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Abstract. The protective effect of a synthetic ter-
penoid analog of the plant hormone abscisic acid
(ABA) coded LAB 173711 applied alone or in com-
bination with the growth retardant tetcyclacis on
chilling injury of rice was studied under growth
chamber, greenhouse, and field conditions. The
compounds were applied as a foliar spray before
and after the onset of chilling treatment, as a sub-
strate via the root system, and as a medium for seed
soaking. The ABA analog increased chilling resis-
tance in a manner similar to ABA. Combination of
the analog with tetcyclacis revealed additive ef-
fects. Increased chilling resistance involved several
processes: stomatal closure which reduced water
loss during chilling, stabilization of the membranes,
stabilization of the chiorophyll level, and stabiliza-
tion of the root system. Possibilities for practical
use of the compounds in rice production are dis-
cussed.

Rice cultivation in temperate and high-altitude ar-
eas is limited by rice susceptibility to low air tem-
perature and irrigation water temperature. An esti-
mated 7 million ha of rice is grown in cold areas in
South and Southeast Asia. Developing suitable
cold-tolerant varieties and improved cultural prac-
tices offer immense possibilities for increasing rice
yield in such areas. Some progress has been
achieved with the introduction of cold-tolerant
Japonica cultivars in breeding programs. Further
progress is seen from the use of short-duration va-
rieties that avoid, rather than tolerate, cold injury.
Also, cold damage can be avoided through cultural
practices such as the use of plastic shelters to pro-
tect seedbeds. Attempts to protect rice seedlings or
plants against low temperature using plant growth
regulators have also been reported.

The plant hormone abscisic acid (ABA) is in-
volved in several stress reactions of plants including
low temperature stress (Capell and Dorffling 1989).
It is, therefore, not surprising that ABA application
has a protective function against chilling, freezing,
and drought stress. Rikin et al. (1976, 1979, 1983)
were the first to describe that spraying ABA on
cucumber seedlings prior to a chilling stress in-
creased chilling tolerance. Flores et al. (1988) and
Flores and Dorffling (1990) extended the number of
plant species that responded to ABA application
with an increase in chilling resistance. Among these
plants was rice (Flores-Nimedez et al. 1990a,b). In
spite of its high activity, the use of ABA on a large
scale is limited because of its high price and its rapid
metabolic deactivation. Several attempts to intro-
duce synthetic ABA analogs as protectants against
chilling and freezing damage in horticulture and ag-
riculture have failed in the past mainly because of
the low activity of the compounds used.

Recently, new ABA analogs have been synthe-
sized (Grossman and Jung 1984). In these com-
pounds, the dienoic side chain of ABA was replaced
by a conjugated alkene-alkine unit, the carboxyl
group substituted by an acetal or ether function,
and the 4'-keto group in the cyclohexenyl ring re-
placed by hydrogen or by a cyclic ketal (Fig. 1).
Although these compounds are available so far only
as impure preparations with several isomers, their
biological activity in various physiological pro-
cesses (inhibition of seed germination, promotion of
abscission, induction of stomatal closure) is quali-
tatively and quantitatively similar to that of the nat-
ural hormone (Flores and Doérffling 1990). They
seem to be more stable in the plant and their chem-
ical synthesis is easier and cheaper.

The present study aims to demonstrate the ability
of one of these analogs to increase chilling tolerance
and prevent cold damage in rice. It also reports ex-
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Fig. 1. Chemical structure of abscisic acid (ABA), its terpenoid
analog LAB 173711, and tetcyclacis, used as protectants against
chilling injury in rice.

periments which show that combinations of the new
ABA analog with another synthetic plant growth
regulator, tetcyclacis, a norbornadiazetine-type
plant growth retardant (Fig. 1), have additive ef-
fects on chilling protection. Recently, it has been
reported that tetcyclacis, known to block a distinct
step in gibberellin biosynthesis (Rademacher et al.
1987), also improves cold tolerance (Anderson and
Husband 1987). Also included are studies on the
mode of action of these compounds in preventing
chilling damage and discussions on the possibilities
and limits of their application in rice production.

Materials and Methods

Preparation of the Test Solutions

Preparations of the analog LAB 173711 (Fig. 1) (provided by Dr.
W. Rademacher, BASF Agricultural Research Center, Limburg-
erhof, Germany) were dissolved in cyclohexanone or acetone
(Merck, Darmstadt, Germany). The solutions were diluted with
distilled water containing 0.025% Citowett (BASF) as additive
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wetting agent to obtain the following growth regulator concen-
trations: 10~* and 10~2 mol L™ !. The concentration of the sol-
vent was 1% or less. ABA, a racemic mixture of the (+)- and the
(—)-isomer (Fluka, Basel, Switzerland), and tetcyclacis (pro-
vided by Dr. W. Rademacher, BASF) were prepared in the same
manner.

Plant Material

Seeds of Oryza sativa L. cv IR 36 and Samgangbyeo (chilling-
sensitive cultivars) were surfaced-sterilized with 0.1% mercuric
chloride solution for 1 min and washed with distilled water.
Seeds were soaked in distilled water for 24 h, lined in petri dishes
with moistened filter paper, and incubated overnight at 32°C.
The germinated seeds were transferred to i1-L pots of Maahas
clay soil at 29°/21°C in the glasshouse or greenhouse under nat-
ural photoperiod, or in the growth chamber at 26°/21°C with a
12-h photoperiod and 80% relative humidity.

Application Techniques and Chilling Treatments

Different application methods and chilling treatments were used.

Foliar Spray. Two- and 3-week-old IR36 seedlings were sprayed
with 10~*and 103 mol L ~! LAB 173711, respectively, until the
leaves were completely wet. After 24 h, the 3-week-old plants
were transferred to the cold air (5°C and 11°C) treatment for
several days. The 2-week-old plants were transferred to cold
irrigation water (water tank) with a temperature of 11°C for 7
days, the shoots exposed to 29°C. At the end of the chilling
exposure, the 2-week-old seedlings were transplanted to the
field.

Flower Spray. A set of IR36 plants were raised in the greenhouse
at 32°C. Before anthesis, intact plants with flowers were sprayed
with 107* mol L~! ABA and LAB 173711. After 2 days, plants
were transferred to 11°C for 9 days and returned to 32°C for
recovery. After 134 days from seed sowing, panicles of the main
tiller from five different plants per treatment were harvested,
percent of filled spikelets and grain weight were monitored.

Another set of plants, cv Samgangbyeo, were grown in the
glasshouse at 29°21°C. Before anthesis, plants were sprayed
with 10~* mol L~ ' ABA, LAB 173711, and the combination of
LAB 173711 + tetcyclacis. After 3 days, plants were transferred
to 5°C for 7 days and then returned to 29°C for recovery until the
harvesting or full ripe period (127 days after seed sowing). The
panicles of the main tillers were harvested. Grain-filling pre-
sented in terms of filled spikelets and grain weight was mea-
sured.

Root Treatment. Two-week-old seedlings were transferred to a
water cooled tank providing a root temperature of 11°C and
shoot temperature of 29°C for 7 days. Afterwards, the roots were
carefully removed from the soil, washed, then immersed in an
aqueous solution of 10~* mol L~ LAB 173711 for 24 h and the
seedlings were then transplanted to the field.
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Seed Soaking. Seeds were soaked in distilled water for 24 h.
Pregerminated seeds were soaked in an aqueous solution of 10~
mol L~ LAB 173711 for an additional 24 h, then sown in trays
and raised in the greenhouse. Two-week-old seedlings were
transferred to a cooled water tank providing a root temperature
of 11°C and shoot temperature of 29°C for 7 days. The roots were
pulled from the soil and seedlings transplanted to the field.

Measurement of Chilling Injury

Percent Survival. After exposure to chilling, a set of plants was
transferred to the preexperimental condition. The number of sur-
viving plants was counted.

Leaf Rolling. A visual scoring of rolling of the fifth leaf from the
plant base was monitored by counting the number of completely
rolled leaves before, during, and after chilling at 5°C, using a
scale of 1 to 5.

Changes in Relative Chlorophyll Content. The mid-lamina of the
third leaf from the top was used to measure relative chlorophyll
content using SPAD-501 (Minolta Camera Co., Ltd., Osaka,
Kokusai, Japan).

Chlorophyll Fluorescence Measurements. Twenty-seven-day-
old TR36 rice seedlings were grown in the glasshouse at 29°C,
chilled at 5°C for 3 days, and then transferred to a dark room for
a 2-h preincubation period. The seventh intact leaf of the plant
rested on a flat surface. The photodiode, which detects the flu-
orescence light was placed on the adaxial surface of the mid-leaf
lamina, and leaf chlorophyll fluorescence was measured with a
PAM chlorophyll fluorometer (Heinz Walz Mess- u. Regeltech-
nik, FRG). The fluorescence of the leaf sample was excited at
frequencies of 1.6 or 100 KHz by 1 us light pulses from a light-
emitting diode (LED). The LED-measuring beam has a peak
wavelength of 650 nm. The signal from the photosensor was
registered on a recorder. Variable fluorescence (F,, where F, =
F, — F,) was calculated from the measured instantaneous flu-
orescence (F;) and the maximum fluorescence (F,,).

Results

Protection Against Cold Air Injury During the
Seedling Stage

The effects of drastic low temperature treatment on
IR36 seedlings and the protective function of the
plant growth regulators are presented in Fig. 2.
Three-week-old IR36 seedlings grown at 29°C tem-
perature were sprayed with the respective solutions
in a concentration of 102 mol L1, After 24 h, they
were exposed to cold air treatment for 4 days, and
thereafter returned to the original conditions. Per-
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centages of plant survival, leaf rolling, leaf fresh
weight, and relative chlorophyll content were re-
corded before, during, and after the low tempera-
ture treatment. Application of ABA, LAB 173711,
tetcyclacis, and LAB 173711 + tetcyclacis before
chilling exposure increased the capacity of the rice
plants for survival. While untreated control plants
did not survive after 10 days, all plants treated with
ABA survived (see also Fig. 3). The survival per-
centage of plants treated with LAB 173711 was
about 90% and of those sprayed with the combina-
tion of LAB 173711 and tetcyclacis was about 94%.
Tetcyclacis alone was less active, but still showed a
pronounced positive effect on plant survival. Paral-
lel to the increase in seedling survival with the ap-
plication of protective compounds, a significant re-
duction in the symptoms of chilling injury was ob-
served. Leaf rolling was greatly reduced (about
60%) and reduction of leaf fresh weight and chloro-
phyll breakdown was prevented to about the same
extent. The decrease in leaf water potential was
minimized by about 40% (data not shown). Necrotic
leaf area was about 40% in the control and less than
5% in LAB 173711-treated plants (data not shown).
The decline in chlorophyll fluorescence was like-
wise minimized with only about a 20% decrease
compared to about 80% in the control (Fig. 4). Not
only were water status and chlorophyll contents af-
fected, but membrane stability as well. A rapid in-
crease in electrolyte leakage was observed during
prolonged exposure of plants to low temperature.
Application of LAB 173711 and the combination of
LAB 173711 + tetcyclacis minimized this increase
(data not shown).

Protection Against Cold Irrigation Water Injury
During Seedling Stage and Comparison of
Different Application Methods of the Protective
Compounds

Chilling injury of rice plants may result not only
from cold air, but also from cold irrigation water. In
this experiment, the roots were exposed to a tem-
perature of 11°C for 7 days, while the shots re-
mained at the original temperature of 29°C. There-
after the seedlings were transplanted to the field and
percentage survival was monitored. Three different
methods of cryoprotectant application were used
and their effectivity compared. Of the three meth-
ods of application, foliar spray and root dipping
proved to be more effective in preventing chilling
injury, attaining 70% and 68% seedling survival, re-
spectively (Fig. 5). Seed soaking was less effective
compared to foliar spray and root dipping with only
about 53% survival. It should be noted, however,
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that the time interval between analog application
and the onset of chilling lasted 2 weeks with seed
soaking. Part of the applied analog may have been
metabolized during that period.

Fig. 3. No untreated rice plant (IR36) survived a chilling treat-
ment (3 days at 5°C) after 10 days of recovery at 29°C. However,
plants treated with a foliar spray of ABA, LAB 173711, and
tetcyclacis showed a high percentage of survival.

Foliar application of the compounds and the sub-
sequent exposure of the root system to cold water
prevented the development of chilling symptoms in
the shoot and also protected the roots. Reductions
in root growth and root dry weight formation were
significantly prevented not only by foliar applica-
tion of LAB 173711 (Table 1) but also by using the
protective compounds as root substrate (data not
shown).

Protection Against Low Temperature Stress
During the Flowering Stage

Since rice is susceptible to low temperature not
only during the seedling stage but also during an-
thesis, the protective effects of the chemicals
against low air temperature was also studied during
the flowering stage. Figures 6 and 7 show an exper-
iment in which seedlings of the chilling-sensitive
Korean variety Samgangbyeo were grown in a
glasshouse at temperatures of 29°/21°C. Before an-
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Fig. 4. Changes in chlorophyll fluorescence of rice seedlings
(IR36) chilled at 5°C for 3 days, then retransferred to 29°C for
recovery. Treatment with ABA, LAB 173711, tetcyclacis, and
LAB 173711 + tetcyclacis at time zero as a foliar spray is shown.
Data are means = SE of 10 measurements. The difference be-
tween control and all treatments is significant at « = 0.01 (Dun-
can’s multiple range test).

thesis, the plants were sprayed with 10~ mol L~!
ABA, LAB 173711, and the combination of LAB
173711 + tetcyclacis. Three days later, the plants
were exposed to an air temperature of 5°C for 7
days and returned to a temperature of 29°C for re-
covery. The main panicles were harvested during
the ripening stage (127 days after sowing). The yield
and yield component analyses showed that chilling
greatly reduced the percentage of filled spikelets
(Fig. 6) and grain dry weight (Fig. 7). Application of
ABA, LAB 173711, and LAB 173711 + tetcyclacis
increased the percent of filled spikelets when
sprayed before anthesis prior to the chilling treat-
ment. The control, however, had a lower percent-
age of filled spikelets in both the primary and sec-
ondary branches. Most effective was the combina-
tion of LAB 173711 + tetcyclacis. Exposure to 5°C
likewise caused a decrease in dry matter accumula-
tion. The decrease was, however, smaller in those
treated with ABA, LAB 173711, and the combina-
tion of LAB 173711 + tetcyclacis. The grain weight
in both the upper and lower primary and secondary
branches of the panicle was heavier in LAB 173711
+ tetcyclacis-treated plants, but the differences to
the chilled controls were statistically significant
only in a few cases.
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Discussion

Treatment with the synthetic ABA analog LAB
173711 can protect rice plants in different develop-
mental stages against chilling stress. Combinations
of the ABA analog with the growth retardant tetcy-
clacis, which by itself has also protective properties
with respect to low temperature stress, have addi-
tive, sometimes even synergistic effects.

The transfer of chilling-sensitive plants from 29°C
to 5°C may result in partial stomatal opening as re-
flected in terms of increased leaf rolling and fresh
weight loss. Application of the ABA analog prior to
chilling induces stomatal closure (Flores-Nimedez
et al. 1990a) and, thus, protects the plant against
injury. The water-conserving effect of applied ABA
analog seems, moreover, to be the basis for its re-
markable effect in preventing the ‘‘transplanting
shock’ of young rice seedlings during transfer from
the seedbed to the field (Flores-Nimedez et al., in
preparation).

Besides its direct effect on water status, the ABA
analog protects the membrane system against chill-
ing-induced inactivation and degradation. Mem-
brane permeability as measured by electrolyte ef-
flux is greatly stabilized by the application of ABA
and its analog before chilling (Flores-Nimedez et al.
1990b).

Normally, foliar spray is performed 24 h or more
before a chilling treatment. However, foliar spray
and root dipping were also effective, although to a
lesser degree, when applied immediately after the
chilling treatment. This indicates that part of the
ABA analog mode of action involves protection
against chilling injury during the recovery period at
higher temperatures rather than protection against
the direct effects of low temperature.

Relative chlorophyll content and chlorophyll flu-
orescence were also used as criteria to measure in-
juries caused by chilling. The loss of chlorophyll
may be due to the photooxidative damage to the
photosynthetic apparatus (Hodgson and Raison
1984), thus a decrease in the chlorophyll content.
Exposure of plants to chilling caused a fast decrease
in chlorophyll fluorescence. This is in agreement
with the findings of Greaves and Wilson (1986). De-
creased fluorescence suggests that the oxidative
site of photosystem II is the site of injury (Peeler
and Naylor 1988, Smillie and Hetherington 1983).
Analysis of chlorophyll fluorescence in rice by Moll
and Steinback (1986) shows that low temperatures
cause an increased reduction of the plastoquinone
pool which could result in photoinhibitory damage
to the photosystem II reaction centers. This de-
crease in fluorescence, however, is counteracted by
the application of the ABA analog and tetcyclacis.
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Table 1. Root growth of rice plants (IR36) treated with LAB 173711, chilled at 5°C for 2 days, and

retransferred to 29°C for a 7-day recovery.

Root growth

Nodal roots® Length® Fresh weight® Dry weight®

(no./plant) (cm) (mg) (mg)
Control 17.0 = 1.8 99 £ 1.2 205.8 = 28.3 277170
LAB #173711 26.2 = 1.7 147 £ 2.2 770.8 = 28.0 69.2 =+ 7.0

2 Data are means *+ SE of five measurements.

® Data are means = SE of eight measurements. The differences between treatment and control are
significant at a = 0.01 (Duncan’s multiple range test).

The ABA analog can be taken up through the root
system. Application of the ABA analog prior to
chilling provided a protection of root growth. The
stabilization of the root system may contribute to
the increased survival rate in protected plants.

The mechanism of action of the synthetic ABA
analog in preventing chilling damage is qualitatively
identical with that of ABA. However, a direct quan-
titative comparison with ABA on a molar basis is
not possible because preparations containing the
analog are impure and contain several isomers
whose biological activity is unknown. The ABA an-
alog is active in the rice plant for a long time, as
indicated by the observation that treatment of the
seed may protect the seedling against chilling sev-
eral weeks later. The analog seems, therefore, to be
rather resistant to metabolic deactivation.

In all probability the synthetic analog acts by sim-
ulating the natural hormone. Enhanced levels of
ABA after treatment with LAB 173711 have not
been observed (Dorffling, unpublished observa-
tions). This mode of action seems to be different
from the mode of action of tetcyclacis. Besides its
inhibitory effect on gibberellin biosynthesis, tetcy-
clacis seems to act, at least partially, by inhibiting
the transformation of endogenous ABA to its me-
tabolites phaseic acid and dihydrophaseic acid thus

increasing the level of ABA (Dorffling, unpublished
results). Two other compounds with chilling-
protective activity, triadimefon and mefluidide, also
seem to exert their action, at least in part, by in-
creasing the endogenous level of ABA (Asare-
Boamah and Fletcher 1986, Zhang et al. 1986). The
direct action of LAB 173711 may be advantageous
over the indirect action of mefluidide and triadime-
fon in regard to their practical applicability.

Since cold tolerance in rice can be increased by
applying ABA, its analog, or compounds that in-
crease the endogenous level of ABA, selecting and
breeding for ‘‘high-ABA plants’ may be a promis-
ing way to increase cold tolerance in rice. No infor-
mation is available whether this has been tried.
With drought tolerance improvement, however,
few attempts have been reported. Quarrie (1987)
succeeded with the classical selection and crossing
methods in producing wheat plants with increased
capacity to produce ABA in response to drought
and improved water use efficiency.

Since there are no rice cultivars with sufficient
cold tolerance, cryoprotective chemicals may be
useful in preventing chilling damage and thus stabi-
lizing yield. The compounds reported here have the
advantage of high activity, especially when used in
combinations. However, their high price is a disad-
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Fig. 6. Effect of 10~* mol L~! ABA, LAB 173711, and LAB
173711 + tetcyclacis on the percent of filled spikelets in the
variety Samgangbyeo. Before anthesis, the plants were sprayed
with the compounds. After 3 days they were exposed to 5°C for
7 days and then returned to 29°C. The main panicles were har-
vested during the full ripe period. Mean = SE of four parallel
experiments. Control, chilled plants not treated with the protec-
tive compounds; ABA, abscisic acid; 173, LAB 173711; 173 +
tet, combination of LAB 173711 + tetcyclacis. P,B,, P,B,, P,B,
... PgBg, 1st, 2nd, 3rd . . . 9th primary rachis branch, respec-
tively; location in the rachis of the panicle from where the spike-
lets were obtained. For example: P,B,, spikelets were collected
from the 1st primary rachis branch.

vantage for large-scale application in agriculture.
Further studies seem necessary to determine if
small-scale application would be economically fea-
sible (e.g., when seedlings from plastic shelters are
transferred to the field under low temperature con-
ditions). Also, promising results have been reported
on the synthesis of ABA analogs of even higher
activity and easier production (Schubert et al. 1991).
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Fig. 7. Effect of 107* mol L' ABA, LAB 173711, and LAB
173711 + tetcyclacis on grain dry weight in the variety Samgang-
byeo. Before anthesis, the plants were sprayed with the com-
pounds. After 3 days they were exposed to 5°C for 7 days and
then returned to 29°C. The main panicles were harvested during
the full ripe period. The same experiment as in Fig. 6. C, control;
unchilled plants, not treated with the protective compounds; K,
chilled plants not treated with the protective substances; ABA,
abscisic acid; 173, LAB 173711; 173 + tet, combination of LAB
173711 + tetcyclacis. See Fig. 6 for abbreviations.
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