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Abstract.

The level of 1-aminocyclopropane-1-carboxylic acid (ACC) and ethylene production rate

in rice seedlings was low under chilling stress (4°C). 1- (Malonylamino)cyclopropane-1-carboxylic
acid (MACC) content in rice seedlings remained unchanged within 24 h at 4°C. After that, the MACC
content of the chilling-sensitive cultivar (Taichung Native 1) decreased to 50% of the controls and
that of the cold-tolerant cultivar (Tainung 67) decreased to 809 of the controls. Most of the decrease
in MACC content occurred in root tissue. We also found that the MACC content in roots was higher
than that in shoots, but the ACC content in roots was lower than that in shoots. The ACC content and
ethylene production rate increased rapidly only after transfer to warmer temperature (25°C), and the
ACC content reached the maximum at 9 h and ethylene production rate at 12 h. After warming, the
chilled seedlings of the cold-tolerant cultivar showed a large increase in ACC and ethylene produc-
tions. Seedlings of chilling-sensitive cultivar also showed a large increase in ACC but little ethylene
production after 2 days or longer chilling treatment, During the warming period, ACC content in
shoots and roots increased in a similar trend. However, shoots showed a larger accumulation of ACC
content than roots. The ACC-induced ethylene production of the chilling-sensitive cultivar decreased
after 4 days of chilling treatment but that of the cold-tolerant cultivar remained unchanged even after
6 days of chilling treatment. These results indicated that the synthesis of ACC in two cultivars was
enchanced by chilling stress, whereas the system of conversing ACC to ethylene in the chilling-sensi-
tive rice cultivar was easily damaged by exposing to longer chilling temperature.

Key words: 1-Aminocyclopropane-1-carboxylic acid; 1- (Malonylamino) cyclopropane-1-carboxylic
acid; Chilling stress; Cold tolerance; Ethylene; Rice (Oryza sativa L.); Seedlings.

Introduction

Ethylene is an endogenous plant hormone which
plays important roles in plant growth and development
such as seed germination, fruit ripening, senescence,
and extension growth (Abeles, 1985). It is also well

! Abbreviations: ACC, 1-aminocyclopropane-1-carboxylic acid;
MACC, 1-(malonylamino) cyclopropane-1-carboxylic acid;
EFE, ethylene-forming enzyme; SAM, S-adenosylmethionine.

known that ethylene production is one of the stress
responses. Stresses such as chilling stress, water-defi-
cit, and mechanical wounding can stimulate ethylene
production (Abeles, 1972) . In higher plants, ethylene
is known to be synthesized via the following biochemi-
cal sequences: methionine - SAM! — ACC — ethylene
(Adams and Yang, 1979). The conversion of SAM to
ACC is the limiting step of ethylene biosynthesis (Yang
and Hoffman, 1984) . ACC synthase and EFE' are two
key enzymes in the regulation of ethylene biosynthesis.
It has been reported that ACC synthase, which catal-
yzes the conversion of SAM to ACC (Boller et al.,
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1979; Yu et al ., 1979) , and EFE which mediates ACC
to ethylene, are susceptible to enviromental and chemi-
cal manipulations, Chilling can cause various physio-
logical and biochemical modifications in chilling-sensi-
tive plants (Lyons, 1973; Wang, 1982) . One of them is
the stimulation of ethylene production (Cooper et al.,
1969; Etani and Yoshida, 1987; Field, 1981, 1984; Vine
et al., 1968; Wang, 1987; Wang and Adams, 1980,
1982; Wang et al., 1971; Wright, 1974). Wang and
Adams (1982) suggested that the increase of ACC
synthase activity and ACC content during warming
periods after chilling are responsible for high ethylene
evolution.

ACC content and ethylene production have been
suggested to serve as an index of chilling sensitivity
(Wang and Adams, 1982; Chen and Patterson, 1985).
Guye et al. (1987) recently showed that genotypic dif-
ferences in chilling tolerance/senesitivity also appear
to be reflected by the level of chilling-induced ethylene
production, and relatively high level of ethylene pro-
duction generally indicates a high degree of chill-toler-
ance in Phaseolus spp.

MACC, the major metabolite and an end product
of ACC (Amrhein ef al., 1981; Hoffman ef al., 1983),
was found to be accumulated during high rate of ACC
synthesis induced by water-deficit (Hoffman et al.,
1983) or by other factors (Amrhein et al., 1982; Fu-
hrer and Fuhrer-Fries, 1985; Satoh and Esashi, 1984;
VanLoon and Fontaine, 1984). Because MACC is a
stable product of ACC metabolism, Hoffman et al.
(1983) demonstrated that MACC level is related to the
prehistory of water stress status. The effect of chilling
stress on the change of MACC content has not been
studied yet.

Chilling injury of rice seedlings in paddy field,
especially the sensitive indica type, may frequently
occur in the first crop season during the coldest months
of January and February in the northern and central
parts of Taiwan, The present study was carried out to
investigate the effect of chilling stress on ethylene pro-
duction and ACC level in the seedlings of chilling-sensi-
tive and cold tolerant rice cultivars. Changes of MACC
content under chilling treatment was also examined .

Materials and Methods

Plant Materials
The rice cultivars included in this study were cv,
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Tainung 67 (japowica type) and cv. Taichung Native 1
(indica type) . After sterilizing with 5% sodium hypo-
chlorite for 10 min, seeds of rice were soaked in tap
water for 2 days at 37°C and then cultivated in a 500-ml
beaker containing half-strength Kimura (Yoshida ef
al., 1976) B nutrient solution as described previously
(Chu ef al ., 1986) . The solution was changed once in 4
days. Seedlings were grown in a glassroom of
phytotron with natural light at 30°C day/25°C night and
90% relative humidity. Three days before chilling
treatment, 11 day-old seedlings were transferred to a
25°C growth chamber under a photosynthetic photon
flux density (PPF) of 500 gmoles m~* s~% provided by a
combination of cool white fluoresent tubes and incan-
descant lamps. The photoperiod was 12 h. The 14 day
~old seedlings were used for experiments,

Chilling Treatments

Intact seedlings were chilled at 4°C with a PPF of
500 wmole m~2 s7! for various periods. The photoper-
iod was 12h. During chilling, relative humidity was
kept about 75%-85% . After various days of chilling,
seedlings were transferred to 25°C for post-chilling
warming treatment. Ten seedlings were used for each
sampling and the data presented were averages of 4
replicates.

Rating of Seedling Damage

Seedling damage was evaluated after seven days in
25°C mainly according to the index for cold tolerance
of IRRI (1980): 1. seedlings dark green, 3. seedlings
light green, 5, seedlings yellow with brown tip, 7.
seedlings yellow but have new leaf growing, 9. seed-
lings brown and dead.

Measurement of Electrolyte Leakage

After chilling treatment, ten whole rice seedlings
were immersed in 20 ml of 0.2 M mannitol solution in a
container of 11 cm in diameter, and kept in darkness
for 24 h at 25°C. The amounts of electrolyte leached
into the solution were measured with a conductivity
meter (TOA-Electronics, CM-24) .

Determination of Ethylene

Ethylene production by seedlings was determined
during 4°C treatment or after transfer from 4°C to
95°C. Ten seedlings were placed in a 78-ml glass
cyclinder (2.3 cm diameter X 19 cm height) and sealed
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with a silicone rubber cap. After incubation for 90 min
under 168 yumonle m™% s7!, One ml of gas samples was
withdrawn from the flask through the silicone rubber
cap and then analyzed for ethylene at 80°C by a gas
chromatograph (Carle Struments, CA, USA)
equipped with a flame ionization detector, and fitted
with an aluminum column, Porapak QS (6 ft* 1/BIN,
80/100 mesh) . The ACC~induced ethylene production
was determined after incubation for 60 min.

Determination of ACC and MACC

About 1.5 g shoots or roots were frozen in liquid
nitrogen, then extracted with 10 m! of 80% ethanol at
-20°C over night., The ethanol extracts were boiled in
80-85°C water bath and reextracted with 10 ml 80%
ethanol. The extracts were combined together, and
then concentrated to dryness with a Savant speed vac
concentrator (Savant Intruments, Fatmingdale, NY,
USA) . The residues was dissolved in 2 ml distilled
water and chloroform (0.5 ml /1 g) was added to
remove the pigments. The subsequent assay procedure
was modified from the method of Lizada and Yang
(1979) . In a 12 ml test tube, 0.2 ml extract and 0.1 m!
of 10 umoles HgCl, were added. The solution was
brought to 0.9 ml with dist, water and sealed with an
injection cap. 0.2 ml of cold oxidizing agent (5.25%
NaOCit : saturated NaOH =2 : 1, v/v) was injected into
the test tube. After shaking, 1 ml gas sample was with-
drawn for ethylene measurement. The method was
standardized with pure ACC (internal standard) .

Quantification of MACC in 1 ml ACC extract was
carried out by hydrolyzing in 2N HCI at 100°C for 6h as
described by Hoffman ef @l. (1982). After hydrolyz-
ing, the solution was neutralized with saturated NaOH
in a total volume of 3 ml, and then centrifuged for 10
min at 10,000 g. The ACC content of hydrolyzed
extract was assayed as described above. The differ-
ence in ACC content after and before HCl-hydrolysis
was taken as the amount of MACC, ACC and MACC
were expressed as nmoles per g fresh weight,

Results
Effects of Chilling on the Growth of Rice Seedlings

Intact rice seedlings cultivated with Kimura (Yo-
shida ef @l., 1976) B nutrient solution were used for all

experiments, The degree of chilling injury in rice seed-

lings was evaluated by the score of leaf damage (IRRI,
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Fig. 1. The degree of chilling damage in the seedlings of two
rice (Omyza sativa L.) cultivars. O, Taichung Native
1. @, Tainung 67. See materials and methods for the
scale of chilling damage.

1980) as described in materials and methods. The
results were presented in Fig. 1. The degree of chilling
damage in Tainung 67 (japonica type) remained low
even after 3 days at 4°C, and after that, elevated grad-
ually to score of 5 of leaf damage. On the contrary,
Taichung Native 1 (indica type) showed a rapid
increase in the scale of leaf damage up to 5 after 1 day
at 4°C. The results suggested that the chilling-sensitive
indica rice seedlings suffered more serious damage
than the cold-tolerant japonica cultivar under chilling
stress. Sato and Park (1982) showed that electrolyte
leakage of japonica rice plants was lower under chilling
than that of indica rice plants. Our results also showed
that the japonmica rice seedlings (Tainung 67) had low
electrolyte leakage than the indica rice (Taichung
Native 1) (Fig. 2). The electrical conductivity of leak-
age in indica rice seedlings increased rapidly with the
time of cold exposure, whereas an obvious increase in
Japonica rice seedlings occurred after 3 days at 4°C
(Fig. 2) . In the present study, the results showed that

~ the changes in electrolyte leakage in the two types of

rice cultivars were parallel to the degree of chilling
damage. :

Changes of Ethylene Production and ACC and MACC
Conte‘m‘s i Rice Seedlings under Chilling Treatment
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Fig. 2. Changes of electric conductivity of rice (Owyza sativa

L.) seedlings during chilling (4°C) . Bars indicated the
standard deviation. (O, Taichung Native 1. @,
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After transfer from 25°C to 4°C, both the cold-tol-
erant and chilling-sensitive cultivars showed a
decrease in ACC level and ethylene production rate
(Figs. 3 and 4). In comparison with the controls
(25°C), the chilling-sensitive seedlings showed more
rapid decrease in ACC and ethylene contents than the
cold-tolerant seedlings (Fig. 3). The ethylene and
ACC contents in chilled seedlings of the cold-tolerant
cultivar decreased to about 30% after 6 h at 4°C. In the
chilling-sensitive cultivar, the ethylene and ACC con-
tents also showed a decrease to the level of 30% of the
controls, whereas an significant decrease occurred
only after 2 h, In present studies, we also determined
the changes of ACC content in roots and shoots under
4°C condition, Fig. 4 showed that ACC content in both
shoots and roots decreased to the minimum of 0.9
nmole/g f wt. Shoots of the cold-tolerant rice seedlings
had a slower decreasing rate in ACC content than
roots. The ACC content of shoots declined to the mini-
mal level after 6 h at 4°C, whereas, that of roots occur-
red only 2 h at 4°C (Fig. 4). In the chilling-sensitive

Tainung 67. rice cultivar, both the root and shoot showed minimal
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Fig. 3. Time course of changes in ACC and MACC contents and ethylene production rate of-rice (Oryza sativa L.)

seedlings grown at 4°C or at 25°C (controls) . Intact plants (14 day-old seedlings) were used for ethylene
production and then plants without seeds were used for ACC and MACC analysis. O, ethylene production,
25°C; @, ethylene production, 4°C; (), ACC content, 25°C; M, ACC content, 4°C; A, MACC content, 25°C;
A, MACC content, 4°C. A, Tainung 67; B, Taichung Native 1. Bars indicated the standard deviation.
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Fig. 4. Time course of changes in ACC and MACC contents of shoots and roots of rice (Oryza sativa L.) seedlings
grown at 4°C or at 25°C (controls) . (7}, shoot, 25°C; @, shoot, 4°C; O, root, 25°C; @, root, 4°C. A, Tainung
67. B, Taichung Native 1. Bar indicated the standard deviation,

level of ACC after 2 h at 4°C (Fig. 4).

MACC is the ACC conjugate (Amrhein et al.,
1981, 1982; Hoffman et al., 1983) . It has been report-
ed that MACC could accumulate under stress condi-
tions (Amrhein ef al., 1982; Fuhrer and Fuhrer-Fries,
1985; Satoh and Esashi, 1984; VanLoon and Fontaine,
1984) . Since changes of MACC content in plant tissues
during chilling stress have not been reported, we
examined the change of MACC content in rice seed-
lings under chilling temperature (4°C). The chilling
treatment was found to have no effect on the MACC
content in both cold-tolerant and chilling-sensitive rice
seedlings in 24 h under 4°C condition (Fig. 3). After
that, in the case of the chilling-sensitive seedlings, the
MACC content decreased to about 509 of the controls
after 24 h (Fig. 3). The MACC content in cold-toler-
ant seedlings only decreased to 80% of the controls
(Fig. 3) . The results of Fig. 4 showed that most of the
decrease in MACC content took place in root tissue of
both cultivars,

Our results alsoc showed that ACC content in
shoots was higher than that in roots; however, MACC
content in roots was higher than that in shoots (Fig.
4) .

Changes of Ethylene Production and ACC Content in
Chilled Seedlings During Warming

After chilling for 2 days, the chilled rice seedlings
were transferred to 25°C. A rapid increase in ethylene
and ACC levels was detected after seedlings were tran-
sferred from 4°C to 25°C (Fig. 5A and B). The
greatest rate of ACC accumulation in both cultivars
was occurred at 9 h after warming. After 9 h, the
amount of ACC levelled off or decreased rapidly. The
maximum amount of ethylene production in chilled
seedlings occurred at 12 h during recovering at 25°C. In
the present work , we also detected the influence of the
longer chilling treatment on the changes of chilling-in-
duced ACC and ethylene production in rice seedlings.
For the cold-tolerant cultivar (Tainung 67), it was
observed that ethylene production rate and ACC con-
tent increased to more higher levels during warming
after 4 day-chilling treatment than those after 2 day
-chilling treatment (Fig. 5C). Though the ACC con-
tent in the chilling-sensitive rice seedlings also in-
creased during warming after 4 day-chilling treatment
the ethylene production rate was lower than that of the
controls (Fig. 5D). Fig. 5 A showed that the maxi-
mum ethylene production rate of 2 day-chilling treated
japonica rice seedlings (Tainung 67) during recovery
period was 2-fold of the control and the maximum
ACC content was 3-fold higher than that of the con-
trols. For the chilling-sensitive rice cultivar (Tai-
chung Native 1), the chilling-induced ACC accumula-
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Fig. 5. Time course of changes in ACC content and ethylene

production in chilled or control rice (Oryza sativa L.)
seedlings. Plants were treated at 4°C for 2 days or 4
days and then transfered to 25°C for various hours. O,
ethylene production, 25°C; @, ethylene production, 4°C;
(1), ACC content, 25°C; H, ACC content, 4°C. A,
Tainung 67, 2 days at 4°C; B, Taichung Native 1, 2
days at 4°C; C, Tainung 67 - 4 days at 4°C; D, Taichung
Native 1, 4 days at 4°C. Bars indicated the standard
deviation.

tion was 2-fold of the controls, whereas the ethylene
production was only slightly higher than those of the
controls (Fig. 5B). After 4 day-chilling treatment,
the greatest rate of ethylene production and ACC accu-
mulation in cold-tolerant rice seedlings were 3.7 and
3-fold of the controls, respectively, The maximum
amount of 4 day-chilling-induced ACC production in
chilling-sensitive rice seedlings was still 2-fold of the
controls, but the ethylene evolution remained lower
than controls during the warming period. As shown in
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Fig. 6. no matter whether 2 or 4 day-chilling treat-
ment, an obvious increase of ACC content was obser-
ved in shoots whereas a slight increase in roots.

To study the effect of chilling stress on the capac-
ity of conversing ACC to ethylene in rice seedlings, we
applied exogenous ACC and analyzed the ACC-induced
ethylene production, The rice seedlings were chilled at
4°C for various periods, and then ten intact rice seed-
lings were immersed in 5 mM ACC solution and vac-
cum-filtrated for 5 min. After ACC treatment, the rice
seedlings were incubated at 25°C for 12 h in light and
the’ ACC-induced ethylene production was determined .
For the ethylene analysis, the ACC-treated and con-
trol seedlings were sealed in 78 ml glass cyclinder in
darkness and gas samples were taken for ethylene
determination after 60 min incubation at 25°C.
Exogenous ACC treatment stimulated large amount of
ethylene release in control seedlings of both cultivars
(Table 1). There was virtually no difference in the
increase of ACC-induced ethylene in chilled and con-
trol seedlings of the cold-tolerant cultivar, Tainung
67,. The chilling-sensitive cultivar, Taichung Native
1, however, showed a significant decrease in ACC-in-
duced ethylene production after 4 day-chilling treat-
ment (Table 1) .

Discussion

It is well known that, in general, seedlings of
Japownica cultivar are much tolerant to chilling stress
than those of indica cultivar (Chang, 1970; Chu et al .,
1986; Vergara ef al., 1976). Our previous work
showed that electrolyte leakage could be a simple and
rapid indicator of screening for cold tolerant identifica-
tion in rice seedlings (Chu et al., 1986) . Sato and Park
(1982) found that the degree of leakage by low temper-
ature was ndica type > japonica X indica > japonica
type. They suggested that electrical conductivity of
leakage induced by low temperature may be an index
of cold-tolerance in rice varieties. In present studies,
from the degree of electrolyte leakage and leaf damage
(Figs. 1 and 2), seedlings of Tainung 67 (Japonica
type) were more tolerant to chilling stress than those
of Taichung Native 1 (indica type) . These results are
in a good agreement with these previous reports.

The 14 day-old green rice seedlings produced
about 1.5 nl ethylene per hour per gram fresh weight.
Satler and Kende (1985) reported that etiolated rice
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Table 1. ACC-dependent ethylene production of the chilled rice (Oryza sativa L.) seedlings
Chil Ethylene production rate (nl - g7! f wt » h™%)
illing
Tis.ted period 4°C 25°C
cultivar (days)
+ACC —ACC +ACC ~ACC
. 2 12.24 3.36 9.03 1.15
Tainung
67 4 10.76 2.26 10.15 1.26
6 9.05 2.15 9.49 1.07
. 2 10.77 1.89 13.98 1.26
Taichung
. 4 4.02 1.00 14.17 1.75
Native 1
6 2.10 0.51 12.72 1.47

seedlings released ethylene at a rate of (.9 pmole per
hour per seedling. Their results also showed that
shoots, seeds and roots of 80-h-old seedlings produced
0.057, 0.005 and 0.011 ethylene nmole per hour per
gram fresh weight, respectively. In the present experi-
ment, ethylene production rate in rice seedlings of the
chilling-sensitive cultivar and cold-tolerant cultivar
was similar to their results.

Our results showed that chilling stress inhibited
the biosynthesis of ACC and ethylene both in chilling
-sensitive and cold-tolerant rice seedlings (Fig. 2).
The ethylene production was maintained at a constant
rate of about 1 nl « g7* f wt » h™! in the controls, The
chilled rice seedlings in both cultivars produced ethyl-
ene at a rate of about 0.28 nl - g~ f wt « h™! (Fig. 2).
The ACC content in the control kept at the level of 4.5
nmol/g f wt, whereas decreased to 1.7 nmol/g f wt
under chilling treatment, Our results agreed with pre-
vious studies in which the biosynthesis of ethylene and
ACC in cucumber fruit (Wang and Adams, 1980, 1982)
and seedlings (Wang, 1987) was inhibited under chil-
ling temperature. Field (1984) also found that ethylene
production in leaves of dwarf bean was inhibited at
5°C. Though Fig. 4 showed that no difference was
found between the ACC content of shoots and roots
under chilling treatment, the decreasing rate of ACC
content in shoots was different in the two cultivars.
The ACC level in the shoot of cold-tolerant rice
cultivar reached the minimal level after 6 h, whereas,
that of chilling-sensitive rice cultivar occurred within 2
h at 4°C. However, the ACC content of root tissues in
the two tested cultivars decreased to the minimum

after 2 h of chilling treatment . It seems that the ACC
metabolism in root tissues is more sensitive to chilling
stress than that in shoot tissues, Our results also sug-
gested that shoots of the cold-tolerant rice seedlings
may be possed partly ability of ACC synthesis or lower-
ed ACC catabolism during 4 h after transfer to 4°C. A
more detailed work is in great need, a research
focused on MC-SAM feeding and usage of ethylene syn-
thesis inhibitors in chilled rice seedlings should be
investigated further.

The chilling-induced ethylene production in rice
seedlings only occurred after transfer from chilling to
warmer temperature. After transfer from 4°C to 25°C,
the ACC and ethylene production in intact rice seed-
lings increased rapidly (Fig. 5). Several results also
indicated that ethylene production in a number of
plants was enchanced by chilling stress when the plants
were transferred from cold to warmer temperature
(Chen and Patterson, 1985; Field, 1984; Ichii and
Hamada, 1978; Wang and Adams, 1980, 1982) . Wang
and Adams (1982) suggested that the pathway for eth-
ylene biosynthesis and related to chilling responses was
similar in a number of higher plants and the step which
was enchanced by chilling stress was the formation of
ACC. Our results also showed that the ethylene and
ACC levels were stimulated by chilling stress in seed-
lings of the rice varieties were similar to those of other
plants. Fig. 5 showed that the chilling-induced ethyl-
ene production in rice seedlings increased to maximum
following the maximum ACC content. Our results are
consistent with previous reports which showed that the
synthesis of ACC could be the rate limiting step in chil-
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ling-induced ethylene production (Wang and Adams,
1982) . The possible cause of the substantial increase in
ethylene production following chilling stress might
appear to be caused by an increase in ACC synthesis
after transfer to warmer temperature and its subse-
quent enchanced conversion to ethylene (Field, 1984;
Wang and Adams, 1982) . By using RNA and protein
synthesis inhibitors, cordycepin and cycloheximide,
Wang and Adams (1982) have reported that the synthe-
sis of the mRNA coding for ACC synthase remained
normal under chilling stress, but its translation was
inhibited by chilling. Therefore, the accumulated
mRNA was translated rapidly during warmer tempera-
ture and evoked the increase in ACC synthase activity,
ACC and ethylene production, The results of the pres-
ent investigation showed that most of the chilling-in-
duced increase in ACC occurred in shoots (Fig. 6). It
is possible that shoots synthesized large amount of
ACC itself or the ACC synthesized in roots was trans-
located to shoots during recovering at 25°C.

We found that cold-tolerant rice seedlings exhibit-
ed higher chilling-induced ACC content and ethylene
production than chilling-sensitive rice seedlings. Wang
and Adams (1982) have suggested that ACC content
could be used to predict the sensitivity of chilling
injury, Chen and Patterson (1985) recently also
showed that the stimulation of ethylene evolution and
ACC content in leaves was related to the sensitivity of
plants to chilling, From present results with different
rice varieties, ethylene release and ACC accumulation
in seedlings after chilling could be an indicator for
selection of cold-tolerant varieties.

After different periods of chilling treatment, a
rapid increase in ethylene and ACC production in seed-
lings of the chilling-tolerant cultivar, Tainung 67, was
detected. The ACC level in the chilling-sensitive vari-
ety (Taichung Native 1) was accumulated higher than
that in controls, but the ethylene production was lower
than that of controls. There was a remarkable differ-
ence between indica and japonica type rices, These
results suggested that the step from ACC to ethylene
was inhibited first by prolonged exposure to chilling, It
has been reported that EFE in chilling-sensitive plants
was liable and inactivated by prolonged chilling treat-
ment (Etani and Yoshida, 1987; Guye ef al., 1987).
Prolonged chilling caused a marked reduction of ethyl-
ene formation prior to a decline of the endogenously
accumulated ACC level during warming (Wang and
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Adams, 1980, 1982; Chen and Patterson, 1985) . Wang
and Adams (1982) also suggested that the system of
converting ACC to ethylene was the first step to be
readily damaged by chilling temperature. Chu et a/.
(1986) have reported that elevated electrical conductiv-
ity occurred in chilling-sensitive rice seedlings, In this
experiment, we also found electric conductivity of chil-
ling-sensitive increased to a large scale during chilling
periods. Lyons (1973) proposed that chilling causes the
alteration of membrane components resulting in loss of
normal physical and chemical properities, It has been
suggested that the system between ACC and ethylene
might be associated with the membrane and was close-
ly related to the integrity of membrane (Apelbaum et
al., 1981; Field, 1981), presumably, plasma mem-
brane or tonoplasts is involved (Yang and Hoffman,
1984) . Our results showed that visible responses of
chilling injury such as increase of electrolyte leakage
occurred after the same duration of chilling compared
with ethylene release and ACC level, The relation
between the change in electrolyte leakage in the two
tested rice varieties and the accelerated ethylene and
ACC productions provided indirect evidences to sup-
port the concept that the system between ACC and eth-
ylene might be associated with the membrane . Chilling
-sensitive rice cultivar, Taichung Native 1, the chil-
ling-induced membrane phase transition might be ir-
reversible after transfer to 25°C from chilling than in
cold-tolerant rice cultivar, Tainung 67, with the
results of poor conversion of ACC to ethylene (Fig. 5
D) . Chilling more than 2 days might cause irreversible
loss of the EFE activity in the chilling-sensitive rice
seedlings. By adding exogenous ACC, the ACC-depen-
dent ethylene release in the chilling-sensitive rice seed-
lings decreased 3-fold as compared with the controls
growing at 25°C, whereas remained unchanged in the
cold-tolerant rice seedlings (Table 1) . The results sug-
gest that prolonged chilling treatment cause the ir-
reversible damage on the system between ACC and eth-
ylene in chilling-sensitive rice cultivar. The cold-toler-
ant cultivar apparently maintained the system of
conversing ACC to ethylene normally. Etani and Yo-
shida (1987) also showed that the ACC-dependent EFE
in vivo in hypocotyls of etiolated seedlings of mung
bean (Vigna radiate 1., Wilczek) was sensitive to chil-
ling and progressively declined as a function of the chil-
ling period,

In addition to converting ACC to ethylene, Amr-
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Fig. 6. Time course of changes in ACC level and ethylene pro-
duction of shoots and roots in chilled or control rice
(Omyza sativa L) seedlings. O, shoot 25°C; @, shoot,
4°C; (), root, 25°C; M, root, 4£°C. A, Tainung 67, 2
days at 4°C; B, Taichung Native 1, 2 days at 4°C; C,
Tainung 67, 4 days at 4°C; D, Taichung Native 1, 4
days at 4°C. Bars indicated the standard deviation.

hein et al. (1981) and Hoffman et al. (1982) have
demonstrated that plant tissues are capable of metabol-
izing ACC to MACC which was regarded as a stable
product. Hoffman ef al. (1983) reported that MACC
in excised wheat leaves accumulated under water defi-
cit and MACC level could be used as a good indicator
of the stress history. In the present work, it was
showed that the MACC content in rice seedlings
remained unchanged during 48 h of chilling treatment,
After that, both of the chilling-sensitive and cold-tol-
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erant cultivars exhibited a decrease in roots but not in
shoots. It seemed that the MACC declined during the
late period of chilling treatment could be caused by a
leakage from roots into water which may be related to
the alteration of membrane structure with increased
permeability. The results which the chilling-sensitive
rice seedlings (Taichung Native 1) showed a more
decrease in MACC level than the cold-tolerant rice
seedlings (Tainung 67) suggest that chilling stress may
cause serious damage on the membrane structure in the
root of the chilling-sensitive rice than the cold-tolerant
cultivar . Changes of MACC content in chilling-treated
seedlings after rewarming is presently under investiga-
tion,
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