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Comparative Study of the Metabolism of 1-Aminocyclopropane-1-carboxylic
Acid and Senescence of Water-Stressed and
ABA-Treated Excised Rice Leaves
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Changes in the metabolism of 1-aminocyclopropane-1-carboxylic acid (ACC) during senes-
cence in the light in turgid, water-stressed, and ABA-treated, excised rice leaves were examined.
The decreases in levels of Chl and protein were more rapid in the water-stressed and in the ABA-
treated leaves than in the turgid leaves. In turgid leaves, levels of proline remained very low, but
they increased considerably as a result of water stress or treatment with ABA. The production of
ethylene was strongly inhibited by water stress and by ABA through the inhibition of the synthe-

sis of ACC and/or the conversion of ACC to ethylene.

In turgid leaves, the level of 1-

(malonylamino)cyclopropane-1-carboxylic acid (MACC) increased with time during incubation
in the light. Water stress resulted in a pattern of accumulation of MACC similar to that in the

turgid control.

However, ABA blocked the malonylation of ACC.
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Water stress has long been known to affect many physi-
ological and developmental processes in plants (Bradford
and Hsiao 1982, Hanson and Hitz 1982). Exogenous ap-
plication of ABA also affects various physiological and de-
velopmental processes (Walton 1980). The levels of endog-
enous ABA rise markedly in response to water stress
(Walton 1980). The increase is most dramatic in leaves,
but it can also be observed in roots, stems, and xylem and
phloem sap (Hoad 1975, 1978, Walton et al. 1976).
Several reports indicate that ABA may play an important
role in determining the pattern of plant development in the
presence of water stress (Quarrie and Jones 1977, Watts et
al. 1981).

Water stress has been shown to enhance the rate of
senescence of intact plants and of detached organs (Brady
et al. 1974, Dwivedi et al. 1979a, b, Gates 1968, Shah
and Loomis 1965). In our early work with excised rice
leaves we found that water stress accelerated senescence
during the early stages of incubation in the dark, but it re-
tarded senescence during later stages of incubation (Kao
1981). We do not know whether the effect of water stress
on the senescence of excised rice leaves in the light is the
same as that in darkness. The present investigation was

Abbreviations: ACC, l-aminocyclopropane-1-carboxylic
acid; MACC, 1-(malonylamino)cyclopropane-1-carboxylic acid.
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undertaken to examine whether exogenously applied ABA
can mimic the effects of water stress on metabolic changes,
in particular on the metabolism of ACC in excised rice
leaves in the light.

Materials and Methods

Rice (Oryza sativa cv. Taichung Native 1) seedlings
were cultured as previously described (Kao 1980b). The
apical 3 cm of the third leaves of 12-day-old seedlings were
used for experiments.

Water stress was applied by a previously described
method (Kao 1981). Groups of twenty leaf segments were
weighed and exposed to the vapor above a solution of 0.5 M
NaCl. Water loss was determined by weighing the samples
and expressed as a percentage of initial fresh weight.
Similar segments of leaves were floated on 20 ml of distilled
water or a solution of ABA (0.1 mumM) in a Petri dish to serve
as turgid controls and ABA-treated samples, respectively.
All samples were kept at 27°C under light (16.7W-m™%)
provided by fluorescent lamps.

Chl, protein and proline were extracted and quan-
titated as described previously (Kao 1980a, 1981). For
determination of amounts of ethylene liberated, leaf
segments were placed vertically in test tubes which were clos-
ed with rubber stoppers. The ethylene in the gas phase of
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the enclosed tubes was determined by analysis of a 1-ml
sample withdrawn with a hypodermic syringe as described
elsewhere (Kao and Yang 1983). ACC and MACC were ex-
tracted with 80% ethanol. After evaporation, an aliquot
of the resulting aqueous extract was assayed for its ACC
content by the method of Lizada and Yang (1979). For
determination of MACC, another aliquot of the extract
was passed over a column of cation-exchange resin, Dowex
50 (H* form), to remove free amino acids, including ACC,

and the effluent was hydrolyzed with 2 ~ HCI at 100°C for -

6 h. Theresulting ACC was then assayed. Levels of ACC
and MACC are expressed as nmol per g of initial fresh
weight.

Levels of Chl, protein and proline contents are express-
ed as means with standard errors. Experiments on
changes in rates of production of ethylene, and in levels of
ACC and MACC were repeated three times, and identical
trends were recorded. The data reported in Figure 4 are
from a single experiment.

Results

Leaf width and fresh weight of leaf segments exposed
to the vapor above a 0.5 M solution of NadCl, in the light,
decreased rapidly for 24 h but subsequently remained un-
changed (data not shown). The fresh weight at 24 h was
60% of the initial fresh weight. Leaf rolling was evident
under our experimental conditions, indicating that the treat-
ment did indeed cause water stress. In the case of leaf
segments floated on water or a solution of ABA (0.1 mm),
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Fig. 1 Changes with time in Chl content of detached rice
leaves. Turgid, water-stressed and ABA-treated leaves were ex-
amined. Values are averages with standard errors (n=4).

no leaf rolling was observed.

Figures 1 and 2 show the time course of changes in
amounts of Chl and protein in leaf segments floated on
water or on the solution of ABA, or subjected to water
stress in the light. In turgid leaf segments, the Chl content
remained unchanged for the first 48 h of incubation in the
light, but subsequently it decreased slightly. The Chl con-
tent in water-stressed or ABA-treated leaf segments decreas-
ed rapidly and significantly. The protein content of turgid
leaf segments increased slightly after excision but subse-
quently remained unchanged. Levels of protein, like levels
of Chl, fell considerably as a result of water stress or treat-
ment with ABA.

Proline accumulates in leaves under water stress (Han-
son and Hitz 1982). Proline also accumulates in response
to the application of exogenous ABA in certain species
(Aspinall 1980). Figure 3 shows the changes in levels of
proline in excised rice leaves treated with ABA or subjected
to water stress. In turgid leaves, the level of proline was
very low and remained unchanged during incubation in the
light. However, the level of proline was increased mark-
edly as a result of water stress or treatment with ABA.
The level of proline was much higher in excised, water-
stressed leaves than in ABA-treated leaves.

Figure 4 shows that the production of ethylene in
turgid leaves increased with increasing duration of incuba-
tion. The production of ethylene was inhibited by water
stress or treatment with ABA. No increase in the produc-
tion of ethylene in water-stressed or ABA-treated excised
leaves was observed during a 24-h incubation. The rate of
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Fig. 2 Changes with time in protein content of detached rice
leaves. Turgid, water-stressed and ABA-treated leaves were ex-
amined. Values are averages with standard errors (n=4).
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production of ethylene is generally controlled by the level
of ACC, the immediate precursor of ethylene (Yang and
Hoffman 1984). ACC has been found to be converted into
MACC in all tissues so far examined (Amrhein et al. 1982,
Hoffman et al. 1982, 1983a). Malonylation of ACC can
regulate the level of ACC which, in turn, might play a role
in the control of the production of ethylene (Liu et al.
1985, Yang 1987). Thus, it would be of great interest to
determine how water stress or ABA exerts its inhibitory
effect on the production of ethylene. The effects of water
stress and treatment with ABA on levels of ACC and
MACC were examined and the results are shown in Figure
4. In turgid leaves, levels of ACC increased during the
first 8 h of incubation and decreased at 24 h. Levels of
MACC in turgid leaves increased progressively with time
during the entire 24-h incubation. Water stress resulted in
lower levels of ACC than those in turgid controls at 8 and
24 h after excision, although some increase was observed.
These results suggest that a reduced rate of production of
ethylene in water-stressed leaves is regulated by the inhibi-
tion of the synthesis of ACC. Since the difference in levels
of ACC after a 24-h incubation between turgid controls
and water-stressed samples was small but the difference in
the amount of ethylene produced was large, the possibility
that the conversion of ACC to ethylene is inhibited by
water stress can not be ruled out. This possibility was
tested by measuring ethylene production in the presence of
a saturating concentration of ACC (10 mm). As indicated
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Fig. 3 Changes with time in proline content of detached rice
leaves. Turgid, water-stressed and ABA-treated leaves were ex-
amined. Values are averages with standard errors (n=4).
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in Figure S, the conversion of ACC to ethylene was, in-
deed, inhibited by water stress at 24 h, but not at 4 and 8 h
after the start of the incubation.

Level of MACC in ABA-treated leaves remained low
during the 24-h incubation, indicating that ABA blocked
the conjugation of ACC (Fig.4). Since neither conjuga-
tion of ACC nor increase in production of ethylene is ob-
served in ABA-treated leaves, ACC would be expected to
accumulate, if the synthesis of ACC is not impaired. How-
ever, this was not the case. Treatment with ABA resulted
in lower levels of ACC than those in the turgid controls
after 4- and 8-h incubations in the light, suggesting that the
synthesis of ACC was inhibited by ABA. These results are
consistent with those of McKeon et al. (1982). In addition
to the reduced level of ACC in the ABA-treated leaves, the
conversion of ACC to ethylene was also inhibited by treat-
ment with ABA throughout the entire duration of the in-
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Fig. 4 Changes with time in rates of production of ethylene (up-
per), levels of ACC (middle) and levels of MACC (lower) in de-
tached rice leaves. Turgid, water-stressed and ABA-treated
leaves were examined.
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Fig. 5 Effect of water stress and of treatment with ABA on the
conversion of ACC to ethylene. Leaf segments were pretreated
with a saturating concentration of ACC (10 mm) for 2h. Control
leaves were maintained turgid; experimental leaves were subjected
to water stress or to treatment with ABA. Rates of production of
ethylene were determined at the times indicated. Values are the
average with standard errors (n=35).

cubation (Fig. 5).

Discussion

Conventionally, the biochemical parameters used to in-
dicate senescence of excised leaves are the decreases in the
amounts of Chl and protein in the leaves (Dwivedi et al.
1979a, b, Kao and Yang 1983, Martin and Thimann
1972). Using these parameters, we demonstrated that se-
nescence of excised rice leaves in the light is enhanced by
water stress or treatment with ABA. These results are con-
sistent with those reported by other investigators (Brady et
al. 1974, Dwivedi et al. 1979b, Gates 1968, Shah and
Loomis 1965). Our previous work, which involved incuba-
tion in the dark, showed that the decreases in amounts of
Chl and protein were accelerated by water stress during the
early stages of incubation but were retarded during the
later stages (Kao 1981). The effect of water stress on senes-
cence of excised rice leaves in the light appears different
from that in the dark.

Previously, we suggested that the accumulation of pro-
line in excised rice leaves after incubation in water might be
a manifestation of metabolic changes associated with senes-
cence (Wang et al. 1982). Our observation of the enhance-
ment of the accumulation of proline by water stress in the
light further supports the conclusion that water stress en-
hances senescence of excised rice leaves.

In excised, non-stressed wheat leaves, the rate of pro-
duction of ethylene and levels of both ACC and MACC
were very low throughout the entire 24- or 22-h incubation

in the light (Apelbaum and Yang 1981, Hoffman et al.
1983b). However, the present investigation showed that
the rate of production of ethylene and the levels of ACC
and MACC in the light increased immediately and mark-
edly after excision of rice leaves. In previous studies, we
showed that the rate of production of ethylene in the light
was lower than that in the dark (Kao and Yang 1982,
1983). Wealso demonstrated that inhibition of the produc-
tion of ethylene by light during first 8 h of incubation was
attributable to the inhibition in the conversion of ACC to
ethylene (Kao and Yang 1982). Whereas, when the dura-
tion of the incubation time was longer than 8 h, the re-
duced rate of production of ethylene in light-treated leaves
was the result of reduced levels of ACC, due to the
malonylation of ACC to MACC (Hurng et al. 1986).

Of particular interest is the finding that the production
of ethylene is inhibited by water stress. This result is unex-
pected since the production of ethylene is generally con-
sidered to be enhanced by water stress (El-Betagy and Hall
1974, Hoffman et al. 1983b, Kimmerer and Kozlowski
1982, Neil et al. 1986, Wright 1977).

It has been shown that ABA exerts a marked in-
hibitory effect on the production of ethylene by oat and
wheat leaves (Tan and Thimann 1989, Wright 1980) and on
the auxin-induced production of ethylene in mung bean
hypocotyls (Yoshii and Imaseki 1981). However, Riov
and Yang (1987) recently demonstrated that ABA stimulat-
ed the auxin-induced production of ethylene in hypocotyls
of light-grown mung bean. They also showed that ABA
significantly increased the rate of production of ethylene in
discs of tomato fruit and citrus leaf shortly after its applica-
tion. Our results clearly show that the production of
ethylene was significantly inhibited by ABA. The use of
different species and different experimental conditions may
be responsible for the discrepancies between the various
results.

The present investigation demonstrated that the re-
duced production of ethylene in water-stressed and ABA-
treated leaves is regulated by the inhibition of the synthesis
of ACC and/or the conversion of ACC to ethylene.
Several lines of evidence indicate that the conversion of
ACC to ethylene in leaves is stimulated by carbon dioxide
(Aharoni et al. 1979, Kao and Yang 1982, Preger and Geps-
tein 1984). Since ABA and water stress are known to close
stomata (Radin and Ackerson 1982), the reduced rate of
production of ethylene by ABA-treated and water-stressed
leaves may be, at least in part, mediated by impairment of
the inward passage of carbon dioxide.

With respect to the conversion of ACC to MACC, our
results revealed that (a) levels of MACC in non-stressed
leaves increased significantly with increasing duration of in-
cubation in the light, (b) there was no difference in levels of
MACC between turgid and water-stressed leaves, and (c)
ABA blocked the malonylation of ACC. These results are
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inconsistent with the results of Hoffman et al. (1983b) who
found that levels of MACC in non-stressed, turgid leaves
were low throughout the 22-h incubation period, while in
wilting leaves they increased markedly. It should be noted
that in the present study the degree of water stress was 40%
of water loss (based on initial fresh weight), whereas that
of Hoffman et al. (1983b) was 9%.

There is some experimental evidence of an increase in
levels of ABA in detached leaves exposed to water stress.
Thus, our work raises an important question. Why does
ABA, but not water stress, block the malonylation of
ACC? The distribution of ABA among the cellular com-
partments may differ between ABA-treated and water-
stressed rice leaves or, alternatively, water stress may
decrease levels of cytokinins (Hsiao 1973) with resultant
suppression of the action of ABA on the formation of
MACC. Elucidation of the mechanism of conjugation of
ACC in ABA-treated and water-stressed rice leaves would
be very useful in resolving these issues.
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