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of 1-aminocyclopropane-1-carboxylic acid to ethylene
in leaves is mediated through carbon dioxide
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Abstract. The mechanism of light-inhibited ethyl-
ene production in excised rice (Oryza sativa L.)
and tobacco (Nicotiana tabacum L.) leaves was ex-
amined. In segments of rice leaves light substan-
tially inhibited the endogenous ethylene produc-
tion, but when CO, was added into the incubation
flask, the rate of endogenous ethylene production
in the light increased markedly, to a level which
was even higher than that produced in the dark.
Carbon dioxide, however, had no appreciable ef-
fect of leaf segments incubated in the dark. The
endogenous level of 1-aminocyclopropane-1-car-
boxylic acid (ACC), the immediate precursor of
ethylene, was not significantly affected by light-
dark or CO, treatment, indicating that dark treat-
ment or CO, exerted its effect by promoting the
conversion of ACC to ethylene. This conclusion
was supported by the observations that the rate
of conversion of exogenously applied ACC to eth-
ylene was similarly inhibited by light, and this inhi-
bition was relieved in the presence of CO,. Similar
results were obtained with tobacco leaf discs. The
concentrations of CO, giving half-maximal activi-
ty was about 0.06%, which was only slightly above
the ambient level of 0.03%. The modulation of
ACC conversion to ethylene by CO, or light in
detached leaves of both rice and tobacco was rapid
and fully reversible, indicating that CO, regulates
the activity, but not the synthesis, of the enzyme
converting ACC to ethylene. Our results indicate
that light inhibition of ethylene production in de-
tached leaves is mediated through the internal level
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Abbreviation: ACC = 1-aminocyclopropane-1-carboxylic acid

of CO,, which directly modulates the activity of
the enzyme converting ACC to ethylene.
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Introduction

Depending on the tissue involved, light can pro-
mote (Craker et al. 1973; Saltveit and Pharr 1980)
or inhibit (Goeschl et al. 1967; Kang and Burg
1972; Samimy 1978) ethylene production. Carbon
dioxide has also been reported to promote or in-
hibit ethylene production in various tissues (Ahar-
oni and Lieberman 1979; Young et al. 1962). Re-
cently Gepstein and Thimann (1980), de Laat et al.
(1981) and Grodzinski et al. (1981) reported that
light markedly inhibited the conversion of 1-amino-
cyclopropane-1-carboxylic acid (ACC), the im-
mediate precursor of ethylene in plant tissues
{Adams and Yang 1979), into ethylene by various
leaf tissues. Gepstein and Thimann (1980) sug-
gested that light exerted its inhibitory effect by oxi-
dation of essential SH group(s) of the enzyme sys-
tem converting ACC to ethylene. De Laat et al.
(1981) proposed that light regulated both synthesis
and activation of the ACC-converting enzyme in
leaves. Most recently, Wright (1981) also found
that light substantially inhibited the production of
ethylene induced by water stress in detached wheat
leaves and in leaves on the intact plant. He con-
cluded that ecither the biosynthesis of ACC or the
conversion of ACC to ethylene required an obliga-
tory dark stage. In these studies the leaf tissues
were incubated in enclosed containers under light
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or dark conditions, where the concentration of car-
bon dioxide decreased or increased because of CO,
fixation by photosynthesis or CO, production by
respiration. Since CO, is known to promote ethyl-
ene production rates in detached leaves (Aharoni
and Lieberman 1979 ; Gepstein and Thimann 1981)
and intact plants (Dhawn et al. 1981), the inhibi-
tion of ethylene production by light may result
from a decrease in internal CQO, concentration. In
this communication we present data showing that
light inhibition of ACC-dependent ethylene pro-
duction in leaves is indeed mediated through CO,.

Materials and methods

Plant materials. Rice (Oryza sativa L. cv. Taichung Native 1)
seeds obtained from Taiwan were sterilized with sodium hy-
pochlorite solution (0.5%) for 5 min, rinsed with deionized
water, and soaked for 48 h in the dark at 30° C. Uniformly
germinated seeds were then grown in vermiculite for 8-9 d at
30° C under continuous white light (80 ymol quanta m~2s~?).
The seedlings were watered with half-concentration Johnson’s
modified nutrient solution (Johnson et al. 1957), pH 4.5. The
solution was replaced every 3 d. Tobacco plants (Nicotiana ta-
bacum L. cv. Havana 425 seeds kindly provided by Department
of Plant Pathology, University of California, Davis) were grown
in a greenhouse under natural light and a temperature of no
less than 20° C. Fully grown leaves of 11-week-old plants were
used for the experiments.

Incubation conditions. Ten rice leaf segments (the apical 3 cm
of the third leaves), weighing about 50 mg, or seven tobacco
leaf discs (1 cm diameter), weighing about 150 mg, were floated
on 10 and 1 ml, respectively, of test solution in a 50-ml flask.
The flasks were flushed with air, sealed with rubber serum caps,
and incubated at 30° C either under light (80 pmol quanta
m~2s7!) provided by a mixture of cool-white and Grolux
tubes, or in darkness. For the experiments in which various
concentrations of CO, were used, all flasks were flushed with
CO,-free air and sealed. To obtain desired concentrations of
CO0,, a known amount of CO, was injected into each sealed
flask; a CO,-free (“‘minus CO,") atmosphere was achieved
by hanging in the flask a center well containing a filter paper
wick wetted with 0.2 ml of 20% KOH. The concentrations of
CO; in the flasks were determined with a gas chromatograph
(Model 800; Carle Instruments, Fullerton, Cal. USA) equipped
with a Silica-gel column and a thermoconductivity detector.
After each determination of ethylene, the flasks were flushed
with fresh air or CO,-free air as described and when required,
CO, was reintroduced. The CO, concentration in the CO,-free
air treatment was below 0.01%.

Determination of ethylene. A 1-ml gas sample was withdrawn
from the head space of the flask with a hypodermic syringe,
and ethylene was assayed using a gas chromatograph equipped
with an alumina column and a flame ionization detector.

Determination of ACC. Rice leaf segments were extracted twice
with boiling 80% ethanol. The ethanol was evaporated under
vacuum at 40° C. The residue was dissolved in 2 ml of water
and the pigments were removed by adding 0.5 ml of chloro-
form. An aliquot of the aqueous solution was used for assay
of ACC according to the method of Lizada and Yang (1979).
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Fig. 1. Effects of light and darkness on the time course of ethyl-
ene production in rice leaf segments

The efficiency of the conversion of ACC to ethylene was be-
tween 65 and 70%. The amount of ACC was calculated from
the quantity of ethylene liberated and the conversion efficiency.

Results

Effects of light and CO, on the basal ethylene pro-
duction in rice leaves. The effects of light and dark-
ness on the rate of endogenous ethylene production
by excised rice leaf segments is shown in Fig. 1.
Although the rates increased with time under light
or darkness, it is clear that the ethylene production
rates in the light were lower. The increase in ethyl-
ene production rates with time is probably a
wound response. Since the experiment was carried
out in sealed flasks, the concentration of CO, in
flasks under light would be lower than that under
darkness, because of CO, fixation by photosynthe-
sis and possibly a reduction in CO, production
because of light inhibition of dark respiration (see
e.g. Graham 1980). For example, when rice leaf
segments were enclosed in a flask and incubated
for 6 h under light conditions, CO, concentration
decreased from 0.08 to 0.01%, whereas under dark
conditions CO, increased about five-fold from 0.08
to 0.39% (Table 1).

In order to examine whether ethylene produc-
tion rates were sensitive to CO, concentrations,
the effect of CO, concentration on the endogenous
ethylene production during the first 6-h incubation
period under light was studied. The ethylene pro-
duction rates were markedly influenced by the CO,
concentration. Ethylene production increased with
increasing concentrations of CO, and reached a
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Table 1. Effect of CO, on basal and ACC-dependent ethylene
production by rice leaf segments. Leaf segments were enclosed
in flasks under air, 3% CO,, or CO,-free air, and incubated
in the presence or absence of ACC (1 mM) in the light or dark-
ness. Ethylene production was assayed after 6 h incubation.
The concentrations of CO, in the air flasks at the beginning
and at the end of incubation were 0.08 and 0.39% (v/v), respec-
tively, under darkness, and 0.08 and 0.01%, respectively under
light

Treatment C,Hy(nlg7?6h™Y)
—ACC +ACC
Darkness
Air 41 106
CO, (3%) 35 111
CO,-free air 16 30
Light
Air 13 62
CO, (3%) " 237
CO,-free air i3 54

Table 2. Effect of light-dark treatments or CO, treatment on
ethylene production and the endogenous ACC level in rice leaf
segments. For Exp. I the leaf segments were incubated in the
light or darkness for 6 h and ethylene accumulated during this
period was determined. In Exp. I, the leaf segments were first
incubated for 3 h in the light and then enclosed for 1 h under
light in the CO,-free (—CO,) or 3% CO, (4 CO,) atmosphere.
Ethylene accumulated during this 1 h period was determined.
Immediately after ethylene determinations, the same samples
were assayed for ACC

Treatment C,H, ACC
(nlg *h™Y (nmol g™ 1)

Experiment 1

Light 2.4 20.5

Darkness 7.0 19.3
Experiment II

—COo, 52 14.5

+CO, 20.4 17.9

plateau at about 2-3% of CO, concentration (data
not shown).

The effect of 3% CO, on ethylene production
by rice leaf segments under light and darkness were
compared. The results shown in Table 1 clearly in-
dicate that the reduced ethylene-production rate
in the ambient air under light as compared to that
under darkness was the consequence of the limited
CO, concentration under the light treatment. This
conclusion was based on observations that (a) 3%
CO, greatly enhanced the ethylene produced under
light but had little effect under darkness, and (b)
when CO, was removed from the flasks, the ethyl-
ene produced under light was not affected, but that
under dark was greatly reduced to a rate compara-
ble to that under light. Since the air-filled flask
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Fig. 2. Influence of plus- and minus-CO, alternations on ACC-
dependent ethylene production in rice leaf segments. After leaf
segments were preloaded with ACC (3 mM) for 3 h under light,
they were enclosed in a flask and incubated alternately in CO,-
free air (open bar) and 3% CO, (hatched bar) for 1 h

under light contained 0.01% of CO, at the end
of incubation and as little ethylene had been pro-
duced as in the flask filled with CO,-free air, it
may be assumed that 0.01% CO, was too low to
stimulate appreciably ethylene production. Con-
versely, the air-filled flask under darkness con-
tained 0.39% CO, at the end of incubation and
as much ethylene had been produced as in the flask
initially filled with 3% CO,, indicating the 0.39%
CO, exerted maximal or nearly maximal activity.

Effects of light and CO, on ACC-dependent ethyl-
ene production and the endogenous ACC levels in
rice leaves. Adams and Yang (1979) have studied
ethylene biosynthesis in apple tissue and established
the following pathway: methionine— S-adenosyl-
methionine -+ ACC—ethylene. Therefore, it would
be interesting to determine at which step in the
ethylene biosynthetic pathway CO, exerts its pro-
motive effect on ethylene production. The effects
of light-dark or CO, treatment on ethylene pro-
duction rates and the endogenous ACC level in
rice leaf segments was examined. Although dark
treatment or CO, treatment under light increased
ehtylene production several-fold, these treatments
did not change the internal levels of ACC apprecia-
bly (Table 2), indicating that dark condition or
CO, exerts its promotive effect mainly through en-
hancing the conversion of ACC to ethylene. When
ACC was applied to rice leaf segments incubated
in the light, ethylene production increased marked-
ly with the increase in external ACC concentration
up to at least 3 mM (data not shown).

The conclusion that CO, exerts its promotive
effect through enhancing the conversion of ACC
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Fig. 3. Effect of CO, concentration on ACC-dependent ethyl-
ene production in rice leaf segments and tobacco leaf discs.
After leaf segments or discs were preloaded with ACC (3 mM)
for 3h in the light, they were enclosed in flasks containing
various concentrations of CO, and incubated for 1 h in the
light. Ethylene was assayed after 1 h of CO, treatment. The
CO, concentration indicated was the average of the CO, con-
centrations present in the flask immediately before and after
1-h incubation

to ethylene was further supported by the observa-
tion that the ACC-dependent ethylene production
in the light by rice leaf segments was also greatly
stimulated by CO, (Table 1). Similar to the basal
ethylene production system (Table 1), light mark-
edly inhibited ACC-dependent ethylene produc-
tion under air, and the promotive effect of CO,
on ACC-dependent ethylene production was more
pronounced under light than under darkness. Once
an effective concentration of CO, was provided,
the rate of ACC-dependent ethylene production
became greater in the light than in darkness, indi-
cating that light per se did not inhibit but stimu-
lates the conversion of ACC to ethylene.

The stimulation of ethylene production in the
light by CO, appeared to be readily reversible, as
shown in Fig. 2. These data indicate that CO, pro-
motes the conversion of ACC to ethylene not by
inducing the synthesis of the enzyme involved in
the conversion but by activating the enzyme.

The dependence of ACC-dependent ethylene
production on CO, concentration under light was
examined using rice leaf segments. The data in
Fig. 3 show that ACC-dependent ethylene produc-
tion increased as the CO, concentration increased,
and reached a maximal rate of CO, concentration
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Fig. 4A, B. Effects of light-darkness alternations and minus-
and plus-CO, alternations on ACC-dependent ethylene produc-
tion in tobacco leaf discs. After leaf discs were preloaded with
ACC (3 mM) for 3 h in the light, they were enclosed in a flask,
A containing ambient air and incubated alternately under light
and darkness for 1 h each, or B incubated alternately in the
absence (with KOH solution) or presence of 2% CO, for 1 h
each under light

of about 0.8%; the half-maximal activity of CO,
was estimated to be about 0.06%.

Effects of light and CO, on ACC-dependent ethyl-
ene production in tobacco leaves. Since tobacco leaf
discs were employed by both Gepstein and Thi-
mann (1980) and de Laat et al. (1981) in their stud-
ies of the light inhibition of ACC conversion to
ethylene, we have examined whether the light inhi-
bition of ACC conversion to ethylene in tobacco
leaf discs was also mediated through CO,. As in
rice leaf segments ACC-dependent ethylene pro-
duction rate in tobacco leaf discs was inhibited
by light (Fig. 4 A), but when 2% CO, was provided
ethylene production was stimulated more than ten
times (Fig. 4B). Furthermore this effect of CO,
on ACC-dependent ethylene production under
light was fully reversible (Fig. 4B). The effect of
CO, concentration on ACC-dependent ethylene
production by tobacco leaf discs is illustrated in
Fig. 3. Carbon dioxide saturated the system at
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1.5%, and the half-maximal activity was obtained
at 0.18% CO,.

Discussion

Gepstein and Thimann (1980) were the first to re-
port that light inhibited ACC-dependent ethylene
production. Based on the observation in tobacco
leaf discs that mercaptoethanol reversed the light
inhibition of ACC conversion to ethylene, they
suggested that light exerted its inhibitory effect by
oxidizing the essential SH group(s) of the enzyme
converting ACC to ethylene. This explanation was
questioned by de Laat et al. (1981), who were not
able to confirm the finding that mercaptoethanol
reversed the light inhibition. Although no specific
explanation was offered, de Laat et al. (1981) sug-
gested that light inhibited ACC-converting en-
zymes at the level of both synthesis and activation.

Our present study clearly shows that light in-
hibits ethylene production by inhibiting the con-
version of ACC to ethylene, and this inhibition
is mediated through lowering the internal CO,
concentration. Since our results indicate that the
effects of plus-minus-CO, alternation and light-
dark alternation are rapid and fully reversible
(Figs. 2, 4), it is most unlikely that CO, or light
regulates ACC conversion to ethylene at the level
of synthesis of the enzyme. It is therefore suggested
that the light effect is mediated through CO, which
in turn regulates ethylene production by activating
the enzyme involved in the ACC conversion to eth-
ylene. The inhibition of ACC conversion to ethyl-
ene by light appears to be a general phenomenon
since this effect was observed in leaf tissue of both
a monocotyledon (rice) and a dicotyledon (to-
bacco). It has been reported that dichlorophenyldi-
methylurea, an inhibitor of photosynthetic electron
transport, countereacted the inhibitory action of
light on ethylene production (de Laat et al. 1981;
Grodzinski et al. 1981). Such results are in accord
with our conclusion since this inhibitor would re-
sult in the accumulation of CO, within the cell,
and thereby relieve the inhibitory effect of light.
Moreover, our conclusion explains well the pre-
vious observation that ACC-induced ethylene pro-
duction was inhibited by light in green Pharbitis
cotyledons but not in cotyledons that lacked chlo-
rophyll (de Laat et al. 1981).

In the “ CO,-free atmosphere” there always ex-
ists a very low but detectable concentration
(0.005-0.01%) of CO, in the incubation tubes. It
is therefore unlikely that the basal ethylene produc-
tion in the “CO,-free” atmosphere (Fig. 3) repre-

sents an ethylene-production system which does
not require the presence of CO,, but rather that
the low concentration of CO, existing in the tissues
activates the ethylene-production system. The
mechanism by which CO, modulates the conver-
sion of ACC to ethylene is not understoood. Eluci-
dation of such a regulatory mechanism awaits the
successful isolation of this enzyme in cell-free form.
Another type of modulation of ethylene produc-
tion by light is mediated through phytochrome
during phototropic curvature and elongation
growth; in this case, ethylene production was in-
hibited by a short exposure to red light, and the
inhibition was reversed by far-red irradiation
(Goeschl et al. 1967; Kang and Burg 1972; Sa-
mimy 1978). In contrast, the light effect described
in this paper and others resulted from long expo-
sure to white light and was related to the photosyn-
thetic system. It should be noted that ethylene pro-
duction rates under optimal CO, are greater in
the light than in darkness (Table 1). Thus light per
se is a promoting rather than an inhibiting factor
with respect to ethylene production from ACC.

This work was supported by a research grant from the National
Science Foundation (PCM-8114933).
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