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Effects of Methyl Jasmonate (MeJA) on the Dark-Induced
Senescence in Oat (Avena sativa L.) Leaf Segments
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To investigate the relationship between methyl jasmonate (MeJA) and ethylene in leaf senes-
cence, we studied the effects of MeJA on ethylene production and ethylene biosynthetic en-
zyme activities in oat (Avena sativa L.) leaf segments incubated in darkness. MeJA promoted
dark-induced senescence judged from the contents of chlorophyll and protein, and increased
ethylene production 6 times of the control. MeJA also increased the activities of ethylene
biosynthetic enzymes, 1-aminocyclopropane carboxylic acid (ACC) synthase and ACC oxidase
as compared to control. In MeJA-treated leaf segments, ACC synthase activity reached its
maximum level at 24 h of incubation and ACC oxidase activity peaked at 6 h of incubation.
Aminoethoxyvinylglycine (AVG) and Co®, inhibitors of ACC synthase and ACC oxidase
respectively, reduced MeJA-induced ethylene production. They also delayed leaf senescence
that was promoted by the treatment of MeJA. From these results, we can suggest that MeJA
increased the activities of ACC synthase and ACC oxidase, these increased activities lead to
increase in ethylene production and this increased ethylene production might promote dark-in-
duced leaf senescence.
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Jasmonic acid (JA) and its methyl ester, methyi
jasmonate (MeJA), have been found ubiquitously in
plant, and known as plant growth regulators which
play their roles in the physiological processes such
as wounding or senescence (Ueda et al., 1981;
Yamane et al., 1981; Vick and Zimmerman, 1984,
Staswick, 1992). They have been generally con-
sidered as a senescence accelerator. They promoted
leaf senescence in oat, rice and barley (Ueda and
Kato, 1980; Weidhase ef al., 1987a; Chou and Kao,
1992a), and inhibited cytokinin-induced growth in
soybean callus cells and radish cotyledon (Ueda and
Kato, 1982). They also inhibited photosynthesis via
coercion of O, evolution in thylakoid membrane
(Maslenkova et al., 1990), coercion of synthesis and
promotion of degradation of rubisco, and affecting
the stomatal closure (Weidhase et al., 1987a,b; Sanz
et al., 1993).

Ethylene, a gaseous phytohormone, regulates
many aspects of plant growth and development. It,
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especially, plays an important role in fruit ripening,
senescence and stress physiology (Yang and Hoff-
man, 1984). In camation flowers the onset of senes-
cence is associated with a sharp increase in ethylene
production and induction of the expression of senes-
cence-related genes(Wang and Woodson, 1991). The
roles of ethylene in leaf senescence, however, are
not established well, yet, though it has been reported
that ethylene fostered leaf senescence in oat, rice
and parsley (Kao and Yang, 1983; Preger and Gep-
stein, 1985; Meir et al., 1992).

Exogenously applied MeJA increased ethylene
biosynthesis in several plants. It enhanced flower
senescence through the elevation of ethylene pro-
duction in Petunia and Dendrobium (Porat and
Halevy, 1993). It stimulated ethylene production in
immature tomato mesophyll cells (Saniewski et al.,
1987; Czapski and Saniewski, 1992) and increased
ACC oxidase activity in rice (Chou and Kao, 1992b).
Although it is likely that MeJA may increase the
synthesis of ACC oxidase and/or its activity
(Czapski and Saniewski, 1992), the mechanism of in-
crease in ethylene production by the treatment of
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MeJA has not been well established.

So, the content of this paper is the study on the ef-
fects of MeJA on ethylene biosynthesis and on the
possibility of ethylene mediating in MeJA-induced
senescence of oat leaves.

MATERIALS and METHODS

Plant Material

Seeds of oat (Avena sativa L., cv AWP-4) were
first soaked in tap water for 24 h, then sown in
prewashed vermiculite and were grown in the green-
house. The apical 3-cm segment of the first leal of
eight-day-old seedling was excised and used for this
experiment. A group of 5 segments was floated in a
flask containing 20 mL of distilled water or of test
solution. The flask containing 5 leaf segments was
capped with silicon rubber cap and incubated at
26°C in darkness for a different periods of time,
with the starting day designated as day 0.

Treatment of Chemicals

MeJA (Aldrich, USA) was diluted with cthanol
(Merck, Germany) and treated into 20 mL of dis-
tilled water. AVG (Sigma, USA) and CoCl, (Junsei,
Japan) was dissolved in distilled water with high
concentration and diluted into 20 ml of solution.
100 uL of ethanol was added to the control.

Quantification of chlorophyll
Chlorophyll extracted and quantified as described
by Martin and Thimann (1972).

Quantification of protein

Leaf segments were homogenized with 50 mM po-
tassium phosphate buffer, pH 7.5, using pestle and
mortar at 4°C. The homogenate was centrifuged at
15,000 mpm for 30 min, and the resulting su-
pernatant was used for quantification of soluble pro-
tein as described by Lowry et al. (1951).

Ethylene measurement

Leaf segments were enclosed in a 20 mL gas tight
glass container and incubated at 26°C in darkness
for 30 min. A one mL sample of gas was withdrawn
and analyzed with a gas chromatograph (GC-3BF;
Shimadzu, Japan) ecquipped with an activated alu-
mina column and a flame-ionization detector at
100°C.

ACC synthase assay
ACC synthase activity was analyzed as described
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by Woodson et al. (1992). The enzyme sources
were partially purified by a Sephadex G-50 column
(0.7 cm x 7 cm). ACC synthase activity was assayed
by incubating 0.4 mL of enzyme source with 0.1
mL of 500 puM SAM at 30°C for 15 min. The pro-
duced ACC was quantified by chemical conversion
of ACC into cthylene.

in vivo ACC oxidase assay

Assay of ACC oxidase activity was performed in
vivo as described by Wang and Woodson (1989).
ACC oxidase activity was determined by cthylene
production from leaf segments infiltrated with 2 mM
ACC.

RESULTS and DISUCUSSION

Exogenously applied MeJA was reported to in-
crease the activity of ACC oxidase in rice leaves
(Chou and Kao, 1992b) and to increase free ACC
content and ACC oxidase activity in olive leaves
(Sanz et al., 1993). To study the effect of MeJA on
senescence 1n oat leaves, we measured ACC oxidase
activity in leaf segments treated with various con-
centrations of MeJA. ACC oxidase activity in-
creased with the increased concentration of MeJA to
100 uM and decreased with the trcatment of higher
concentration than 100 uM (data not shown). Hence,
in our experiments 100 pM of MeJA was treated to
leaf segments.

Effects of MeJA on the senescence of leaf seg-
ments

We measured the contents of chlorophyll and pro-
tein, as the leaf senescence indicators. during 4-day
incubation in darkness (Fig. la and b). The contents
of chlorophyll and protein in MeJA-treated leaf seg-
ments decreased more rapidly than those of control
from the l1st day, to about 60% of control on the
2nd day. After the 2nd day. the content of protein
continued to decrease more rapidly than that of con-
trol to the 4th day. In MelJA-treated leaf segments,
however, the decreasing rate of chlorophyll content
lessened and on the 4th day, the content of chloro-
phyll is somewhat higher than that of control. This
reversion on the 4th day might not have some phy-
siological significance due to the overdamage of the
leaf scgments incubated for 4 days. This results in-
dicated that MeJA accelerated dark-induced senes-
cence of oat leaves. This acceleration of leaf senes-
cence by MeJA is well consistent with the former re-
ports (Ueda and Kato, 1980; Ueda ef al., 1981;
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Fig. 1. Changes in the levels of chlorophyll and protein
content in oat leaf segments floated on water (7 — ")) or
100 UM of methyl jasmonate (@ — @) at 26'C in dark-
ness. MeJA was treated as described in MATERIALS and
METHODS. a): chlorophyll content; b): protein content;
The values are the means of 6 independent experiments.

Chou and Kao, 1992a).

Effects of MeJA on ethylene biosynthesis

Ethvlene has been reported to play a role in the
senescence of many plants (Yang and Hoffman,
1984). It was also reported to participate in dark-in-
duced senescence of oat leaf (Gepstein and Thimann,
1981; Preger and Gepstein, 1985). So, we examined
whether the acceleration of dark-induced senescence
by MeJA was accompanied by the increase of ethy-
lene production or not (Fig. 2a). Ethylene pro-
duction from control decreased to 12 h of incubation,
increased thereafter and decreased slowly after 24 h
of incubation. However, the fluctuation of ethylene
production from control was mmmaterial, compared
to that of MeJA-treated leaf segments. Ethylenc pro-
duction from MeJA treated leaf scgments decreased
to 12 h of incubation and increased thereafter to 24
h of incubation similar to that of control. However,
the rate of cthylene production from MeJA-treated
leaf segments abruptly increased after 12 h of in-
cubation and reached its maximum level of 11.6 nL/
gfw/h, at 24 h of incubation, 6 times as that of con-
trol. The rate decreased thereafter. It has been re-
ported also in the leaves of olive, the petals of
Petunia and Dendrobium, and the mesophyll cells of
immature tomato that exogenously applied MeJA in-
creased ethylene production (Saniewski et al, 1987,
Czapski and Saniewski, 1992; Porat and Halevy,
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Fig. 2. Effects of MeJA on cthylene biosynthesis from oat
lcaf segments. Oat leaf segments were enclosed in a gas
tight glass container containing distilled water (&) ) or
100 uM MeJA solution (@ @ ). and incubated at 26°C
in darkness. At designated time, oat leaf segments were col-
lected. The rate of ethylene production (a), ACC synthase
activity (b) and in vivo ACC oxidase activity (¢) were
measured as described in MATERIALS and METHODS.
The values in a) and ¢) are the means of 6 independent ex-
periments, and the values in ¢) are the means of 3 indepen-
dent experiments.

1993; Sanz et al., 1993). However the role of this in-
creased cthylene production has not been studied



12 Chang, Yong Hoon et al.

well. Considering our result, it is suggested that
MeJA could accelerate dark-induced senescence via
increase in ethylene production.

The biosynthetic pathway for the plant hormone
ethylene has been established as S-adenosylmethio-
nine — ACC — ethylene (Adams and Yang, 1979;
Yang and Hoffman, 1984). In this biosynthetic path-
way, ACC synthase and ACC oxidase catalyze each
step. In higher plants, ethylene production is regulat-
ed by the regulation of these two enzymes (Yang
and Hoffman, 1984). So, we measured the activities
of these two enzymes to determine which enzyme
was responsible for the increased ethylene produc-
tion by MeJA (Fig. 2b and c). The activity of ACC
synthase in control was increased after the 1st day
of incubation and peaked on the 2nd day. However,
ACC synthase activity in MeJA treated leaf seg-
ments increased rapidly after 12 h of incubation to
peak on the 1st day, which was earlier than control
by one day, and was 2.6 times higher than that of
control at peak. The change of ACC synthase activ-
ity was paralleled to the change of ethylene pro-
duction (Fig. 2a and b). MeJA also increased the ac-
tivity of ACC oxidase (Fig. 2c). Treatment of MeJA
caused abrupt increase of ACC oxidase activity ear-
ly in incubation time, which reached its maximum
level at 6 h of incubation and decreased rapidly
thereafter, whereas ACC oxidase activity in control
increased slightly to 6 h of incubation and decreased
gradually thereafter. Chou and Kao (1992b) have re-
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ported that MeJA increased ACC oxidase activity in
rice leaf. From our result, MeJA increased ACC syn-
thase activity as well as ACC oxidase activity, and
increase in ecthylene production by MeJA is caused
by the increase of both enzyme activities. However,
the fact that the change of ethylene production was
paralleled more to the change of ACC synthase ac-
tivity than that of ACC oxidase activity suggests
that the increase of ethylene production by MelJA is
caused mainly by the increase of ACC synthase ac-
tivity. However, the role of ACC oxidase in ethy-
lene production cannot be underestimated. We can
think that MeJA might increase the activity of ACC
oxidase first as Chou and Kao's report (1992b) and
this increased activity might affect the activity of
ACC synthase via certain components.

Effects of AVG and Co” on the acceleration of
dark-induced senescence by MeJA

To confirm that the acceleration of dark-induced
senescence in oat leaf segments by MelJA is medi-
ated by the increase of ethylene production, we ex-
amined the effects of AVG, an inhibitor of ACC
synthase, on the senescence of MeJA-treated leaf
segments (Fig. 3). This inhibitor effectively inhibited
cthyiene production from oat leaves at the 1st day
(Fig. 3a). Treatment of AVG with MeJA diminished
the effects of MeJA on chlorophyll content, but the
content of protein in MeJA-treated leaf segments
was not sustained fully as the control level with the
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Fig. 3. Effects of AVG on ethylene production (a), chlorophyll content (b) and protein content (c) in MeJA treated leaf seg-
ments. Oat leaf segments were treated with 20 pkM AVG in the abscence or presence of 100 uM MeJA for 3 days in dark-

ness. The values are the means of 3 independent experiments.
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Fig. 4. Effects of Co™ on ethylene production (a), chlorophyll content (b) and protein content (c) in McJA treated leaf seg-
ments. Oat leaf segments were treated with 100 pM CoCl; in the abscence or presence of 100 tM MelA for 2 days in dark-

ness. The values are the means of 3 independent experiments.

treatment of AVG. From these AVG effects, it is
not certain whether the acceleration of dark-induced
senescence in oat leaf segments by MeJA is medi-
ated by the increase of ethylene production. So, we
also examined the effects of Co™, an inhibitor of
ACC oxidase. Co™, also, inhibited effectively ethy-
lene production from oat leaves (Fig. 4a). This in-
hibitor diminished fully the effects of MeJA on the
contents of chlorophyll and protein (Fig. 4b and c).
It has been already reported that dark-induced senes-
cence of oat leaves was related with preceding in-
crease of ethylene production and then MeJA ac-
celerated dark-induced senescence of oat leaves
(Gepstein and Thiman, 1981; Preger and Gepstein,
1985). However, no direct evidence that MeJA-ac-
celeration of dark-induced senescence was related
with increase of ethylene production has been a-
vatlable. Based on our results, it could be linked to
the increase of ethylene production. MeJA might ac-
celerate the dark-induced senescence of oat leaves
via increase of ethylene production. This increase of
ethylene production was caused by increase of the
activities of ACC synthase and ACC oxidase.

On the other hand, exogenously applied MeJA
has been known to accelerate senescence in many
plants through the increase of respiration rate, the in-
hibition of photosynthesis and the regulation of sev-
eral gene expression (Melan et al., 1993; Sanz et al.,
1993:; Sembdner and Parthier, 1993; Reinbothe et al.,

1994). MeJA also induces the expression of lipox-
ygenase gene that participates in the biosynthesis of
MeJA (Bell and Mullet, 1993). Lipoxygenase has
been taken to accelerate senescence through break-
ing up fatty acid of phospholipid in ccll membranes
(Siedow, 1991). So, we could not conclude that
only ethylene mediated MeJA-acceleration of dark-
induced senescence, but that ethvlene played some
roles in MelJA-acceleration of dark-induced senes-
cence in oat leaves.
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