
synthesis is a result of earlier processes of senescence and
that it serves to co-ordinate the final aspects of senes-
cence (Hanson and Kende, 1976). Support for this hypothesis
comes from the fact that plant tissues become increasingly
more sensitive to applied ethylene as they age, with the
youngest tissues often not responding at all (Hanson and
Kende, 1976; Suttle and Kende, 1978). In addition, it has
been shown (Hanson and Kende, 1976; Suttle and Kende, 1978)

that apﬁlication of inhibitors of ethylene biosynthesis,
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such as aminoethoxyvinylglycine (AVG), nearly abolishes
endogenous ethylene production without abolishing other
physiological events associated with senescence. Regardless
of its exact role, there is general agreement that ethylene
is a principal, if not the principal, regulator of senes-
cence in most plant tissues.

While not yet understood, the primary action of ethy-
lene has been the focus of some very innovative research.
Because of its unique chemical structure, ethylene has two
inherent properties which have served as the basis for
attempts at explaining its primary action: a) Like other
plant hormones, ethylene is soluble in both water and
lipids, and b) ethylene is an active ligand which readily
forms co-ordination complexes with many metals.

Because of its high degree of lipid solubility, some
researchers have felt that the primary action of ethylene is
to alter the permeability properties of biological membranes.
This effect of ethylene would be similar to the proposed
mode of action of a variety of general anesthetics employed
in medicine (Miller, 1975). Using isolated plant mitochon-
dria,.it has been shown that ethylene, at concentrations
exceeding the saturation levels for biological activity in
plants (> 10 ppm), caused reversible swelling of this organ-
elle (Lyons and Pratt, 1964). The problems associated with
this hypothesis are threefold: a) The very high concentra-
tions of ethylene required to elicit the response, b) the
fact that ethylene analogs such as vinyl fluoride, which

exhibit biological activity, are not soluble in lipids, and
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c) the fact that application of ethylene to many plant
tissues has no effect on the permeability properties of
these tissues (Burg, 1968).

A second hypothesis concerning the primary action of
ethylene contends that its biological activity is mediated
through its binding to a metallic receptor site, presumably
on an enzyme (Burg and Burg, 1967). Studies on ligand bind-
ing in model systems have shown that the attachment of a
ligand to a receptor alters the electronic configuration
surrounding the receptor. Since many enzyme activities are
regulated through conformational changes which result from
both hydrophobic and electrostatic interactions, this model
of ethylene action is indeed reasonable. Additional support
for this hypothesis has been derived from the fact that the
biological activity of several ethylene analogs parallels
their affinities for certain metals (Burg and Burg, 1967).
Recently it has been shown that application of the silver
ion results in complete inhibition of many tissue responses
to ethylene (Beyer, 1976). This tends to support Burg's
contention and suggests that the metallic receptor might be
the cuprous ion (Beyer, 1976).

Regardless of the nature of the initial action of ethy-
lene, it has been shown that the activity of ethylene is
probably accompanied by its metabolism (Beyer, 1975; Beyer
and Sundin, 1978). This metabolism results in both the for-
mation of carbon dioxide and in the incorporation of some
part of the ethylene molecule into an unknown compound

(Giaquinta and Beyer, 1977). Although the exact details of
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this metabolism are not clear, the metabolism of ethylene is
tied to its biological activity as immature tissues and
tissues treated with silver or C02 neither respond to ethy-
lene nor metabolize it to the same extent as do control
tissues (Beyer, 1979).

The action of ethylene requires continued protein and
in some cases RNA synthesis (see Abeles, 1973). It is a
common observation that the action of ethylene is inhibited
by cycloheximide and this observation has prompted the sug-
gestion that ethylene action is mediated by protein synthe-
sis. Application of ethylene has been shown to stimulate
the incorporation of precursors into both RNA and protein in
abscission zones (Abeles, 1968) and in senescing fruit tis-
sues (Hulme et al., 1971). Application of ethylene to vari-
ous plant tissues has been shown to enhance the activity of
many enzymes (see Abeles, 1973). Since in at least two
instances the enzymes have been shown to be synthesized de
novo (Frenkel et al., 1968; Lewis and Varner, 1970), it is

reasonable to assume that ethylene induces their synthesis.

The Biosynthesis of Ethylene

Plant tissues have been shown to convert the following,
naturally-occurring compounds into ethylene: acrylic acid
(Ghooprasert and Spencer, 1975), linolenic acid (Mapson et
al., 1969) and methionine (Lieberman et al., 1965). This
list is by no means complete. Most of these precursors were
converted to ethylene at low rates, and the degree of meta-

bolic interconversion has usually not been determined. The
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peroxidation of linolenic acid which yields both ethane and
ethylene probably does occur in natural situations involving
stress, such as wounding or pollution damage (Konze and
Elstner, 1978). Through the intensive work of several in-
vestigators, it is now generally believed that ethylene is
derived from carbons 3+4 of methionine in all senescing
tissues (Lieberman, 1979). A major complication in the
study of ethylene biosynthesis has been that in most tissues
the rate of ethylene production is very low. This fact,
coupled with the multiple fates of administered methionine,
has greatly hindered progress in this area.

The conversion of methionine to ethylene has been view-
ed in two ways. One view holds that methionine is directly
converted to ethylene by an oxidative, free radical-mediated
process (Lieberman, 1979). Support for this view comes from
the following observations: a) Methionine is readily con-
verted to ethylene in several in-vitro, free radical systems
(see Lieberman, 1979), and b) compounds known to scavenge
free radicals in-vitro inhibit ethylene production in-vivo
(Baker et al., 19785.

The alternative viewpoint has held that methionine is
first converted to other compounds which, in turn, are con-
verted to ethylene. Based on the inhibitory action of un-
coupling agents and of anaerobiosis, S-adenosylmethionine
(SAM) has been proposed as an intermediate in the conversion
of methionine to ethylene (Burg, 1973). Indirect evidence
for the involvement of SAM in ethylene biosynthesis has been

provided by Adams and Yang (1977) and Konze and Kende (1979).
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Further progress in this field has awaited the revival
and utilization of an old observation concerning the effects
of anaerobiosis on ethylene production. In 1942, Hansen
found that if apple tissue is placed under nitrogen for
several hours (during which time the ethylene production
falls to zero) and then is returned to air, ethylene produc-
tion commences immediately and at a rate several times that
of tissues not kept under nitrogen. This observation promp-
ted the search for an intermediate of ethylene biosynthesis
which accumulates under nitrogen and subsequently disappears
following reintroduction of air. Such a compound, 1-amino-
cyclopropane-1-carboxylic acid (ACC) has been recently iden-
tified (Adams and Yang, 1979).

Subsequent work has shown that ACC is readily converted
to ethylene and that this conversion is inhibited by anaero-
biosis (Adams and Yang, 1979). Additional research has re-
sulted in the isolation of an enzyme which catalyzes the
conversion of SAM to ACC (Boller et al., 1979). Thus, the
biosynthetic pathway of ethylene formation in senescing
tissues is: Methionine » SAM + ACC -+ ethylene.

The initiation of ethylene production during senescence
could occur through the activation of a pre-existing enzyme
system(s) or through de novo synthesis of one or more of the
required enzymes. Studies on the effect of mechanical in-
jury or wounding in plants have demonstrated that most, if
not all, tissues have the capacity to produce ethylene
(Hanson and Kende, 1976; Konze and Elstner, 1978). This

observation, coupled with the temporal coincidence of
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enhanced cellular leakage and increased ethylene production
in senescing flowers, lead Hanson and Kende (1976) to pro-
pose that the onset of ethylene production in senescing
flowers is dependent on the release of one or more required
compounds which occurs as a result of the loss of tonoplast
integrity.

The induction of ethylene production in etiolated pea
stem sections by auxin and in senescing fruit tissues fol-
lowing ethylene pretreatment has been shown to be inhibited
by cycloheximide (Kang et al., 1971; Frenkel et al., 1968).
Furthermore, ethylene production in both peas and apples, in
which ethylene production has been fully induced, is also
sensitive to both RNA and protein synthesis inhibitors
(Lieberman and Kunishi, 1975). These observations indicate
that the enzymatic machinery for ethylene biosynthesis un-
dergoes turnover and further that treatments which stimulate
ethylene production do so through enhanced synthesis of one

or more of the required enzymes.

Scope of This Project

The overall aim of this project was to study the in-
volvement of ethylene in the senescence processes of the

ephemeral flower of Tradescantia. It was hoped that the use

of an ephemeral flower would facilitate the study of the
sequence of events that are associated with senescence by
reducing the time interval between successive stages of the

process. Further, since petals of Tradescantia are heavily

pigmented with vacuolar pigments, the use of these petals
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should permit an assessment of the role of ethylene in the
loss of vacuolar integrity as well as the role of this loss
in the overall process of senescence itself.

Specifically, these investigations were undertaken to

gain insight into the following questions:

1) the role of endogenously produced ethylene as a
regulator of the loss of vacuolar integrity during
senescence

2) the mode of action of ethylene in this process

3) the role of vacuolar integrity in ethylene biosyn-
thesis

4) the characteristics of ethylene biosynthesis in

these petals.



SECTION I

Ethylene and Senescence in Petals of Tradescantia
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INTRODUCTION

Ethylene has been shown to be involved in the regula-
tion of senescence in a variety of plant organs including
fruits and flowers (Abeles, 1973; Burg and Burg, 1965a;
Hanson and Kende, 1975; Morgan et al., 1973; Nichols, 1977).
However, its mode of action in this process is not under-
stood. Hanson and Kende (1975) have shown that ethylene
enhances loss of membrane semipermeability in mature petal

tissue of Ipomoea tricolor. These results are consistent

with the hypothesis that the tonoplast is the first membrane
to be affected in the course of ethylene action (Hanson and
Kende, 1975).

Flowers of Tradescantia are ephemeral and contain del-

phinidin (Mericle and Mericle, 1971), an anthocyanin pigment
which is localized in the vacuole. Preliminary experiments
indicated that isolated senescing petals lose this pigment
to a bathing medium and that exogenous ethylene hastens the
onset and the rate of senescence. Therefore, petals of

Tradescantia should be a very suitable material for studying

the action of ethylene on the integrity of the tonoplast and
the consequences of tonoplast deterioration on the process

of senescence itself.
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MATERIALS AND METHODS

Plant Material

Cloned plants of a hybrid Tradescantia (02 clone; puta-

tive parents T. occindentalis x T. ohiensis; obtained from

Dr. L. Mericle, Dept. of Botany and Plant Pathology, M.S.U.)
were planted in plastic pots in a 1:1:1 (v/v) mixture of
potting soil, sand and perlite. The plants were watered
twice daily and maintained under a daily regime of 16 h
light, 24°C and 8 h dark, 20°C. The light intensity at
plant height was 4 to 6 x 10% ergs em™2 sec™! and the rela-
tive humidity was maintained between 60 and 70%. Throughout
this paper, the following terminology will be used when re-
ferring to the plant material: day -2: flowers or flower
parts isolated two days prior to flower opening; day -1;
flowers or flower parts isolated one day prior to flower

opening; and day 0: flowers or flower parts isolated on the

day of opening.

Experiments with Intact Flowers

For the determination of ethylene synthesis in whole

Tradescantia flowers, single flowers were excised from the

plants early in the morning of day 0, and placed with their
cut stems into 7 x 15 mm nitro-cellulose tubes containing

distilled water. Each tube was inserted into a perforated
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foam stopper which was placed into a 50-ml plastic syringe.
The plunger of the syringe was adjusted to give an air space
of 30 ml, and the syringe was sealed with a serum-vial cap.
The progress of flower fading was viewed through the plastic
walls of the sealed syringes. In order to study the effect
of an exposure of flowers to ethylene, batches of flowers
were gassed simultaneously with 10 ul/1l ethylene for 90 min
in a 50-ml stoppered plastic syringe. Upon completion of
this treatment, the flowers were removed and placed into in-
dividual 50-ml syringes as described above. The length of
time from sealing this syringe until the flowers had com-

pletely closed was noted.

Ethylene Production by Isolated Floral Tissue

Flowers were excised from the plant early on day O and
were dissected into: (i) sepals, (ii) petals, and (iii) the
remaining organs (i.e. stamens, gynoecium and receptacle).
The respective parts from 3 flowers were placed into a 25-ml
Erlenmeyer flask containing 5 ml of 17 agar as support. The
flasks were sealed, and ethylene determinations were made

throughout the day.

Isolated Petals

Petals were isolated either from buds on day -1 or from
flowers on day 0. The petals were floated on 5 ml of glass-
distilled water or solutions of the aminoethoxy-analog of
rhizobitoxine in 50-ml Erlenmeyer flasks with side-arms;

each flask was sealed with a serum-vial cap and was fitted
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with a conical cuvette attached with a 2.5-cm rubber tubing
to the side arm. This assembly allowed continuous measure-
ment of both ethylene concentration and the absorbance of

the bathing solution.

Determination of Pigment Efflux and Ethylene Production

Anthocyanin efflux was monitored in the sealed system
by tipping the flask such that a portion of the bathing
medium was introduced into the conical cuvette, thereby
allowing the measurement of the absorbance of the bathing
medium at 575 nm, using a Coleman Junior Colorimeter
(Coleman Instruments, Oak Brook, Ill.). Ethylene production
was measured by withdrawing a 1.0-ml gas sample from the
headspace in the incubation flask and injecting it into a
gas-chromatograph as described previously in studies with
Ipomoea flower tissue (Kende and Hanson, 1976). Each sample

removed was replaced with 1.0 ml of ethylene-free air.

Electrolyte Leakage

Petals were isolated on the appropriate day early in
the morning and were floated on glass-distilled water for
one hour. They were then placed on 8.0 ml glass-distilled
water in 50-ml flasks; the flasks were sealed with serum-
vial caps. Ethylene was injected into half of the flasks to
give a final concentration of 10 ul/1l, and at the appropri-
ate times 5.0 ml of bathing solution was removed and the
conductance measured with a Markson Electro Mark Analyzer
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