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Summary

When the ethylene-enhanced degreening of radish (Raphanus sativus L.) cotyledons held in
the dark was investigated, the rates of chlorophyll (Chl) catabolism decreased and the action of
ethylene was blocked by inhibitors. Inhibition of the degreening of cotyledons occurred when
cotyledons of seedlings were treated with cycloheximide (CHI), actinomycin D (ACD), silver ni-
trate (AgNQs), silver thiosulfate (STS), and allyl-isothiocyanate (AITC), but not chlorampheni-
col (CAP), an inhibitor of plastid RNA synthesis. Moreover, a high negative correlation between
the degree of greenness of radish cotyledons and Chl-degrading enzyme activity was obtained: Y
—11.85X+64.27, P<0.001 (1=0.995), where X and Y are Chl a -degrading relative activity
and intensity of the green color of the cotyledons, respectively. The correlation indicates that
ethylene promotes. the degreening process of radish cotyledons through the de novo synthesis of
a Chl-degrading enzyme protein.

Direct inhibition of AITC on Chl-degrading activity was not observed at the level of concen-
tration that could completely inhibit the ethylene-enhanced degreening of the cotyledons. This
finding suggests that AITC is to act as an inhibitor of Chl-degrading enzyme induction in radish

cotyledons.
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Introduction in the food industry as a spice or flavoring agent. Its

The promotion of Chl degradation in fruits and
leaves by ethylene treatment is well-known, whereas
the role of endogenous ethylene on the enzymology of
the degreening process in fruits and leaves is not fully
understood. In addition, other phytohormones that re-
tard aging or senescence, such as IAA, cytokinins, and
gibberellin suppress ethylene-induced Chl catabolism
(Abeles et al., 1989). Jasmonic acid enhanced Chl catab-
olism independently of the action of ethylene (Abeles
et al., 1989). Treatment of the tissues with inhibitors of
ethylene action and synthesis has failed to prevent en-
dogenous Chl catabolism (Halder-Doll and Bangerth,
1987). These reports indicate that Chl catabolism is the
result of ethylene-induced aging as opposed to the
direct effect of ethylene itself. Knee (1991) proposed
that ethylene acts as an accessory factor or modulator
than a dominant regulator of leaf senescence. Senes-
cence is a complex process controlled by various factors.

AITC (allyl mustard oil), CH,=CH—CH,—N=C=
S, one of the most important volatile pungent compo-
nents of wasabi (Wasabi japonica Matsum), horseradish
(Armoracia rusticana ), black mustard (Brassica nigra
L.), and other Brassica crops (Kawakishi, 1985) is used
Received; July 14, 1997. Accepted; November 5, 1997.

A part of this paper was presented at the 1997 Autumn Meeting
of the Japanese Society for Horticultural Science.

849

biological activities (anticarcinogenesis, ~antibacterial
activity, and inhibition of platelet aggregation) have
been investigated. Biological formation of AITC from
its immediate precursor glucosinolate (sinigrin) is
catalyzed by myrosinase (4-thioglucosidase). As active
electrophilic reagents, the isothiocyanate moieties of
many isothiocyanates, including AITC, easily react with
nucleophilic reagents such as water, amines, and alco-
hols to form corresponding adducts (Kawakishi, 1985).
Some reports have described AITC as an inhibitor of
both the action and synthesis of ethylene in various
fruits and vegetables. Shimokawa (1990) reported that
AITC inhibits ethylene action during fruit ripening (e.g.
tomato and banana-fruit), floral senescence (cut carna-
tion flowers) and epinasty. AITC also inhibits ethylene-
enhanced degreening in Citrus unshiu fruit (Shimokawa
et al., 1994). Moreover, Yano et al. (1986) and Nagata
et al. (1992a; b; 1993) showed that AITC inhibits
ethylene synthesis and browning of shredded cabbage.

In a previous study, we concluded that Chl-oxidative
enzymes are involved in Chl catabolism in the ethylene-
enhanced degreening of radish cotyledons held in the
dark (Adachi et al., 1996; Adachi, 1997; Adachi and
Shimokawa, 1998), and Adachi and Shimokawa (1995)
confirmed the involvement of O,  in the degradation
of Chl a which is catalyzed by an ethylene-enhanced en-
zyme.
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In this study we intend to clarify the mechanism of
ethylene-enhanced Chl catabolism by administrating var-
ious inhibitors on intact radish cotyledons kept in the
dark. Furthermore, AITC as a degreening inhibitor on
ethylene-enhanced Chl catabolism was investigated, and
the results are discussed briefly.

Materials and Methods

Plant materials

Six-day-old intact radish (Raphanus sativus L.) seed-
lings which were obtained from a local farm were used
within 2 hr.

Inhibitor and ethylene treatments

Treatments consisted of soaking intact cotyledons in
water for 0 to 60 min, in an inhibitor solutions for 5 to
60 min, and then blotted dry with soft paper towels
(Adachi et al., 1996). After the treatments, the seed-
lings were placed on a moistened sponge in a 30-1 plas-
tic box containing a beaker with 50 ml of 5% KOH to
absorb CO,. They were then exposed to 100 ppm
ethylene for 12 hr. Thereafter, the seedlings were fur-
ther incubated in fresh air for 36 hr. All of the incuba-
tion were carried out in the dark at 25 °C (Adachi et
al., 1996). Cotyledons soaked in water for 60 min were
used as the control. For AITC vapor treatment, AITC
solution was dripped on a strip of paper hanging in jars
containing seedlings and left to evaporate (Shimokawa,
1990). After exposure to vaporous AITC, the treated-
plants were transferred to AITC-free air; the control
plants were held in the jars without AITC.

Measurement of green density and determination of Chl
content

After 48 hr in the dark, the green density of the
cotyledons was determined non-destructively in tripli-
cate, using a Minolta SPAD-502 Chl meter, and ex-
pressed as SPAD values (Adachi et al., 1996). The Chl
was extracted with 80% aqueous acetone (Arnon, 1949)
and then the concentration determined spectropho-
tometrically under a dim, green light at 25 °C (Adachi
et al., 1996).

Preparation of enzyme extracts

The excised cotyledons were immersed in cold (—20
"°C) acetone and homogenized in a Waring blender. The
homogenate was filtered through a Buchner funnel and
the residue dried under vacuum and pulverized. The
crude enzyme extract was prepared according to Adachi
et al. (1996) by dissolving 5 g of acetone powders in 400
ml of 0.02 M potassium phosphate buffer (pH 7.0, with
0.2% Triton X-100) for 30 min at 25 °C. After filtering
the mixture, the filtrate was centrifuged at 12,000 X g
for 20 min at 0 °C, and the resultant supernatant was
used as the crude enzyme extract.

Assay of Chl a-degrading activity

Chl a -degrading activity was determined spectropho-
tometrically by measuring absorbance at 670 nm. The
standard reaction mixture contained the following: 2.4
ml of 0.02 M potassium phosphate buffer (pH 5.6, with
0.2% Triton X-100), 65.3 xM H»0,, 1.0 mM DCP, 0.1
mM EDTA, 13.5 4M Chl a4, and the crude enzyme
(0.43 mg protein) in a total volume of 3 ml. Activity is
expressed as the decreased absorbance at 670 nm for 3
min per mg protein. The enzymatic assay was carried
out under a dim green light at 25 °C (Adachi et al.,
1996).

Measurement of protein content

Protein content was determined according to the
method of Lowry et al. (1951).

Reagents

Chl a (purity, 99.0%) from chiorella was obtained
from Wako Pure Chemical Industries Co., Ltd (Osaka);
actinomycin D from the Sigma Chemical Co. (St.
Louis, U. S. A.); other chemicals from the Nacalai Tes-
que, Inc. (Kyoto).

Results

1. Effect of inhibitors of RNA and protein synthesis on
the Chl content in radish cotyledons

Immediately after exposure to 100 ppm ethylene for
12 hr, there was no significant difference in the Chl
levels in radish cotyledons between air-treated (control)
and ethylene-treated whole seedlings. After 24 hr,
however, Chl decreased in the ethylene-treated intact
radish seedlings and continued for 48 hr (data not
shown). The effect of various compounds on the Chl
levels after a 48 hr incubation period in the dark at 25
°C is shown in Fig. 1. Ethylene treatment caused a sig-
nificant loss of Chl, compared with the controls (P <
0.001). CHI, an inhibitor of protein synthesis on cyto-
plasmic ribosomes (80S), prevented ethylene-enhanced
Chl catabolism but in the CHI-treated control radish
seedlings Chl catabolism was affected slightly. ACD, an
inhibitor of nuclear RNA synthesis, also prevented
ethylene-enhanced Chl catabolism. In contrast, CAP,
an inhibitor of plastid RNA synthesis, did not prevent
it.

2. Effect of inhibitors of ethylene action on the ethylene-
enhanced degreening

Effects of time of immersion on the green density of
radish cotyledons pretreated with STS are shown in Fig.
2A. Treatment for 10 min significantly inhibited the
ethylene-enhanced degreening. An increase in green de-
nsity with immersion time occurred during the first 30
min. The mean green density of radish cotyledons tre-
ated with increasing concentrations of STS is shown in

NI | -El ectronic Library Service



Japanese Society for Horticul tural

Sci ence (JSHS)

BE%#%. (J. Japan. Soc. Hort. Sci.) 67(6) : 849-855. 1998, 851

Control (All') e ——

+CHI (10 p« M)

4CHI (100 p M)

+ACD (1 2 g/mt) f

+ACD (IOpg/nt) RS

+CAP (10 2 N) |3

+CAP (100 u N)

Ethylene [

Ethylene+CHI (10« N)

Ethylenet+CHI (100 p N)

Ethylene+ACD (1 x g/mt)

Ethylene+ACD (10« g/uf)

Ethylene+CAP (10 M) [

Ethylene+CAP (100 u N)

100 150 200
Chl loss (% of control)

Fig. 1. Effect of inhibitors of RNA and protein synthesis on the Chl content of radish
cotyledons. The horizontal bars represent S.D. of the mean. *Significantly different
from the control at P<0.001 (n=4) by ¢-test. Data are means of triplicate experi-

ments.
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Fig. 2. Time-course study on the green density of the cotyledons pretreated with 1 mM
STS followed with or without ethylene treatment (A). Relationship between the
green density and STS concentration (B). The treatment time was 40 min. The ver-
tical bars represent S.D. of the mean. Data are typical results from triplicate experi-

ments.

Fig. 2B. Treatment with 50 M STS did not significant-
ly inhibit the degreening of cotyledons because it could
not block ethylene-enhanced degreening (data not
shown), whereas cotyledons treated with- 1 mM STS
completely blocked the action of ethylene. Similarly,
AgNOj; inhibited ethylene-enhanced degreening (Figs.
3A, B). In addition, both STS and AgNOs3; treatments
of the control had little effect on the green density of
radish cotyledons (Figs. 2A and 3A).

3. Effect of AITC on the ethylene-enhanced Chl catab-
olism

The effect of AITC on the Chl content after 48 hr of
incubation in the dark is shown in Fig. 4. AITC (0.5 4«

/1) vapor treatment significantly inhibited ethylene-en-
hanced Chl catabolism. Furthermore, one hour of expo-
sure to volatilized AITC (2.5 V1) was sufficient to
block ethylene-enhanced Chl loss in radish cotyledons.
AITC treatment of the control radish seedlings en-
hanced the rate of Chl loss slightly in the cotyledons be-
cause AITC is a stress-inducing compound. To investi-
gate its inhibitory actions further, AITC solution was
applied to the reaction mixture of Chl a4 -degrading sys-
tem but the mixture had no effect (Fig. 5).

4. Effect of various compounds on degreening and Chl
a-degrading enzyme activity in radish cotyledons

The effect of various compounds on the green density
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Fig. 3. Time-course study on the green density of the cotyledons pretreated with 1 mM
AgNO; followed with or without ethylene treatment (A). Relationship between the
green density and AgNOj; concentration (B). The treatment time was 30 min. The
vertical bars represent S.D. of the mean. Data are means of triplicate experiments.
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Fig. 4. Effect of AITC vapor treatments on the Chl content of radish cotyledons. The hori-
zontal bars represent S.D. of the mean. *Significantly different from the control at P<
0.001 (n==6) by ¢-test. Data are means of triplicate experiments.

and Chl a-degrading enzyme activity in the cotyledons
after a 48 hr incubation period in the dark at 25 °C is
shown in Table 1. The data show that ethylene caused
the degreening of the cotyledons through the enhance-
ment of the Chl a-degrading enzyme activity. A linear
curve and a high significant negative coefficient of cor-
relation (r= —0.997) express the relationship between
green density and enzyme activity. The regression equa-
tion which is represented by: Y=—11.85X+64.27, P<
0.001, r = —0.997 (Fig. 6) indicates that ethylene-in-
duced Chl-degrading enzyme is the “key” enzyme in the
degreening processes.

Discussion

CHI diminished the ethylene-enhanced Chl loss, thus
a decrease in green density, and the Chl a-degrading
enzyme activity in radish cotyledons (Fig. 1, Table 1),
indicate that mRNA translation is involved in the in-

duction of Chl-degrading enzyme(s) in the cotyledons.
The inhibitory effect of CHI on chloroplast senescence
under various natural (Choe and Thimann, 1975) and-
artificial (Shimokawa et al., 1978a; Shimokawa, 1979)
conditions has been reported. It has been postulated
that chloroplast senescence requires de novo cyto-
plasmic protein synthesis. However, 100 4M CHI re-
versed ethylene-induced Chl catabolism almost com-
pletely (Fig. 1, Table 1). Similar results were shown in
Citrus fruits by Shimokawa et al. (1978a). These results
indicate that CHI can stimulate ethylene-dependent
gene expression leading to Chl catabolism, and as a
consequence promote the degreening in radish
cotyledons in the absence of ethylene. Recently, it was
reported that CHI can stimulate the production of
ethylene-inducible DNA binding proteins that interact
with an ethylene-responsive region in the promoter of a
tobacco gene (Ohme-Takagi and Shinshi, 1995).
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Fig. 5. Effect of AITC concentration on Chl a-de-
grading enzymatic activity. The vertical bars
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means of three independent extracts.
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Fig. 6. A negative correlation (r=-—0.997) between
Chl a-degrading enzymatic activity and the
greenness in the radish cotyledons. Data plotted
from Table 1.

Table 1.  Effects of various compounds on green denisity and Chl a-degrading activity in radish

cotyledons.
Green density Chl a-degrading activity
Compounds Concentration
(SPAD value) (% of control)
Initial (Oh) 64.0 + 1.6 13+ 2
Control (Air, 48h) 523 £ 09 100 =5
+ CHI (100 M) 50.9 = 0.8 111+ 4
+ ACD (10 g/m¥) 51.1 =09 110 = 3
+ CAP (100 # M) 499 = 1.0 121 £ 4
+ STS (1 mM) 513 £ 09 108 +£ 3
+ AgNO3 (0.75 mM) 50.6 = 0.8 1133
+ AITC (2.5 1y 475 £ 0.9 141 £ 4
Ethylene (100 ppm, 48h) 334+ 12 263 £ 5
Ethylene + CHI (10 # M) 46.2 = 0.9 154 £ 3
(100 « M) 50.7 £ 0.9 115 £ 2
Ethylene + ACD (1 pg/mé) 452 £ 0.8 161 = 2
(10 xg/m¥) 51.6 £ 0.8 113+ 3
Ethylene + CAP (10 £ M) 345+ 09 252+ 3
(100 2« M) 342 + 09 254 £ 3
Ethylene + STS (0.1 mM) 44,6 + 0.8 166 = 2
(1 mM) 51.2 £ 09 107 + 2
Ethylene + AgNO; (0.1 mM) 464 = 0.8 150 = 2
(0.75 mM) 52.0 £ 0.9 101 =3
Ethylene + AITC [((URy7A0)))] 42.0 = 0.9 193 £3
2.5 pln) 512+ 1.0 100 = 2

Means + S.D. (n = 30)
Y Means = S.E. (n=5)

The importance of mRNA synthesis in ethylene-
mediated processes was initially tested by showing that
ACD inhibited various ethylene-mediated processes
(Gahagan et al., 1968; Abeles, 1969; Dilley and Klein,
1969; Kahl and Laties, 1989). ACD also suppressed
ethylene-enhanced Chl catabolism in radish cotyledons
(Fig. 1, Table 1), providing an indirect evidence that a

factor is involved in gene expression. As previously
observed by Ke and Saltveit (1989), ACD was more
effective than was CHI as a protein synthesis inhibitor.
In contrast, CAP did not suppress the ethylene-en-
hanced Chl loss, the decrease in green density, or the
activity of Chl a-degrading enzymes in radish
cotyledons (Fig. 1, Table 1). A similar effect of CAP
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on the ethylene-enhanced Chl degradation in the peel
of Citrus unshiu fruits was observed by Shimokawa et
al. (1978a). Our result offers additional evidence that
the gene encoding the Chl a-degrading enzyme is pre-
sent in the nuclei. Thus, we conclude that ethylene
promotes degreening in senescing radish cotyledons by
initiating de novo synthesis of Chl-degrading enzymes.

Shimokawa et al. (1978b) reported that the normal
thylakoidal membranes in the chloroplast of ethylene-
treated Citrus peels collapsed and resulted in the forma-
tion of macrograna causing the plastids to become filled
with many plastoglobules. Eytan and Ohad (1972)
found that normal lamellar systems are composed of
proteins synthesized on both 80S and 70S ribosomes.
Toyama (1980) reported that macrograna is seemingly
composed of proteins synthesized on 80S ribosomes.
Thus, the effect of protein synthesis inhibitors- on the
ethylene-enhanced degreening in radish cotyledons (Fig.
1, Table 1), indicate that the de novo cytoplasmic pro-
tein synthesis is an essential process during the degreen-
ing of cotyledons.

This agrees with other ethylene-mediated effects such
as seed germination (Abeles, 1986), root growth
(Abeles and Wydoski, 1987), the vase life of cut carna-
tions (Reid et al., 1980), and opening of cut rose flow-
ers (Reid et al., 1989), our application of STS and
AgNO3 retarded the -aging process of the radish
cotyledons induced by ethylene treatment (Figs. 2A, B
and 3A, B, Table 1). Ethylene’s actions are known to
be inhibited by two: CO> and Ag+ ion, which have
been used as diagnostically. Therefore, we conclude
that ethylene participates indirectly in the degreening
process of cotyledons through the induction of Chl-de-
grading enzyme proteins.

Shimokawa (1990) made the first implication that
AITC inhibits the ethylene-mediated physiological ac-
tion during fruit ripening, floral senescence, and epinas-
ty induction. In addition, AITC blocked color develop-
ment and softening during tomato and banana fruit
ripening. In shredded cabbage, Yano et al. (1986)
showed that isothiocyanates such as ethyl-(EITC),
buthyl-(BITC), phenyl-(PITC) and benzyl-isocyanates
have the same effects as AITC on inhibition of the
browning reaction, ethylene production and respiration;
cyclohexyl isocyanates did likewise except that it did
not inhibit browning.

Nagata et al. (1992b) showed that AITC has not only
direct, but also indirect inhibitory effects on ethylene
production by suppressing its synthesis in shredded cab-
bage. Furthermore, Nagata et al. (1993) showed that
AITC appears to act as a protein synthesis inhibitor
that is similar to CHI. In Citrus unshiu fruit, ethylene-
enhanced chlorophyllase activity is inhibited by CHI
(Shimokawa et al., 1978a) and AITC (Shimokawa et
al., 1994). We obtained the same results (Figs. 1 and 4,
Table 1). Direct inhibition of AITC on the Chl a-de-
grading enzyme activity did not occur at the level of

concentration that blocks degreening almost completely
(Fig. 5). In browning of shredded cabbage, a similar in-
hibitory action of AITC was obtained by Nagata et al.
(1992a). From these observations, we hypothesize that
the inhibitory mechanism of AITC on ethylene-induced
Chl catabolism in radish cotyledons, held in the dark, is
attributed to the inhibition of protein synthesis and/or
of some processes upstream of ethylene-dependent pro-
tein induction, i.e, from the perception and the relaying
of ethylene signal to gene expression.

The study of the mechanism of ethylene-induced Chl
catabolism in plants, such as Citrus unshiu fruit, banana
fruit and radish cotyledons, provides useful knowledge
on how to maintain freshness in fruits and vegetables.
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A4 IV &4 2 (Raphanus sativus L.) THEDTF L ViFEBHKIC KT THER O

oL B - WHEFR] - T
HEAERBES 889-2192 =T ZEATEAW I TH 1 &ty

&

BIFFTOAA IV AL 3y FEOLF L VBHEHZIZD
W, L EREZHERTHRIL, soa 7 0 LRHE
DFPERTZETHRE L7, TEOBRROHEIX, JHY
OFEL sU~FUIF, TOF /4L D, FHEEE
(AgNO3), FABREE STS) EHITIALAVFATT
>—bF (AITC) ZEDUBTHEIALZEDOD, yuJ s
ZJxza—) (FuurJ b+ RNA AKEEAR) TI3EE
Ihkd ot &5, RAOREL o0 7 ¢ LIBEBER
BEHEOMIZKE, BLWAOHBERKLRELOAZ [ Y=—
11.85 X+64.27, P<0.001 (*=0.995) (=7 L X i3#Hx

B

Boaas 4L g HEEE, YIGGETHB)., ZOER
2, TFLUBsa0T 4 LEGFRETIBERL VST BER
ICBETAZLICED ATV IA IV FEOBFBEE
ETFERBHIEERLTNS,

vun7 4 LAEBEROBEICH T3 AITC DEHEOH
X, TEOLF L VFERREZEIHH T IREDOL
NAUTRBEI WL, 72, ThEOFEEMRIL, AITCKIK
HATL L AV FERTIOUT A LSBT IREL Y
NOBFEOHEAE UTERHL WS Z L ETRKET 3.
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