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II. Modulation of free polyamine levels
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Abstract

We have investigated the role of abscisic acid (ABA) in the regulation of polyamine biosynthesis in rice (Oryza
sativa L.) seedlings exposed to chilling (5°C). In a chilling-tolerant cultivar (cv. Tainung 67, TNG.67), levels of free
putrescine and activity of arginine decarboxylase (ADC, EC 4.1.1.19) in both shoots and roots, and levels of free
spermidine/spermine and activity of S-adenosylmethionine decarboxylase (SAMDC, EC 4.1.1.50) in shoots increased
after exposure to chilling. In a chilling-sensitive cultivar (cv. Taichung Native 1, TN.1), level of free putrescine and
activity of ADC in shoots increased slightly after exposure to chilling while those in roots decreased. Activity of
ornithine decarboxylase (ODC, EC 4.1.1.17) in both cultivars remained unchanged after exposure to chilling.
a-Difluoromethylarginine (DFMA), an irreversible inhibitor of ADC, but not «-difluoromethylornithine (DFMO), an
irreversible inhibitor of ODC, at 0.5 mM inhibited free putrescine accumulation in chilled TNG.67 and resulted in a
decrease in chilling tolerance; a decrease in survival and an increase in electrolyte leakage. The effects of DFMA were
partially reversed by the addition of 0.5 mM putrescine. In TNG.67, chilling induced an increase of free ABA levels
first, then ADC activity and finally free putrescine levels. Fluridone, an inhibitor of ABA synthesis, at 0.5 mM
inhibited the increase of free ABA levels, ADC activity and free putrescine levels in chilled TNG.67, and resuited in
a less tolerance of TNG.67 to chilling; these effects could be reversed by the pre-chilling treatment of 10 M ABA.
Application of 10 4uM ABA for 48 h before chilling not only rendered TN.1 tolerant to chilling but also induced a
change of polyamine pattern to be similar to chilled TNG.67. It seems that, for the materials used in this study, one
of strategies of rice seedlings to resist chilling stress is to raise ABA levels and, in turn, one of ABA’s functions is to
enhance the ADC-mediated putrescine synthesis. © 1997 Elsevier Science Ireland Ltd.
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1. Introduction

Polyamines (putrescine, spermidine and sper-
mine) have been implicated in the regulation of
plant growth and development [1,2]. There is also
an association of polyamines with plant responses
to many stresses [1,2]. In higher plants, putrescine
could be directly synthesized from ornithine via
ornithine decarboxylase (ODC; EC 4.1.1.17) [1-
4]. Besides, putrescine could be indirectly synthe-
sized from arginine; arginine is decarboxylated to
agmatine by arginine decarboxylase (ADC; EC
4.1.1.17), then hydrolyzed to N-carbamoylpu-
trescine by agmatine iminohydrolase (EC 3.5.3.12)
“and finally N-carbamoylputrescine is converted to
putrescine by N-carbamoylputrescine aminohy-
drolase (EC 3.5.1.-) [3,4]. Spermidine/spermine
are synthesized from putrescine by the addition of
propylamine group from decarboxylated S-
adenosylmethionine that is derived from S-adeno-
sylmethionine (SAM) by the action of
S-adenosylmethionine decarboxylase (SAMDC;
EC 4.1.1.50) [3,4].

The role of polyamines in chilling tolerance has
been studied in several plants [5-8]. By using 11
cultivars, the chilling-induced changes in free pu-
trescine levels are positively associated with the
cultivar resistance to chilling (r = 0.95) [6]. In the
system of roots cultured in vitro, free putrescine
was also found to be an important factor in the
resistance of rice roots to low temperature [10].
Tajima and Kabaki [9] showed that application of
spermidine could ameliorate chilling injury of rice
seedlings.

Abscisic acid (ABA) is essential for rice
seedlings to resist chilling stress [11] and controls
intricate functions with chilling tolerance, such as
the maintenance of water balance through the
closure of stomata and the enhancement of root
conductivity, as well as the prevention of mem-
brane damage [11,12]. Recently, we have found
that the chilling-induced increase of ABA rose
before that of putrescine in rice seedlings of chill-
ing-tolerant cultivars [6]. It raises the possibility
that ABA may influence polyamine metabolism in
respect to chilling tolerance. The relationships
between ABA and polyamines have been studied
in several plant systems [13-18]. In cucumber
cotyledons [13] and rice embryos [14], ABA de-

creases polyamine levels and ADC activity. In
contrast, ABA above 3.78 uM increases pu-
trescine levels in peeled oat leaf segments [15].
Putrescine levels were also observed to increase in
the ABA-induced senescent rice leaves [17]. Au-
risano et al. [18] showed that, in wheat seedlings,
ABA could induce a stress-like pattern of
polyamine metabolism.

In this study, the changes of polyamine levels
and their biosynthetic enzyme activities and the
putative role of ABA in chilling-induced changes
in polyamine metabolism were determined in two
cultivars with different chilling tolerance. Since
fluridone, an ABA biosynthesis inhibitor [19], has
been reported to inhibit the chilling-induced ABA
accumulation in rice seedlings [11], its effects on
polyamine biosynthesis were determined. Besides,
since ABA increases chilling tolerance of chilling-
sensitive rice seedlings [10], the effects of ABA
acclimation on polyamine biosynthesis were also
determined in chilling-sensitive rice seedlings.

2. Materials and methods

2.1. Plant materials and treatments

A chilling-tolerant (cv. Tainung 67, TNG.67,
Japonica type) and a chilling-sensitive (cv.
Taichung Native 1, TN.1, Indica type) cultivar
were used. Seeds were sterilized with 5% sodium
hypochloride for 10 min and then rinsed with
distilled water. After germination for 2 days at
37°C, seedlings were cultured in 250 ml beakers
containing half-strength Kimura B solution and
incubated in phytotron with natural light at 30°C
day/25°C night and 95% relative humidity as de-
scribed previously [11]. Seedlings with 3 leaves
were chilled at 5°C day/5°C night (85% relative
humidity) for 96 h. The photoperiod was 12 h and
the light strength was 325 gmol m~2 s~ !,
achieved by a mixture of cool-fluorescent
(FL40D, 40 W, China Electric Apparatus, Tao-
yuan, Taiwan, ROC) and incandescent (160, 60
W, China Electric Apparatus) light. For ABA
pretreatment, ( +)-ABA at 10 uM (pH 5.0) was
applied hydroponically to roots of rice seedlings
for 48 h before chilling.
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2.2. Determination of survival ratio, electrolyte
leakage and triphenyl tetrazolium chloride (TTC)
viability

Survival and relative degree of electrolyte leak-
age of chilled rice seedlings were determined ac-
cording to Lee et al. [11]. The TTC assays were
determined according to Steponkus and Lanphear
[20].

2.3. Extraction and determination of free
polyamines

Levels of free polyamines were determined by
HPLC according to Lee and Chu [21]. The recov-
ery of polyamines by evaluating diaminopropane
in these procedures ranged from 74 to 89%. The
polyamine levels were the average of four repli-
cates and expressed as micromoles per gramme of
dry weight.

2.4. Determination of polyamine biosynthetic
enzyme activity

Activities of the polyamine biosynthetic en-
zymes were determined according to Lee and Chu
[21]. Tissue (about 0.4 g fresh weight) was frozen
in liquid nitrogen, ground to a fine powder and
homogenized with 1.5 ml extraction buffer con-
taining 25 mM potassium-phosphate, 50 uM
ethylenediaminetetraacetic acid, 100 uM phenyl-
methylsulfonylfluoride and 25 mM ascorbic acid
(pH 8.0). The homogenate was then centrifuged at
5000 x g for 20 min at 4°C and the supernatant
dialyzed at 4°C against 2 1 extraction buffer for 24
h in darkness. Dialyzed extract (50 ul) was used
in the enzyme assay. Enzyme activity was deter-
mined by measuring CO, evolution. The reaction
buffers for ADC, ODC and SAMDC assays were
0.1 ml of 200 mM Tris—HCI (pH 8.5) buffer, 0.1
ml of 200 mM Tris—HCI (pH 8.0) buffer and 0.1
ml of 200 mM potassium-phosphate (pH 7.5)
buffer, respectively. After reincubation of enzyme
extract and reaction buffer at 0°C for 5 min, 10 (1
of the respective substrate solution, 3.66 mM
arginine  (containing 185 KBg/ml L-[U-
4Clarginine), 21.55 mM ornithine (containing 185
KBg/ml L-[1-"*Clornithine) and 0.57 mM S-

adenosylmethionine (containing 37 KBg/ml S-
adenosyl-L-[carboxyl-"*Cjmethionine) were added
to the reaction mixture. The 10-ml reaction tubes
were sealed with silicone rubber caps and incu-
bated at 40°C for 120 min with shaking. The
released *CO, was trapped by two 2 M KOH-im-
pregnated filter paper discs. The reaction was
stopped by injecting 02 ml 10% (w/v)
trichloroacetic acid with a syringe and then trap-
ping for a further 60 min. The paper discs were
allowed to dry, put in 5 ml scintillation liquid and
their radioactivity was measured in a Beckman
LS-1801 liquid scintillation spectrometer (Beck-
man Instruments, Irvine, CA). Enzyme activity
was expressed as nanomoles of '“CQ, released per
milligramme of protein per hour. Protein content
was determined according to Bradford [22] with
bovine serum albumin as standard.

2.5. Extraction and determination of free ABA

Tissues (about 1.5 g dry weight) were frozen in
liquid nitrogen, ground to a fine powder and
extracted with 4 ml of extraction solution (80%
methanol, 1% (v/v) acetic acid, 100 mg/l of buty-
lated hydroxytoluene) by shaking at 4°C for 36 h
in darkness. DL-cis, trans-[G-3H]-ABA (0.1461
pmol, 166.5 Bq) was added as an internal stan-
dard for estimating extraction efficiency. Average
recovery in free ABA extraction ranged from 59
to 75%. The isolation of cis-ABA in samples by
HPLC and the determination of levels of cis-( + )-
ABA by an indirect enzyme-linked immuno-sor-
bent assay were according to Lee et al. [11].

2.6. Chemicals

( +)-ABA, putrescine, spermidine and spermine
were purchased from Sigma (St. Louis, MO).
DL-cis, trans-[G-3H]-ABA (1.91 TBgq/mmol), L-
[U-14C] arginine mono-chloride (1.85 GBg/mmol),
L-[1-"*Clornithine monochloride (1.85 GBq/
mmol), and S-adenosyl-[carboxyl-"*C]methionine
(1.85 GBg/mmol) were obtained from Amersham
(Buckinghamshire, UK). Monoclonal antibody
for (S)-ABA was purchased from Idetek (San
Bruna, CA). DFMA and DFMO were kindly
provided by Dr P.P. McCann (Merrill-Dow Re-
search Center, Cincinnati, OH).
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3. Results

3.1. Evaluation of chilling tolerance of TNG.67
and TN.1 seedlings

The degree of chilling tolerance of TNG.67 and
TN.1 was evaluated by survival, electrolyte leak-
age and ability to reduce TTC. As compared with
the chilled TN.1, the chilled TNG.67 had high
survival (ca. 100%) (Fig. 1B) and low electrolyte
leakage (Fig. 1C). The chilled TNG.67 had a
greater ability to reduce TTC than the chilled
TN.1 (Fig. 2). Fig. 1A shows that chilled TN.1
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Fig. 1. Effects of chilling (5°C/5°C, 96 h) on the appearance of
rice seedlings after re-warming at 30°C/25°C for 6 days, and
evaluation of chilling tolerance by survival ratio (» = 100) and
electrolyte leakage (n=4). Means + S.E. are indicated. A,
appearance; B, survival ratio; C, electrolyte leakage.
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Fig. 2. TTC reduction ability in shoots and roots of rice
seedlings. The reduction of TTC of chilled shoots or roots was
presented as a percentage of 30°C/25°C controls. Means +
S.E. (n=4) are indicated.

seedlings had a serious bleaching damage after
re-warming at 30°C/25°C while chilled TNG.67
secedlings remained healthy and green, only a
slight bleaching on leaf tips was observed.

3.2. Levels of free polyamines and activities of
ADC, ODC and SAMDC

In TNG.67 shoots, free putrescine levels in-
creased after chilling and reached a maximum at
day 2, while free spermidine/spermine levels in-
creased, with a peak at day 4 (Fig. 3). In TN.1
shoots, free putrescine levels started to increase at
day 3 after chilling and then decreased, while free
spermidine/spermine levels were similar to the
controls at 30°C/25°C (Fig. 3).

In chilled roots, free putrescine levels increased
in TNG.67 but decreased in TN.1 (Fig. 4). Free
spermidine/spermine in roots of both cultivars
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remained stable with time after exposure to chill-
ing (Fig. 4). The chilling-induced changes in free
polyamine levels in TNG.67 were superior to
those in TN.1.

Changes of ADC, ODC and SAMDC activities
in response to chilling are shown in Figs. 5 and 6.
In chilled TNG.67, ADC activities in both shoots
(Fig. 5) and roots (Fig. 6) increased rapidly and
reached the maximum at day 1. In chilled TN.1,
ADC activity in shoots increased slightly at day 2
(Fig. 5), and that in roots decreased below the
30°C/25°C control after 4 days (Fig. 6). In both
TNG.67 and TN.1, as compared to the control at
30°C/25°C, ODC activities in shoots (Fig. 5) or
roots (Fig. 6) remained almost unchanged after
chilling.

In TNG.67, SAMDC activity in shoots in-
creased after 1 day of chilling (Fig. 5) but that in
roots remained similar as the 30°C/25°C controls
(Fig. 6). In TN.1, SAMDC activity in shoots
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Fig. 3. Levels of free polyamines in shoots of TNG.67 and
TN.1. Means + S.E. (n = 4) are indicated.
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Fig. 4. Levels of free polyamines in roots of TNG.67 and
TN.1. Means + S.E. (n = 4) are indicated.

remained unchanged after chilling but that in
roots decreased after 3 days (Fig. 6).

3.3. Effects of DFMA and DFMO on chilling
tolerance and free polyamine levels of chilled
TNG.67

The role of putrescine in the tolerance of
TNG.67 to chilling stress was further determined
by applying a-difluoromethylarginine (DFMA),
an irreversible inhibitor of ADC, or «-difl-
uoromethylornithine (DFMO), an irreversible in-
hibitor of ODC. As shown in Table 1, DFMA, at
0.5 mM, inhibited free putrescine accumulation in
chilled TNG.67, and resulted in a decrease in
chilling tolerance; a decrease in survival and an
increase in electrolyte leakage. The effects of
DFMA could be partially reversed by the addi-
tion of 0.5 mM putrescine (Table 1). DFMO, at
0.5 mM, had little effects on chilling tolerance and
free polyamine levels (Table 1).



6 T.-M. Lee et al. / Plant Science 126 (1997) 1-10

3.4. Effects of fluridone on free ABA levels, free
putrescine levels and chilling tolerance of chilled
TNG.67

In chilled TNG.67, free ABA levels in whole
plants increased at around 2 h while ADC activity
started to increase at 4 h and free putrescine levels
started to increase at 6 h (Fig. 7).

Since fluridone, an inhibitor of ABA biosynthe-
sis [19], could inhibit the chilling-induced ABA
accumulation in TNG.67 [9], the effects of fluri-
done only or fluridone plus ABA on chilling
tolerance and levels of free ABA and free pu-
trescine were compared to elucidate the role of
ABA in chilling-induced putrescine accumulation.
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Fig. 5. Activities of ADC, ODC and SAMDC in shoots of
TNG.67 and TN.1. Means + S.E. (n = 4) are indicated.
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Fig. 6. Activities of ADC, ODC and SAMDC in roots of
TNG.67 and TN.1. Means + S.E. (n = 4) are indicated.

It was found that fluridone, at 0.5 mM, inhibited
the chilling-induced accumulation in both free
ABA and free putrescine (Table 2). As shown in
Table 2, the fluridone-treated seedlings exhibited
less tolerance to chilling; a decrease in survival
and an increase in electrolyte leakage. The effects
of fluridone could be partially reversed by the
application of 10 xM ABA on hydroponically
grown roots for 48 h before chilling (Table 2).

3.5. Levels of free polyamines in ABA-pretreated
TN.1 seedlings under chilling conditions

Application of 10 M ABA in hydroponical
roots for 48 h before chilling resulted in an en-
hancement of chilling tolerance of TN.1. As com-
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Table 1

Effects of 0.5 mM DFMA and 0.5 mM DFMO on polyaine levels (n = 4), electrolyte leakage (n =4) and survival ratio (n» = 100)
of TNG.67 rice (Oryza sativa L.) seedlings after 96 h at 5°C/5°C

Treatments Tree polyamine levels (¢mol/g dry weight) Leakage (%) Survival ratio (%)
Putrescine Spermidine Spermine
30°C/25°C 1.52£0.13 0.87 +0.06 0.21 £0.03 12.06 + 3.50 —
5°C/5°C 5.06 £0.18 1.51 +£0.04 0.34 £ 0.03 14.04 +2.51 100
5°C/5°C+DFMA 0.81 +0.07 0.52 +0.10 0.14 + 0.04 52.57+9.14 48
5°C/5°C+DFMO 4.59 +0.27 1.73 £ 0.06 0.30 £ 0.09 20.81 + 3.01 93
5°C/5°C+ DFMA + putrescine 8.97 +2.01 2.11 £0.59 0.95+0.21 37.05 +4.14 67

DFMA (0.5 mM) or DFMO (0.5 mM) containing 0.01% Tween 20 was applied in whole plants at the start of chilling. In the
*5/5°C+ DFMA + putrescine’ treatment, putrescine at 0.5 mM containing 0.01% Tween 20 was pretreated in roots and sprayed on

shoots 12 h before chilling. Means + S.E. are indicated.

pared with TN.1 without ABA pretreatment,
ABA-pretreated seedlings had high survival (ca.
100%) and low electrolyte leakage (ca. 17%) after
4 days of chilling.

As compared with TN.1 without ABA treat-
ment, 48 h of 10 xM ABA treatment resulted in a
decrease in levels of both free putrescine and
spermidine, but an increase in levels of free sper-
mine. When transferred to chilling conditions, the
levels of free putrescine in shoots of ABA-pre-
treated seedlings increased and reached the maxi-
mum at day 2, and those in roots also rose rapidly
with a peak at 3 h after chilling and then dropped
thereafter (Fig. 8). Levels of free spermidine in
both shoots and roots of ABA-pretreated
seedlings also increased after chilling (Fig. 8).
Levels of free spermine in ABA-pretreated shoots
remained unchanged after chilling while those in
ABA-pretreated roots increased with a peak at 12
h after chilling (Fig. 8). As shown in Fig. 8, the
increase of polyamine levels in ABA-pretreated
TN.1 seedlings was more remarkable in roots
than in shoots.

4. Discussion

Levels of free polyamines, especially putrescine,
are greatly different between two tested rice culti-
vars grown at 30°C/25°C; free putrescine levels in
both shoots and roots of TN.1 are about 2.5-
times those in TNG.67. However, when trans-

ferred to chilling conditions, free polyamines,
especially putrescine, significantly accumulated in
TNG.67 (a chilling-tolerant cultivar) instead of
TN.1 (a chilling-sensitive cultivar). A change in
the relative amount, rather than the absolute
amount, of free putrescine is positively associated
with chilling tolerance of rice seedlings. A similar
result has been observed in Phaseolus [5]. Current
data from a decrease of chilling tolerance by
DFMA and its partial reversion by putrescine in
TNG.67 indicate that putrescine might be related
to the ability of seedlings of TNG.67 to tolerate
chilling stress. However, more work is needed to
elucidate the correlation between putrescine and
chilling tolerance in rice seedlings.

In addition to cultivar difference, the responses
of polyamine metabolism to chilling are also dif-
ferent among tissues in TNG.67. In chilled shoots,
free putrescine, spermidine and spermine accumu-
lated, but only free putrescine accumulated in
roots.

The result which ADC activity rose before free
putrescine accumulation in chilled TNG.67 indi-
cates that ADC, but not ODC, responds to the
chilling-induced free putrescine accumulation. The
inhibition of putrescine accumulation in chilled
TNG.67 by DFMA instead of DFMO is a further
support. This is consistent with the notion that
most stress-induced putrescine increase is derived
from ADC [1,2]. A parallelism in the increase
between free spermidine/spermine levels and
SAMDOC activity suggests that SAMDC may con-
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tribute to the accumulation of free spermidine/
spermine in shoots of chilled TNG.67.

Several lines of evidence suggest that ABA is
one of factors involving in the regulation of pu-
trescine synthesis in chilling-tolerant rice cultivars
exposed to chilling. In the chilling-tolerant culti-
var (cv. TNG.67), ABA rose before ADC activity
increase and free putrescine accumulation. Fluri-
done inhibited the accumulation of both free
ABA and putrescine in chilled TNG.67. However,
the inhibitory effects of fluridone on an increase
of ADC activity and free polyamine levels were
only partially reversed by ABA; indicating that
ABA might not be the only factor in the regula-
tion of polyamine metabolism in chilled rice
seedlings.
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Fig. 7. Changes in free ABA levels, ADC activity and free
putrescine levels in whole plants of TNG.67. Means + S.E.
(n = 4) are indicated.
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Fig. 8. Effects of chilling on free polyamine levels in 10 uM
ABA-pretreated TN.1 seedlings. After 48 h of ABA pretreat-
ment in hydroponical roots, seedlings were transferred to
5°C/5°C for various periods. Means + S.E. (n=4) are indi-
cated.

Apparently, one of the mechanisms in chilling-
tolerant rice cultivars to resist chilling stress is to
raise free ABA levels and, in turn, one of ABA’s
functions is to enhance the ADC-mediated pu-
trescine synthesis. If the above review sustains, the
acclimation of a chilling-sensitive cultivar (cv.
TN.1) by ABA pretreatment should induce a
change in the pattern of polyamine metabolism.
Data from Fig. 8 show that ABA (10 uM) pre-
treatment, except inducing tolerance to TN.1, also
rendered polyamine accumulation under chilling
as TNG.67 did. It seems that, in chilling-sensitive
rice seedlings, ABA acclimation also causes a
change in polyamine metabolism.

In conclusion, a link between ABA levels, ADC
activity, putrescine levels and chilling tolerance
was observed in the materials (cv. TNG.67 and
TN.1) used here. However, whether this is a gen-
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eral phenomenon is still waited to be tested in
seedlings of other rice cultivars. Besides, even it is
demonstrated that polyamines, especially pu-
trescine, may mediate one of ABA’s effects in
acclimation or tolerant related processes to chill-
ing, more questions still need to be clarified. The
rationale of relationships among ABA,
polyamines and other chilling-related physiologi-
cal characteristics has been now undertaken in
hoping to unveil the mechanisms conferring chill-
ing tolerance of rice seedlings.
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