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Polyamines Promote the Biosynthesis of Ethylene in Detached Rice Leaves
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The effects of polyamines (putrescine, spermidine, spermine and diaminopropane) on the pro-
duction of ethylene in detached rice leaves were investigated. Polyamines effectively promoted
the production of ethylene in detached rice leaves under both light and dark conditions.
Putrescine stimulated the production of ethylene within 4 hours of its application, a result sug-
gests that putrescine enhances the production of ethylene directly. Putrescine also stimulated the
production of ethylene in detached leaves that had been aged for 2 and 4 days. The stimulatory
effect of putrescine resulted from the enhancement of the synthesis of 1-aminocyclopropane-l-
carboxylic acid (ACC) and the conversion of ACC to ethylene. • The activity of S-adenosylmethio-
nine decarboxylase in segments of rice leaves was inhibited by the application of putrescine.
Thus, the enhancement of the synthesis of ACC by putrescine seems to be mediated by increases
in the activity of ACC synthase and in the level of the substrate (S-adenosylmethionine) for ACC
synthase.
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In a recent review, Evans and Malmberg (1989) cited
several studies that demonstrated that polyamines inhibit
both the production of ethylene and senescence. The
mechanism of retardation of leaf senescence by exogenous
polyamines has been proposed to be related to their inhibi-
tion of the biosynthesis of ethylene (Fuhrer et al. 1982,
Shih et al. 1982). We also found some time ago that poly-
amines retard the senescence of detached rice leaves (Cheng
and Kao 1983). In order to understand whether the mech-
anism of the retardation of senescence of detached rice
leaves by polyamines is related to the inhibition of the bio-
synthesis of ethylene by these compounds, we studied the
effects of polyamines, specifically putrescine, on the biosyn-
thesis of ethylene. Unexpectedly, we found that poly-
amines stimulated the production of ethylene via enhance-
ment of the synthesis of ACC and the conversion of ACC
to ethylene.

Materials and Methods

Seedlings of rice (Oryza sativa cv. Taichung Native 1)

Abbreviations: ACC, 1-aminocyclopropane-l-carboxylic
acid; Dap, diaminopropane; Put, putrescine; SAM, S-adenosyl-
methionine; SAMDC, S-adenosylmethionine decarboxylase; Spd,
spermidine; Spm, spermine.

were grown in hydroponic culture as described previously
(Chen et al. 1990). The apical 3 cm of the third leaves of
12-day-old seedlings were used for the experiments. Ten
segments of rice leaves, weighing about 45 mg, were floated
on 10 ml of test solution in a Petri dish. All samples were
kept at 27°C in the dark.

After various periods of incubation, the leaf samples
were transferred to a 14-ml test tube. The tubes were seal-
ed with serum caps. After 1 h of incubation at 27°C in the
dark, a 1-ml gas sample was withdrawn from the headspace
of each test tube. Ethylene was assayed with a gas chroma-
tograph equipped with an alumina column and a flame
ionization detector. Absolute levels of ethylene varied
among experiments because of seasonal effects. However,
the patterns of responses to polyamines were reproducible.

ACC was extracted and quantitated as described previ-
ously (Kao and Yang 1982).

For the assay of SAMDC activity, leaf segments were
homogenized in 25 mM sodium phosphate (pH7.5) that
contained 0.1 mM dithiothreitol, 1 mM pyridoxal-5-phos-
phate and 20 mM Na-EDTA, and centrifuged at 17,000 x g
for 20 min at 4°C. The supernatant was used for the assay
of enzymatic activity, which involved measuring the evolu-
tion of I4CO2 from SAM-['4C]carboxyl (55mCimmor ' ,
Amersham), as described by Kaur-Sawhney et al. (1982).
Protein content was measured by the method of Lowry et
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al. (1951).
All experiments were repeated at least three times.

Similar results and identical trends were obtained on each
occasion. The data reported here are all from a single ex-
periment.

Results

The effects of the concentration of Dap, Put, Spd and
Spm on the production of ethylene in detached rice leaves
in darkness are presented in Fig. 1. Dap, Put, Spd and
Spm each significantly promoted the production of ethy-
lene in detached rice leaves. Increasing concentrations of
Spd or Spm from 1 to 10 mM progressively enhanced the
production of ethylene by detached rice leaves. However,
Dap, a product of the oxidation of naturally occurring
polyamines, and Put at 5 mM caused maximum rates of pro-
duction of ethylene, and no further increase in rates of pro-
duction could be detected when this concentration was in-
creased to 10 mM. The ability of Dap, Put, Spd and Spm
to stimulate the production of ethylene was also observed
under light conditions (data not shown). Since all poly-
amines tested were effective in stimulating the production
of ethylene in detached rice leaves, Put was chosen for fur-
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Fig. 1 Relationship between concentration of diaminopropane
(Dap), putrescine (Put), spermidine (Spd) and spermine (Spm)
and the production of ethylene in segments of rice leaves. The
production of ethylene was assayed after 6 h of incubation in
darkness. Bars indicate standard errors.

ther detailed studies on the effects of polyamine on the pro-
duction of ethylene.

Figure 2 shows the changes with time in rates of the
production of ethylene in detached rice leaves treated with
10 mM Put. Promotion of the production of ethylene by
Put was detected at 4 h after the start of incubation in the
dark. Increased duration of treatment with Put increased
the production of ethylene by detached rice leaves. Incuba-
tion periods longer than 8 h did not result in higher rates of
production of ethylene.

The rate of production of ethylene is generally controll-
ed by the level of ACC, the immediate precursor of
ethylene (Yang and Hoffman 1984). The effects of Put on
the level of ACC were examined and the results are shown
in Figure 2. In control leaves, levels of ACC increased
slightly within 8 and 12 h of the start of the incubation.
Treatment with Put resulted in higher levels of ACC than
those in the controls at 8 and 12 h after incubation. These
results suggest that an enhanced rate of production of
ethylene in Put-treated segments of rice leaves is regulated
by the promotion of the synthesis of ACC. Since no in-
crease in the level of ACC but an increase in production of
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Fig. 2 Changes with time in rates of production of ethylene (up-
per) and levels of ACC (lower) in segments of rice leaves treated
with Put. Segments were treated with either water or 10 mM
Put in darkness. Production of ethylene and levels of ACC were
quantitated at the times indicated.
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ethylene was observed after 4 h of incubation in the Put,
the possibility that the conversion of ACC to ethylene is
promoted by Put cannot be ruled out. This possibility was
tested by measuring the production of ethylene in the pres-
ence of a saturating concentration of ACC (10 mM). As in-
dicated in Figure 3, the conversion of ACC to ethylene was
promoted by Put during a 12-h incubation.

Both ethylene and polyamines share SAM as a com-
mon precursor (Miyazaki and Yang 1987). The observed
increase in levels of ACC induced by Put can be explained
by an increase in the activity of ACC synthase, by an in-
crease in the level of the substrate (SAM) for ACC syn-
thase, or by both mechanisms. For reasons not yet
understood, the activity of ACC synthase in homogenates
of segments of rice leaves is undetectable, as is also the case
for ACC synthase from internodes of deep-water rice
plants (Metraux and Kende 1984). If the increase in the
level of ACC indeed by Put is mediated by an increase in
levels of SAM, then the activity of SAMDC in rice leaves
would be expected to be inhibited by treatment with Put.
As indicated in Figure 4, such inhibition does indeed oc-
cur. The difference in levels of ACC, 12 h after the start of
incubation, between the control and Put-treated samples
was large but that between the activities of SAMDC in con-
trol and Put-treated samples was rather small (Figs. 2 and
4). Thus, the possibility that the activity of ACC synthase
was increased by Put cannot be ruled out.

To study the effects of aging, segments of rice leaves
were incubated in water in darkness for 2 or 4 days before
the application of Put. Segments of leaves aged for 2 or 4
days all demonstrated the Put-induced production of
ethylene (Fig. 5). However, detached rice leaves aged for
4 days were less responsive to Put in terms of the produc-
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Fig. 3 Effects of Put on the conversion of ACC to ethylene.
Segments of rice leaves were pretreated with a saturating concen-
tration of ACC (10 mM) for 2 h and then treated with either water
or 10 mM Put in darkness. Rates of production of ethylene were
determined at the times indicated. Bars indicate standard errors.
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Fig. 4 Effects of Put on the activity of SAMDC in segments of
rice leaves. Segments were treated with water or with 10 mM
Put in darkness. The activity of SAMDC was assayed at the
times indicated. Bars indicate standard errors.

tion of ethylene. Untreated segments of leaves produced
low levels of ethylene regardless of the duration of aging.

The increase in rates of production of ethylene in
segments of rice leaves is not specific for the rice cultivar
used in this study. The production of ethylene was also
promoted by Put in detached leaves of five other cultivars
of rice (Fig. 6).

Since tobacco leaf discs were employed by Apelbaum
et al. (1981) in their studies of the effects of polyamines on
the ACC-induced production of ethylene, we also exam-
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Fig. 5 Effects of aging on the Put-induced production of
ethylene in segments of rice leaves. Segments were aged for 2
and 4 days in water and then treated with either water or 10 mM
Put in darkness. The production of ethylene was assayed 6 h
after the initiation of treatment. Bars indicate standard errors.
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Fig. 6 Put-induced production of ethylene in segments of leaves
from 6 rice cultivars. Cultivars in the upper panel are Indica
varieties, whereas those in the lower panel are Japonica varieties.
TNI, Taichung Native 1; TS10, Taichung Sen 10; TS1, Tai Sen 1;
TN67, Tainung 67; NR8, Norin 8; TCI89, Taichung 189.
Segments of leaves were treated with either water (open columns)
or 10 mM Put (shaded columns) in darkness. The production of
ethylene was assayed 12 h after treatment. Bars indicate standard
errors.

ined whether or not the conversion of ACC to ethylene is
stimulated by polyamines in tobacco leaf discs. In con-
trast to the results obtained with detached rice leaves, poly-
amines significantly inhibited the conversion of ACC to
ethylene in tobacco leaf discs (data not shown). Our
results in this respect agree with those of Apelbaum et al.
(1981) and indicate that the effects of polyamines on the
production of ethylene in detached rice leaves differ from
those in tobacco leaf discs.

Discussion

Polyamines have been reported to inhibit the produc-
tion of ethylene in a number of plant tissues, including
fruits, leaves, petals, and hypocotyls (Apelbaum 1981,
Fuhrer et al. 1982, Ke and Romani 1988, Suttle 1981). In
some instances, polyamines have been shown to have no de-
tectable effect on the production of ethylene (Downs and
Lovell 1986, Kramer and Wang 1990). Unexpectedly, we
found that polyamines stimulate the production of

ethylene in detached rice leaves under both light and dark
conditions. The effects of polyamines on the promotion of
the production of ethylene are unlikely to be specific for the
particular rice cultivar used in this study, since polyamines
also promoted the production of ethylene in detached
leaves of five other cultivars of rice. The effects of poly-
amines on the production of ethylene seem to be complex.
At present, it is impossible to propose a general explana-
tion for the stimulation by polyamines of the production of
ethylene in rice leaf tissues and the inhibition in other
tissues and leaf tissues of other species. Since polyamines
have been found to inhibit the production of ethylene in
leaf tissues of oat, bean and tobacco (Apelbaum et al.
1981, Fuhrer et al. 1982), it is unlikely that polyamines
stimulate the production of ethylene in monocots predomi-
nantly. Using internodes of submerged deep-water rice
plants, Cohen and Kende (1986) found that enhanced rates
of biosynthesis of ethylene and polyamines occurred in
parallel, and one process did not inhibit the other. Their
results seem to be consistent with ours.

One of the main questions in all hormone research is
whether or not a particular hormone acts directly or in-
directly on the process under examination. Although poly-
amines are regarded as members of a more loosely defined
category, namely, that of plant growth regulators, rather
than being considered to be actual hormone (Evans and
Malmberg 1989), it is also of interest to determine whether
they act directly or indirectly on the production of
ethylene. This question was examined in the present study
by following the time course of the effect of Put. Results
from the present study clearly showed that Put induced a
significant increase in the production of ethylene shortly
(within 4 h) after application. This observation suggests
that Put stimulates the biosynthesis of ethylene directly.
Since polyamines and ethylene have opposite effects on the
senescence of detached rice leaves (Cheng and Kao 1983,
Kao and Yang 1983), the polyamine-enhanced production
of ethylene in detached rice leaves is unlikely to be me-
diated via mechanism associated with senescence. The
finding that polyamines stimulate the production of
ethylene suggests that the mechanism of retardation of se-
nescence of detached rice leaves by polyamines does not in-
volve the response to ehtylene.

Why is the extent of the stimulatory effect of poly-
amines on the production of ethylene quite small, usually
less than two-fold? One possibility is that polyamines are
not readily transported in rice leaf cells, as we reported pre-
viously (Cheng and Kao 1983). It should be noted that,
in the present study, segments of unpeeled leaves were
used.

The present investigation demonstrated that the in-
creased production of ethylene in Put-treated leaves is
regulated via promotion of the synthesis of ACC and the
conversion of ACC to ethylene. Evidence, though in-
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direct, is also provided to show that the observed increases
in levels of ACC are mediated by increases in the activity of
ACC synthase and in the level of the substrate (SAM) for
ACC synthase. However, it is unclear whether the in-
crease in the activity of ACC synthase in Put-treated leaves
is regulated by the de novo synthesis of ACC synthase and/
or by the activation of preexisting ACC synthase.

Of particular interest is the finding that Put inhibits
the activity of SAMDC. Since both ethylene and poly-
amines share SAM as a common precursor (Miyazaki and
Yang 1987), our observations suggest that the increased
levels of ethylene produced may be, at least in part, due to
a redirection of SAM from the polyamine biosynthetic
pathway as a result of some feedback-inhibition mechan-
ism activated by the application of polyamines.

It is generally accepted that the conversion of ACC to
ethylene is the final step in the biosynthesis of ethylene
which involves a highly structured system that requires in-
tegrity of the cell membranes (Yang and Hoffman 1984).
Polyamines have been shown to stabilize membranes
(Smith 1985). Thus, in detached rice leaves, polyamines
may enable cell membranes to retain their functions which,
in turn, lead to the stimulation of the production of
ethylene. The results of the examination of the effects of
aging seem to support this hypothesis.

This work was supported by a research grant from the Na-
tional Science Council of the Republic of China (NSC80-0409-B-
002-04).
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