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ABSTRACT

Stress ethylene production in bean (Phaseolus vulgaris L., cv. Taylor's
Horticultural) leaf tissue was stimulated by Cd2" at concentrations above
1 micromolar. Cd2+-induced ethylene biosynthesis was dependent upon
synthesis of 1-aminocyclopropane-1-carboxylic acid (ACC) by ACC syn-
thase. Activity of ACC synthase and ethylene production rate peaked at 8
h of treatment. The subsequent decline in enzyme activity was most likely
due to inactivation of the enzyme by Cd2, which inhibited ACC synthase
activity in vitro at concentrations as low as 0.1 micromolar. Decrease in
ethylene production rate was accompanied by leakage of solutes and
increasing inhibition of ACC-dependent ethylene production. Ca2", present
during a 2-hour preiacubation, reduced the effect of Cd2" on leakage and
ACC conversion. This suggests that Cd2' exerts its toxicity through
membrane damage and inactivation of enzymes. The possibility of an
indirect stimulation of ethylene biosynthesis through a wound signal from
injured cells is discussed.

Ethylene is an endogenous regulator for plant growth, devel-
opment, and senescence (1). Ethylene production from plants
under normal conditions is very low, but increases when living
tissues are subjected to a variety of stress conditions (21). Biosyn-
thesis of ethylene begins with methionine and includes SAM3 and
ACC as intermediates (3). Formation of ACC by ACC synthase
has been identified as rate-limiting step in vegetative and fruit
tissue (6, 7, 15, 17, 33, 34, 36). This step can be inhibited specifically
by AVG (3, 6, 8, 34). The mechanisms by which ACC synthase
activity is regulated are yet unknown.

Conversion of ACC to ethylene presumably involves a mem-
brane associated system (4, 26). Osmotic shock (4, 26, 27), low
temperature (4, 11, 27), high temperature (12, 16, 34), lipophilic
membrane perturbants (4, 24, 25), ionic and nonionic detergents
(3, 4, 26, 27), and polyamines (5) are known to inhibit this system.
Cobaltous ion (19) and high phosphate concentrations (9) were
used during the experiments reported here to inhibit this step.
Stress ethylene production from plants exposed to toxic chemicals
such as copper (18) or sulfur dioxide (28) declines when the tissue
shows toxicity symptoms. In contrast, ethylene production induced
by nontoxic levels of mercury vapor does not decrease (14). This
suggests that toxic chemicals have a dual effect on ethylene
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biosynthesis, stimulation, and inhibition.
Experiments were undertaken to determine the step at which

toxic heavy metals exert their effects on the biosynthetic pathway
of ethylene and through which mechanism stimulation and inhi-
bition occur. Cadmium ion has been chosen because of its increas-
ing importance as an environmental contaminant. Although the
phytotoxic potential of Cd2" is well known (29), more information
about specific effects of this trace element on biochemical pro-
cesses in plants is needed.

MATERIALS AND METHODS

Chemicals. ACC was purchased from Sigma, and Hepps from
P-L Biochemicals Inc. AVG was a gift from Hoffmann-La Roche
Inc.

Plant Materials. Beans (Phaseolus vulgaris L., cv. Taylor's
Horticultural) were grown in vermiculite in an environmental
growth chamber with a 16-h photoperiod at 25°C and 55% RH.
Fully expanded trifoliar leaves of 30- to 32-d old plants were used
for all experiments.

Incubation. Leaf discs (12 mm in diameter) were cut with a
corkborer and floated abaxial side down under white fluorescent
light for 2 h in Petri dishes containing 1 mm Na-phosphate buffer
(pH 5.9), chloramphenicol (50 jig/ml), and effectors as indicated
for each experiment. This procedure, which is referred to as
preincubation, was necessary, because Cd2" was found to inhibit
uptake of these effectors (unpublished observation). At the end of
the preincubation period, 5 discs were transferred to 70-ml flasks
containing 5 ml buffer (with chloramphenicol), Cd2" and effectors
as indicated. The flasks were flushed with air, sealed with a rubber
serum cap, and incubated at 25°C in darkness. Each experiment
was repeated three times and consisted of three replicates. The
presented data are means of three replicates of a representative
experiment.

Ethylene Determination. Gas samples were withdrawn from the
flasks at indicated times and injected into the GC (model F-lI;
Perkin Elmer) equipped with an activated alumina column. Eth-
ylene was identified and quantified in comparison to the retention
time and peak heighlt of ethylene standards.
Assay of ACC. ACC was extracted at indicated times according

to Bufler et al. (8) with slight modifications. Leaf tissue (0.3 g fresh
weight) was ground in liquid N2, then extracted with 3 ml ethanol
(80%o, v/v) for 16 h at 4°C with constant shaking. The extract was
centrifuged at l0,OOOg for 15 min, resuspended in 3 ml ethanol,
and recentrifuged as above. Combined supernatants were dried at
37°C in a N2 stream, and residues were dissolved in a known
amount of H20. After centrifugation at 2,000g for 10 min, ACC
content in the aqueous solution was determined according to
Lizada and Yang (22). Addition of Cd2+ (up to 1 mmol/l) to the
final solution did not disturb the ACC determination.

Assay of ACC Synthase. Preparation and assay of ACC syn-
thase were in accordance to Yu and Yang (36), Boller et al. (6),
and J. Riov (personal communication). Leaf discs (approximately
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1 g fresh weight) were thoroughly washed with H20 and homog-
enized in 3 ml K-Hepps buffer (50 mm, pH 8.5) containing 0.5
,uM pyridoxal phosphate and 4 mm DTT. The homogenate was
centrifuged at 10,000g for 20 min. Proteins in the supernatant
were precipitated by slow addition of ammonium sulfate (90%Yo of
saturation) under gentle stirring for 2 h at 4°C. After centrifuga-
tion (15,000g, 20 min), the pellet was dissolved in I ml of dialysis
solution, containing 2 mm K-Hepps (pH 8.5), 0.5 Mm pyridoxal
phosphate, and 0.1 mm DTT. Dialysis was carried out over night.
ACC synthase activity was determined in a reaction mixture
containing 0.4 ml enzyme solution, 50,l K-Hepps (600 mm, pH
8.5), 90,l H20, and 60 pl SAM (0.6 mM). ACC content in the
reaction mixture was measured after 1 or 2 h of incubation at 300
C by the method of Lizada and Yang (22). Reaction rate was
constant during this time period. Tests with blank samples were
performed in parallel. They contained 0.4 ml enzyme solution

Table II. Effect of Cycloheximide, A VG, Phosphate, and Ca2" ion on
Cd`2-Induced ACC Formation and Ethylene Productionfrom Bean-Leaf

Discs
Measurements were carried out after a 17-h incubation on 0.1 mm Cd2".

The effectors were present during a 2-h preincubation and the incubation
on Cd2". Values in one column followed by the same letter are not
significantly different at the 5% level of probability.

Ethylene ACC

nmol/g. 17 h nmol/g
Control 2.1 d 1.6 d
Cd2+ 209.3 a 220.5 d
Cd2+ + CHI, 0.01 mm 3.1 d 2.9 d
Cd2+ + AVG, 20UMm 13.4 c 12.6 d
Cd2+ + Ca2+ 2 mM 13.7 c 157.0 b
Cd2+ + HP042-, 100 mM 4.4 cd 47.9 c

Table I. Comparative Effect of Different Heavy Metals on Ethylene
Production and Leakage of Solutesfrom Bean-Leaf Discs

All metals were added as their chlorides (0.1 mM) except for Hg°.
Mercury vapor was originated from I ml of Hg metal contained in a small
vial which was placed into the 70-ml incubation flask according to Goren
and Siegel (14). The Hg° level was that of air saturated at 25C (0.007
,umol/1). Samples consisted of five discs floating on 5 ml of incubation
solution. Measurements were carried out after a 17-h incubation. Values
in one column followed by the same letter are not significantly different
at the 5% level of probability.

Ethylene Leakage

nmol/g 17 hAh
Control 2.1 c 0.04 c
Cd2+ 209.3 a 0.65 a
cu2+ 6.6 b 0.25 b
Hg2+ 4.1 bc 0.21 b
Zn2+ 3.3 bc 0.16 bc
Hg° 1.6d 0.12c
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FIG. 2. Effect of various Cd2+ concentrations on the in vitro activity of
ACC synthase. ACC synthase was extracted from bean-leaf discs which

400 had been incubated for 6 h on 0.1 mm Cd2+ (100%o represents 10.2 nmol
g-' 2 h-' of enzyme activity). Various Cd2+ concentrations were added to
the assay mixtures.

320 which has been heated at 65°C for 15 min.
Determination of Solute Leakage. Leakage of solutes from the

leaf discs during the incubation period was followed by measuring
A at 280 nm (Aminco spectrophotometer, DW-2a) of the incuba-

240 tion solution at different times (20). Each sample consisted of five
discs floating on 5 ml of solution. Samples were gently shaken

, before transferring an aliquot into a quartz cuvette. The aliquot
6Oc was transferred back to the flask after the measurement to main-160 6 tain a constant volume of the sample.P
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FIG. 1. Effect of various Cd2" concentration on ACC formation and

ethylene (C2H4) production by bean leaf tissue. Accumulation of ethylene
and ACC content were determined after a 17-h incubation period.

RESULTS

Ethylene production from untreated bean leaf discs was about
1% of that produced by Cd2+-treated (0.1 mM) discs (Table I). In
comparison, Cu2+ (0.1 mM) only slightly stimulated ethylene pro-
duction under the described conditions, and Hg2+ and Zn2+ (both
at 0.1 mM) had no significant effect. Hg vapor (at air saturation)
was inhibitory. Similarly, leakage of solutes was markedly stimu-
lated by Cd2+, whereas the other ions tested were less effective
(Table I). A at 280 nm was due predominantly to proteins (not
shown).
Cd2+ concentrations above 1 lUM were effective in stimulating
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FIG. 3. A, Time courses of ACC synthase activity and ACC content; B, ethylene (C2H4) production by bean leaf tissue exposed to Cd2+ (0.1 mM).

Each value for ethylene production represents the total amount of ethylene accumulated during the indicated incubation period. The curve for ethylene
production rate has been calculated from the accumulation of ethylene during each individual 2-h incubation period.

ethylene production and formation of ACC, the precursor of
ethylene (Fig. 1). A close relationship existed between ACC
content and ethylene production from discs treated with Cd2+ up

to 0.1 mM. ACC content was high, relative to ethylene production,
in the case of 1 mm Cd2+. The effect of several effectors, known to
inhibit protein synthesis (CHI), ACC synthesis (AVG), or conver-
sion ofACC to ethylene (Co2+, HP042-) on Cd2+-induced ethylene
production was examined. The results are presented in Table II.

Formation of ACC and ethylene production were effectively
inhibited in the presence ofAVG and CHI.

After preincubation on solutions containing Co2+ (2 mM) or

P042- (100 mM), ethylene production during the following Cd2+
treatment was inhibited; however, ACC contents of the tissue were
much higher than in the cases ofAVG or CHI.
The effect of Cd2+ on ACC synthesis was tested in vitro and in

vivo. The direct effect of Cd2+ on ACC synthase was examined by
adding various Cd2+ concentrations in the enzyme assay. The
results presented in Figure 2 demonstrate that already 0.1 ,LM Cd2+
inhibited ACC synthase activity by 15%.

Figure 3A shows the time courses of ACC synthase activity and
ACC content during treatment with 0.1 mm Cd2+. ACC content
increased from 0.6 to 15.2 nmol/g over the first 2-h interval. ACC
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FIG. 4. Time course of inhibition of ACC-dependent ethylene production by various Cd2+ concentrations. Leaf discs were preincubated in I mM
ACC and 20 ,M AVG, and then transferred to solutions containing various Cd2+ concentrations and AVG. Each value has been,;calculated from the

production of ethylene by control and Cd2+-treated discs during the individual incubation intervals.
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FIG. 5. Time course of leakage of solutes from bean-leaf discs incu-
bated on H20 (control) or 0. Imm Cd2 . Values represent UV-absorbance
of the incubation solution (A2e) at indicated times. Each sample consisted
of five discs floating on 5 ml solution.

synthase activity increased concurrently from 0 to 0.7 nmol/g.
2h. Values for ACC synthase were lower than expected from ACC
accumulation rate. A similar observation has been reported by
Boller and Kende (7). The time courses of the total amount of
ethylene formed after addition of 0.1 mm Cd2' and of the calcu-
lated rate of ethylene production during 2-h intervals are shown
in Figure 3B. Activity of ACC synthase and ethylene production
rate peaked at 8 h and declined afterwards. ACC content, which
depends on the rate ofACC synthesis and conversion, was highest
at 13 h. Decline of ACC content following 13 h accompanied the
rapid decrease in ACC synthase activity. The observed decrease
in ethylene production rate at the same time, however, could not
be attributed entirely to the decrease in ACC content. When

Table III. Effect of Ca2+ on Ethylene Production Rate and Leakage of
Solutesfrom Discs Treated with Cd 2+

Ca2+ was present at 1 iM during the preincubation period. The concen-
tration of Cd2+ was 0.1 mM. Each ethylene production value represents the
accumulation during a 2-h interval (9-11 h and 19-21 h) per g fresh wt.
Samples for determination of leakage consisted of five discs floating on 5
ml of incubation solution. Values in one column followed by the same
letter are not significantly different at the 5% level of probability.

IOh 20h

Ethylene Leakage Ethylene Leakage

nmol A2w *nmol A280
Control 0.3 b 0.01 b 0.3 c 0.06 c
Cd2+, 0.1mM 70a 0.05 a 8 b 0.24 a
Cd2+ + Ca2+ 58 a 0.01 b 25 a 0.12 b

ethylene production stopped (at 24 h), ACC was still present in
the tissue. Only negligible amounts of ACC were found in the
incubation solution after 30 h of incubation. This ruled out that
ACC content decreased because of leakage of ACC into the
incubation medium. The possibility of a negative effect of Cd2+
on the ACC converting system was tested by adding ACC (1 mM)
to the preincubation medium. The ACC-preincubated discs were
treated with various concentrations of Cd2+ in the absence of
exogenous ACC (in order to avoid interference at the uptake site),
but in the presence of AVG to inhibit Cd2+-induced ACC for-
mation. Inhibition of ACC-dependent ethylene production by
Cd2+ at 1.0, 0.1, or 0.01 mm increased progressively during the
treatment (Fig. 4). It is noteworthy that Cd + did not disturb the
assay for ACC content as described in "Materials and Methods"
(data not shown).

Evidence for membrane damage as the cause for the decline in
both, Cd2+-induced and ACC-dependent ethylene production
with time, was found by measuring leakage of solutes. Leakage

I
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due to the cutting occurred during the preincubation period and
did not disturb the measurement during the treatment. Figure 5
shows that increasing leakage (compared to the control) was found
following 4 h of treatment with 0.1 mm Cd2+. The presence of 1

mM Ca2' reduced Cd2+-induced leakage and decrease in ethylene
production rate between 10 and 20 h (Table III). Leakage was not
affected by AVG, indicating that internal ethylene was not causing
disturbance of membrane integrity (data not shown).

DISCUSSION

The present study demonstrates that Cd2+ ions, known to be
toxic to plants (29), interfere specifically with ethylene biosynthesis
in bean leaf tissue. Treatments with concentrations above 1 ,UM
initially stimulate ACC synthase activity, as measured in vitro.
Enhanced activity of this key enzyme for ethylene biosynthesis (6,
33) is associated with an increased synthesis ofACC and ethylene.
Inhibition of ACC synthesis by the specific ACC synthase-inhib-
itor AVG, and of ACC conversion by Co2+ or high phosphate
concentrations suggests that Cd2+-induced stress ethylene is de-
rived from methionine, as is stress ethylene in other cases (2, 7, 10,
17, 36).

Stimulation of ACC synthase has also been found in response
to mechanical wounding (7), IAA (15, 35), and Cu21 (36). It is not
clear whether such different stimuli regulate ACC synthase
through common mechanism(s). The contradictory in vitro and in
vivo effects of Cd2+ on ACC synthase activity indicate that the
observed increase in enzyme activity during the first 8 h of Cd2+
treatment is an indirect effect. The direct contact between Cd2+
ions and the ACC synthase protein in vitro results in an inhibition
of the enzyme activity. The decline in extractable ACC synthase
in vivo following 8 h of Cd2+ treatment is therefore most likely due
to the direct interaction between penetrating Cd2+ ions and the
enzyme in the tissue. Similarly, Cd2' has been found to stimulate
glutamate dehydrogenase and malate dehydrogenase from beans
in vivo, but to inhibit these enzymes in vitro (32).

It has been suggested that mechanical wounding of pea stems
leads to the formation of a wound 'signal,' which in turn causes

stimulation of ethylene biosynthesis (30). It may therefore be
assumed that Cd2+-induced production of ethylene by intact cells
is a response to such a signal from adjacent cells which are directly
affected by Cd2+ ions. Experiments are in progress to determine
quick physicochemical changes in the tissue following initiation
of the Cd2+ stress and their relationship to the induction of ACC
synthase.
Cd2+ is known to exert toxic effects through reaction with SH-

groups of proteins, thus inactivating numerous enzymes (23, 31,
32). This ability of Cd2+ may account for the inactivation ofACC
synthase in vitro and in vivo, as well as for the decreased conversion
of ACC to ethylene during the Cd2+ treatment. This last step in
ethylene biosynthesis can be inhibited by sulfhydryl reagents, such
as CoCl2, HgCl2, or others (13, 35). Recent work suggests the
involvement of an intact membrane or cell wall-membrane system
for ACC-dependent ethylene production (4, 11, 12, 26, 27).

Leakage of solutes reflects loss of membrane integrity (20).
Leakage induced by Cd2+, as observed during these experiments,
therefore indicates that Cd2+ ions disturb membrane structures.
As a possible result, the membranes affected by Cd2+ lose the
ability to convert ACC to ethylene, or, alternatively, to transport
ACC to the site of its conversion. In fact, ACC conversion to
ethylene declines during treatment with Cd2+-concentrations
above I itM. The ability of Ca2+ to antagonize both leakage and
decrease in ACC-dependent ethylene production underlines the
link between integrity and functionality of cell membranes. Based
on these observations, it may be concluded that ethylene biosyn-
thesis can be regulated not only at the step ofACC synthesis, but
also at the site ofACC conversion to ethylene. Interestingly, ACC
content of the tissue further declines, after ethylene production is

stopped. This raises the question about an ACC metabolite other
than ethylene. The apparently destructive effect of Cd2+on mem-
branes and enzymes involved in important processes of cell regu-
lation may be a reason for the high phytotoxic potential of this
trace element.
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