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Abstract

Polyamines (PAs) are assumed to perform their functions through their oxidative product such as g-aminobutyric acid (GABA) formation.
However, there is only limited information on the interrelation between PA degradation and GABA accumulation under salt stress. In order to
reveal a quantitative correlation between PA oxidation and GABA accumulation, the effects of treatments with different NaCl concentrations,
along with aminoguanidine (AG, a specific inhibitor of diamine oxidases (DAO; EC: 1.4.3.6)) and a recovery test from salt stress on endogenous
free PAs, g-aminobutyric acid (GABA) accumulation and DAO activity were determined in roots of soybean [Glycine max (L.) Merr.] cultivar
Suxie-1. The results showed that the levels of putrescine (Put), cadaverine (Cad), and spermidine (Spd) decreased significantly with increasing
salt concentrations. This occurred because salt stress strongly promoted DAO activity to stimulate PA degradation. GABA accumulation in-
creased with growing NaCl concentrations, about an 11- to 17-fold increase as compared with the control plants. AG treatment increased
the accumulation of endogenous free PAs as a result of a strong retardation of DAO activity, but decreased GABA accumulation. The recovery
for 6 days in 1/2 Hoagland solution from 100 mM NaCl stress resulted in a decrease in DAO activity, a rebound of PA levels and a simultaneous
reduction of GABA content. A close correlation was observed between the changes in DAO activity and GABA accumulation. The results in-
dicated that higher GABA accumulation (about 39%) induced by salt stress could come from PA degradation, suggesting that PAs might perform
their functions through GABA formation under salt stress.
� 2007 Published by Elsevier Masson SAS.
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1. Introduction

Polyamines (PAs) are involved in higher plant response to
salt stress. These compounds have been assumed to play
a role in the maintenance of ion balance, anti-senescence,
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free radical scavenging and membrane stabilization in plant
response to salinity [1,2]. However, different patterns of PA
endogenous changes, often conflicting, have been reported in
relation to genotype tolerance, stress nature and the duration
of stress imposition [1e4]. Thus PA’s roles in salt response
are still elusive and even contradictory.

Recently many reports have demonstrated that the enzymes
involved in PA catabolism and the products deriving from their
degradation are involved in a variety of important physiological
processes. These include cell wall maturation and lignification
during cell development [5], wound-healing and cell wall rein-
forcement during pathogen invasion [6,7] and abiotic stresses
such as osmotic stress, phytohormones and salinity [1].
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In response to salt stress, diamine oxidase (DAO, EC 1.4.3.6)
and polyamine oxidase (PAO, EC 1.5.3.11) activities are elevated
in oat seedlings [8], and a response to salt stress has been found
to be associated with a strong increase in 1,3-diaminopropane
in tomato leaf explants. This reflects a salt-stress promoted
PA oxidation [9].

Spermidine (Spd) and putrescine (Put) catalyzed by PAO
and DAO respectively, can be converted into GABA via
a D1-pyrroline intermediate formation [1,10,11]. GABA,
a zwitterionic, exists in an unbound form, and has a flexible
molecule that can assume several conformations in solution,
including a cyclic structure that is similar to proline. At certain
physiological pH values, GABA is highly soluble in water
[12]. The physiological role of GABA in salt tolerance has
been suggested to be involved in osmotic regulation [13], de-
toxication of reactive oxygen radicals [14], the conversion of
Put to proline [15] and the intracellular signal transduction
[16]. On the basis of these physiological roles for GABA,
we proposed that PAs could perform their functions through
their oxidative products, i.e. GABA formation. To our knowl-
edge, there is only limited information on the interrelation be-
tween PA oxidation and GABA accumulation under salt stress.

In the present study, the changes in endogenous free PA
levels, GABA accumulation and DAO activity were analyzed
in soybean [Glycine max (Linn.) Merr.] cultivar Suxie-1 seed-
ling roots after treatments with different NaCl concentrations
and aminoguanidine (AG, a specific inhibitor of DAO). Also
looked at was a recovery test for the effects of salinity on these
physiological indexes. Our main objective is to further reveal
a quantitative correlation between PA degradation and GABA
accumulation in soybean under salt stress.

2. Methods

2.1. Plant materials and growth conditions

The seeds of soybean [Glycine max (Linn) Merr.] cultivar
Suxie-1 were sterilized with 0.5% HgCl2 for 5 min, soaked for
6 h in distilled water after being washed five times, then germi-
nated at 25 � 1 �C for 24 h in moist filter paper in plastic boxes.
The uniformly germinated seeds were selected, planted in silica
boxes supplemented with 1/2 Hoagland solution, and cultivated
at a 28 � 1 �C day/22 � 1 �C night under light irradiation of
340 mmol m�2 s�1 (16 h per day) in the growth chamber.

2.2. Chemical treatments

Two-week-old seedlings were subjected to 1/2 Hoagland so-
lution containing (1) 0, 50, 100, 150 mM NaCl; (2) 0, 1.0 mM
AG, 1.0 mM AG þ 100 mM NaCl; (3) 100 mM NaCl for
12 days; (4) 100 mM NaCl for 6 days þ 1/2 Hoagland for
6 days. All solutions were adjusted to pH 5.8 and renewed every
two days to reduce the fluctuation of the components in culture
solutions. All samples were cultivated at a 28 � 1 �C day/
22 � 1 �C night for 6 days under the light irradiation of
340 mmol m�2 s�1 (14 h per day).
2.3. Determination of plant height and root dry weight

Plant height was directly measured using a centimeter ruler
and expressed as means � SE of at least 20 soybean seedlings.
For the determination of dry weight, root samples were har-
vested after treatments, then killed at 110 �C for 15 min, and
kept at 80 �C until dry weight remained constant. After cool-
ing at room temperature, dry weights were weighed using an
electronic scale.

2.4. Determination of DAO activity

Plant root tissues (0.5 g) were ground with mortar and pes-
tle at 4 �C in 1.6 ml 0.1 M sodium phosphate buffer (pH 6.5)
containing 5% PVP (w/v). Homogenates were centrifuged at
10,000 � g for 20 min at 4 �C. The supernatants were used to
determine DAO activity using the method described by Su
et al. [17]. Reaction solutions (3.0 ml) contained 2.5 ml
0.1 M sodium phosphate buffer (pH 6.5), 0.1 ml crude en-
zyme extracts, 0.1 ml peroxidase (250 U ml�1) and 0.2 ml
4-aminoantipyrine/N,N-dimethylaniline reaction solutions.
The reaction was initiated by the addition of 0.1 ml 20 mM
Put. A 0.01 value of the changes in absorbance at 555 nm
was regarded as one activity unit of the enzyme.

2.5. Polyamine extraction and HPLC analysis

Free polyamines were analyzed by high performance liquid
chromatography (HPLC) as described by Flores and Galston
[18]. Root tissues (0.5 g) were ground in a mortar with 4 ml
5% (v/v) HClO4. After extraction for 1 h in an ice bath, the ho-
mogenate was centrifuged (15,000 � g � 20 min) at 4 �C.
Five hundred microliters of the supernatant containing the
free diamines were mixed with 1 ml 2 M NaOH. After the ad-
dition of 10 ml benzoylchloride, vortexing for 20 s, and incu-
bation for 20 min at 37 �C, 2 ml ether was added. After
centrifugation (1500 � g � 5 min), 1 ml of the ether phase
was collected, evaporated to a dry state, and redissolved in
100 ml methanol (HPLC grade). Standards were treated in
a similar way, with up to 50 nmol of Put, Cad, Spd and Spm
respectively in the reaction mixture. Benzoyl-polyamines
(10 ml) were analyzed using a Waters HPLC System (USA)
consisting of an isocratic pump equipped with a reverse phase
C18 column (Nova-pak, 150 � 3.9 mm, particle size 4 mm).
Methanol/Acetonitrile/H2O (48:2:50) (v/v/v) was used as an
isocratic eluting solvent at a flow rate of 1 ml min�1. The
polyamine content was expressed as nmol g�1 fresh weight
(FW) (mean � SE).

2.6. GABA extraction and analysis

After the treatments, the roots were excised and immedi-
ately placed in liquid N2. GABA was extracted and measured
according to the methods of Zhang and Bown [19]. Measure-
ment required Gabase (Sigma), a coupled enzyme preparation
specific for GABA. GABA was quantitatively determined by
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indirectly measuring the stoichiometric reduction of NADPþ

by Gabase at 340 nm.
The 1 ml assay system contained 550 ml of sample, 130 ml

4 mM NADPþ, 200 ml 0.5 M Kþ pyrophosphate buffer (pH
8.6), 50 ml of 2 units Gabase per ml and 70 ml of 20 mM
a-ketoglutarate. The initial A was read at 340 nm before add-
ing a-ketoglutarate, and the final A was read at 25 �C after
60 min. The difference in A values was used to construct a cal-
ibration graph. Standard samples were used to establish a stan-
dard curve over the range 0 to 1.0 mM GABA. GABA content
was expressed as mmol g�1 FW (mean � SE).

2.7. Data analysis

Each value was expressed as means � SE of the three inde-
pendent experiments. The means of the different treatments
of the three separate experiments were used to calculate
t-values for statistical analysis, and then were compared with
the t-statistic for 2n � 2 degrees of freedom and two-sided
probability levels. Different letters show significant difference
( p < 0.05).

3. Results

3.1. Effect of salt stress on soybean vegetative growth

When 2-week-old soybean seedlings were subjected to dif-
ferent salt concentrations, an evident inhibition of vegetative
growth was observed. The plant height and total dry weight
of roots gradually decreased as salt concentration increased
in the nutrient solution. There was a difference between plant
height and root dry weight in their responses to salt stress.
Plant height exhibited a significant decrease when NaCl con-
centrations exceeded levels of 100 mM, while even 50 mM
NaCl started to inhibit the root growth significantly. These
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Fig. 1. Changes in soybean plant height under different NaCl concentrations.
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different responses could be related to their distinct growth
environmental conditions (Figs. 1, 2).

3.2. Changes in PA levels in soybean roots under salt
stress

The level of Cad in soybean seedling roots was the highest
while the Spm level was very low (Fig. 3). The contents of
four common polyamines (Spd, Spm, Put and Cad) decreased
in varying degrees with increasing salt concentrations in the
growth medium, reflecting their different responses to salinity.

3.3. Changes in DAO activity and GABA content in salt
stressed soybean roots

The change in DAO activity in soybean roots was deter-
mined. Its activity was markedly stimulated by salt stress
with about a 51.5e85.8% increase (Fig. 4). The increase in
DAO activity was consistent with the decreases in the endog-
enous PA levels in salt-stressed roots (Fig. 3). GABA is a major
intermediate of PA oxidation. Its content increased by 11- to
17-fold compared with the control (Fig. 5). In terms of the pre-
cursoreproduct correlation between PAs and GABA, it was
thus reasonably supposed that the salt-induced accumulation
of GABA in soybean roots resulted in part from PA oxidation
catalyzed by DAO.

3.4. Effects of aminoguanidine on the contents of
polyamine and GABA and DAO activity

If salt-induced accumulation of GABA partly results from
PA degradation due to a promotion of DAO activity by salt
stress, treatment with AG, a specific inhibitor of DAO, can
lead to a reduction in GABA accumulation. As shown in Table 1,
an exposure to 1.0 mM of AG markedly increased the accumu-
lation of endogenous free PAs, especially Put and Cad, and
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Fig. 3. Responses of endogenous free polyamines to salt stress at different concentrations. Two-week-old soybean seedlings were treated and cultivated in the same

conditions as mentioned in Fig. 1. Root tissues were collected to determine the endogenous levels of free polyamines by HPLC. Polyamine levels are expressed as

means � SE of four independent experiments. Different letters show significant difference ( p < 0.05).
simultaneously decreased GABA accumulation in both control
and salt-stressed roots. After AG treatment, GABA levels in salt
treated soybean roots were about 6.56 mmol g�1 FW, thus the
contribution of PA oxidation via DAO to GABA accumulation
was about 39%.

3.5. Effects of the recovery from salinity on polyamine
levels, DAO activity and GABA accumulation

Fig. 6 shows that the recovery in 1/2 Hoagland solution for
6 days from 100 mM NaCl stress significantly improved the
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Fig. 4. Effect of salt stress at different concentrations on DAO activity in soy-
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levels of endogenous free PAs. However, PA contents did
not recover to the same levels as the control (Fig. 6). Mean-
while, DAO activity and GABA accumulation after recovery
obviously decreased as compared with consecutive salt stress
for 12 days (Figs. 7, 8). Parallel changes were observed
between a decrease of DAO activity and the accumulation
of free PA levels after recovery. Furthermore, a decrease in
DAO activity coincided with the reduction in GABA
accumulation.

Interestingly, the endogenous PA levels greatly recovered
from salinity while GABA content still remained at a low level
(Figs. 6, 8). Furthermore, DAO activity in soybean roots still
remained high after 100 mM NaCl stress for 12 days, but the
corresponding GABA content was quite low (with only
1.45 mmol g �1 FW) (Figs. 7, 8).
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Table 1

Effect of aminoguanidine treatment on free polyamine, g-aminobutyric acid content and diamine oxidases activity in the salt-stressed soybean roots

PA content (nmol g�1 FW) DAO activity

(U min�1 g�1 FW)

GABA content

(mmol g�1 FW)
Put Cad Spd Spm

Control 45.20 � 4.4 c 740.08 � 45.2 c 57.99 � 2.7 b 3.40 � 0.12 a 4.64 � 0.68 b 0.61 � 0.03 c

AG (1 mM) 58.49 � 2.4 a 998.18 � 18.9 a 67.82 � 4.8 a 3.72 � 0.48 a 0.11 � 0.02 c 0.25 � 0.04 d

NaCl (100 mM) 27.74 � 2.3 d 567.37 � 23.4 d 40.60 � 2.8 d 3.16 � 0.15 a 8.19 � 1.01 a 10.75 � 0.28 a

NaCl (100 mM) þ AG (1 mM) 51.49 � 3.9 b 819.52 � 37.62 b 45.79 � 3.1 c 3.17 � 0.18 a 0.12 � 0.03 c 6.56 � 0.12 b

Two-week-old soybean seedlings were selected and subjected to several treatments and cultivated at a 28 � 1 �C day/22 � 1 �C night for 6 days under the light

irradiation of 340 mmol m�2 s�1 (14 h per day). The values in this table are the means � SE of triplicates. Different letters show significant difference ( p < 0.05).
4. Discussion

In the present study, when 2-week-old soybean seedlings
were subjected to different salt concentrations, a drastic de-
crease in endogenous PA levels in soybean roots was observed,
and the levels of Put, Cad, Spd and Spm decreased significantly
with increasing salt concentrations (Fig. 3). It has been reported
that DAO or PAO activity was stimulated by salinity in oat seed-
lings or Brassica campestris [8,20]. In tomato leaf explants,
salt-stress promoted PA oxidation [9]. These reports suggested
that decreases in endogenous PA levels under salt stress could
be related to an increase in DAO or PAO activity. The measure-
ment of DAO activity in soybean roots showed that its activity
increased greatly when salinity increased (Fig. 4), indicating
that the decreases in PA levels under salt stress were probable
to be at least associated with an increased DAO activity. As
described in rice [21] and tomatoes [9], PA levels were also
associated with PA biosynthetic enzymes such as arginine de-
carboxylase, spermidine synthase and S-adenosyl-L-methionine
decarboxylase. These enzymes were affected by salt stress.
When soybean seedlings recovered for 6 days from 100 mM
NaCl stress in 1/2 Hoagland solution, DAO activity became
similar to the control, while the endogenous PA levels did not
recover to the same levels as the control (Figs. 6, 7), suggesting
that salt stress caused some damage to PA biosynthetic
metabolism.

Some reports demonstrated that the endogenous contents of
Put and Spd decreased either with the concentrations of saline
medium or with time in salt-sensitive and salt-tolerant tomato
plants [22], rice [21] and Lotus glaber [3]. But Basu et al. [23]
and Kativar et al. [24] reported that salinity resulted in accu-
mulation of PA compounds in rice seedlings. Krishnamurthy
and Bhagwat [25] reported that salt-tolerant rice cultivars dras-
tically accumulated high levels of Spd and Spm resulting in
enhanced level of total PAs, with a relative decrease in Put
content. The most significant aspect of salt-sensitivity in rice
cultivars was their excessive accumulation of Put and their in-
ability to maintain high levels of Spd and Spm in their root
system when exposed to a saline environment. The differences
of endogenous PA levels in response to salt stress were gener-
ally assigned to plant species, development stage, stress na-
ture, and the duration of the treatment [26].
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Fig. 6. Changes in endogenous free polyamine levels after recovery from salt stress. Treatment with 1/2 Hoagland is control. 100 mM NaCl for 6 days þ 1/2

Hoagland for 6 days is a recovery test. Endogenous levels of free polyamines were determined by HPLC. Bars represent the means � SE of four independent

experiments. Different letters show significant difference ( p < 0.05).



565S.G. Xing et al. / Plant Physiology and Biochemistry 45 (2007) 560e566
GABA accumulation in plant cells has generally been
thought to be primarily from the activation of glutamate de-
carboxylase (GAD; EC 4.1.1.15). GAD has been identified
as a Ca2þ/calmodulin-dependent enzyme with a calmodulin-
binding domain [27]. In vitro and in vivo, GAD activities
are stimulated by increases in either Hþ or Ca2þ ion concen-
trations [28,29]. When plant cells are subjected to salt stress
a rapid increase in the cytosolic Ca2þ content occurs [30].
In tomato suspension cells treated with NaCl an increase in
calmodulin mRNA levels is observed within 15 min [31].
The calmodulin gene MBCaM-1 is also induced in young
mung bean (Vigna radiate) plants exposed to salt stress
[32]. Therefore, it is generally supposed that GABA accumu-
lation induced by salt stress results from the activation of
GAD. In this report, however, GABA content during salt
stress increased significantly, and was concomitant with
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decreases in PA levels and an increase in DAO activity
(Fig. 5). Moreover, AG, a specific inhibitor of DAO, increased
the accumulation of endogenous free PAs due to a strong in-
hibition of DAO activity, but decreased GABA accumulation
(Table 1). The recovery from salt stress in 1/2 Hoagland solu-
tion significantly improved the levels of endogenous free PAs.
This improvement in PA levels corresponded to a decrease in
DAO activity, and was accompanied with a reduction in
GABA accumulation after recovery (Figs. 6e8). There was
a close correlation between the change in DAO activity and
GABA accumulation. These results strongly suggested that
salt stress raised GABA levels by enhancing PA oxidation cat-
alyzed by DAO activity.

This precursoreproduct relationship between PAs and
GABA via the activity of DAO under salt stress could be further
confirmed by the following phenomena. DAO activity after the
consecutive salt stress for 12 days still remained at higher
levels, while GABA content was reduced to a lower level.
This could be related to the limited supply of PA substrates as
the endogenous free PAs were low at this point (Fig. 6). Con-
versely, the endogenous PA levels rose to higher levels after
the recovery, while GABA content still was at a low level,
which might be related to a low DAO activity. In terms of the
role of GABA in cell physiology, these data suggest that PAs
are likely to perform their functions through GABA formation
in salt tolerance. AG treatment reduced GABA content by 39%,
suggesting the contribution of PA oxidation via DAO to GABA
accumulation was about 39%. The remainder (about 61%)
could possibly be related to the activation of GAD. It is thus
necessary to perform a more detailed investigation in order to
evaluate the relative contribution of PA oxidation and GAD to
GABA accumulation under salt stress.

The present studies indicated that higher accumulation of
GABA (about 39%) under salt stress could come from PA ox-
idation due to an increased DAO activity. This finding provides
further evidence for the hypothesis that PAs may perform their
functions through GABA formation in salt tolerance.
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