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In our previous work, an apple spermidine synthase (SPDS)-overexpressing transgenic European pear
(Pyrus communis L. ‘Ballad’), line no. 32 (#32), demonstrated attenuated susceptibility to stress treatment.
In the current paper, changes in enzymatic and non-enzymatic antioxidant capacity of the transgenic
pear (line #32) were investigated in response to NaCl or mannitol stress. Under non-stressed conditions
(before stress treatment), spermidine (Spd) contents and SPDS activity of line #32 were higher than those
of the non-transformant (wild type). However, no significant differences were detected between line #32
and the wild type as regards contents of malondialdehyde (MDA) and H2O2, and activities of antioxidant
enzymes like superoxide dismutase (SOD), ascorbate peroxidase (APX), monodehydroascorbate reductase
(MDHAR) and glutathione reductase (GR). When exposed to NaCl or mannitol stress, both the wild type
and line #32 exhibited accumulation of Spd with the latter accumulating more. The transgenic line con-
tained higher antioxidant enzyme activities, less MDA and H2O2 than the wild, implying it suffered from
less injury. These results suggested that increase of Spd content in the transgenic line could, at least in
part, lead to enhancing enzymatic and non-enzymatic antioxidant capacity.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

During the last decade, cultivated land in several regions of the
world has been affected by environmental stresses like salt and
drought, which hinders crop cultivation and yield (Wild, 2003;
Rengasamy, 2006). It is predicted that these environmental stres-
ses will become more intense and frequent with climate change,
especially global warming. On the other hand, the world popula-
tion is estimated to reach about 10 billion by 2050, which will wit-
ness serious food shortages, and such food shortages are already a
daily occurrence in some areas of the world, especially in African
countries. Therefore, it is proposed that some lands unsuitable
for crop cultivation at present have to be exploited in order to
maintain stable food supplies to satisfy the needs of growing pop-
ulation. In this context, crops that can tolerate these harsh environ-
ll rights reserved.
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ments should be developed so as to accelerate the use of the
untapped lands. Unfortunately, the development of stress-tolerant
crops using conventional breeding system met with slow progress
due to its time-consuming and labor-intensive nature. As an alter-
native, gene-transfer method paves the way for accelerating the
creation of crops with increased stress tolerance. To this end, it is
necessary to select some potential genes that can efficiently confer
the environmental stress tolerance to plants.

It has been demonstrated that environmental stresses including
salt and hyperosmosis generate reactive oxygen species (ROS),
such as superoxide, hydrogen peroxide and hydroxyl radicals, in
plants (Park et al., 2000; Zhu, 2001; Leshem et al., 2007). Imbalance
between production of ROS and the quenching activity of antioxi-
dants resulted in oxidative stress that can cause harmful damage to
plants (Hernández et al., 1999). Two types of antioxidants have
been shown to be involved in scavenging of ROS. The first type is
an array of antioxidant enzymes, including superoxide dismutase
(SOD), ascorbate peroxidase (APX), monodehydroascorbate reduc-
tase (MDHAR) and glutathione reductase (GR), which have been re-
ported to be implicated in stress tolerance (Gueta-Dahan et al.,
1997; Sairam and Srivastava, 2002). SOD catalyzes the dismutation
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of superoxide to H2O2 (Bowler et al., 1992). APX, MDHAR, and GR,
which are enzymes in the ascorbate (AsA)-glutathione cycle, are
responsible for elimination of harmful H2O2 and thus can protect
plants from ROS-derived damage (del Rı́o et al., 1998). APX, func-
tioning in the first step of AsA-glutathione cycle, is the most impor-
tant plant peroxidase involved in H2O2 detoxification (Noctor and
Foyer, 1998). The second type is non-enzymatic antioxidants, such
as AsA, carotenoids, phenolics and proline, which also play a key
role in scavenging free radicals in plants (Hernández et al., 2000;
Blokhina et al., 2003; Verma and Mishra, 2005). Therefore, manip-
ulation for enhancing enzymatic/non-enzymatic antioxidant levels
could be an important strategy to create stress-tolerant plants.

Polyamines, including spermidine (Spd, a triamine), spermine
(Spm, a tetramine), and their obligate precursor putrescine (Put,
a diamine), are aliphatic amines widely present in living organ-
isms. These molecules are involved in the regulation of many basic
cellular processes, including DNA replication, transcription, trans-
lation, cell proliferation, modulation of enzyme activities, cellular
cation–anion balance and membrane stability (Smith, 1985; Tabor
and Tabor, 1984; Walden et al., 1997). It has been illustrated that
polyamines also play pivotal roles in plant physiological and devel-
opmental processes, such as morphogenesis, pollen viability,
senescence, fruit ripening, and responses to biotic and abiotic
stresses (Evans and Malmberg, 1989; Galston and Sawhney,
1990; Bouchereau et al., 1999; Pandey et al., 2000; Takahashi
et al., 2003; Ziosi et al., 2006). Recently, a large body of study
shows that plant polyamines are involved in the acquisition of tol-
erance to such stresses as high and low temperatures, salinity, hyp-
erosmosis, hypoxia and atmospheric pollutants (Liu et al., 2007).
Furthermore, genetic transformation of several plant species with
polyamine biosynthetic genes encoding arginine decarboxylase
(ADC), ornithine decarboxylase (ODC), S-adenosylmethionine
decarboxylase (SAMDC) or Spd synthase (SPDS) led to improved
environmental stress tolerance (Liu et al., 2007). It is of interest
to note that transgenic plants overexpressing ADC (Prabhavathi
and Rajam, 2007), SPDS (Kasukabe et al., 2004, 2006; Wen et al.,
2008), or SAMDC (Wi et al., 2006) could tolerate multiple stresses
including salinity, drought, low and high temperature, and para-
quat toxicity. Such multiple abiotic stress tolerance is of practical
importance since plants often suffer from several concurrent forms
of environmental stress during their life cycle. In order to elucidate
the molecular mechanism underlying the role of polyamines in
stress tolerance, Kasukabe et al. (2004) compared transcriptional
profiling between Arabidopsis thaliana transformants overexpress-
ing SPDS and untransformed plants subjected to chilling stress
based on a leaf cDNA microarray, which demonstrated that an ar-
ray of genes involved in stress response was highly transcribed in
the transgenic plants. However, the exact metabolic processes that
result in stress tolerance after the introduction of polyamine bio-
synthetic genes are still largely unknown.

In our previous work, in vitro shoots of a transgenic European
pear (Pyrus communis L. ‘Ballad’) line, no. 32 (line #32), over-
expressing apple SPDS (MdSPDS1) showed attenuated susceptibil-
ity to NaCl, mannitol and CuSO4 stresses compared with the
untransformed one (Wen et al., 2008). In the present study, at-
tempts were made to examine the metabolic relationships be-
tween polyamines and enzymatic/non-enzymatic antioxidant
levels and to elucidate the mechanism that enhances the tolerance
of multiple environmental stresses in this line. To this end, we
investigated changes in the activities of polyamine biosynthetic
(SPDS, SAMDC, ADC, ODC) and antioxidant enzymes (SOD, APX,
MDHAR, and GR) in line #32 exposed to NaCl (150 mM) or manni-
tol (300 mM). In addition, the contents of free Put, Spd and Spm
and some non-enzymatic antioxidants, such as AsA, dehydroascor-
bate (DHA) and proline were also assessed. Levels of malondialde-
hyde (MDA) and H2O2were measured as damage indicators. Based
on the results, possible involvement of Spd in stress alleviation in
SPDS-overexpressing transgenic European pear was discussed.
2. Results

2.1. Shoot growth under stress conditions

Increment (percentage) of the fresh weight and shoot height in
line #32 and the wild type was followed for 15 d after the start of
NaCl or mannitol treatment. Three days after the stress, no obvious
differences in the growth were detected between line #32 and the
wild type (data not shown). It was noted that fresh weight (FW)
and shoot height (SH) in both line #32 and the wild type were re-
duced by NaCl, but to a lesser extent in the transgenic line on day 7
(Fig. 1a and b). The same tendencies were observed in mannitol
treatment on day 7, although mannitol led to more serious growth
impairment than NaCl did (Fig. 1a and b). The inhibitory effects of
both stress treatments on growth of line #32 and the wild type
were more noticeable on day 15 (Fig. 1a and b). Morphological
abnormalities like chlorotic and necrotic damages were observed
in the wild type leaf, which were less severe in line #32 (Fig. 1c).
When the inhibition of fresh weight and shoot height were ex-
pressed as reduction percentage, line #32 showed less reduction
than the wild type at both stages regardless of NaCl or mannitol
stress (Fig. 1a and b), which suggested that line #32 showed better
stress tolerance than the wild type, in line with Wen et al. (2008).

2.2. Changes in activities of SPDS, SAMDC, ADC and ODC

Our previous report (Wen et al., 2008) showed a high expres-
sion level of the transgene (MdSPDS1) in line #32, but activities
of SPDS and other polyamine biosynthetic enzymes in this line
were not examined. In the present work, before stress treatments,
the SPDS activity in line #32 (7.9 nmol mg�1 protein h�1) was con-
firmed to be nearly twice that in the wild type (4.2 nmol mg�1 pro-
tein h�1) (Fig. 2a). NaCl stress enhanced the SPDS activity in line
#32 by about 6.3- and 7.7-fold on days 3 and 7, respectively. The
wild type increased its SPDS activity by approximately 4.9-fold
on day 3, then declined to about 2.0-fold on day 7. As a result, SPDS
activities in line #32 were 2.4- (day 3) and 7.0-fold (day 7) higher
than those in the wild type. Similar responses were observed under
mannitol stress, but to a less extent (Fig. 2a).

Almost same activity of SAMDC, which supplies decarboxylated
S-adenosylmethionine to SPDS as a substrate, was present in line
#32 (4.2 nmol 14CO2 mg�1 protein h�1) and the wild type (4.6 nmol
14CO2 mg�1 protein h�1) before stress treatment (Fig. 2b). NaCl
stress strongly enhanced the SAMDC activity in line #32, with
approximately 6.8- and 9.9-fold increases on days 3 and 7, respec-
tively, in comparison to 5.2- and 2.3-fold increase in the wild type
at the corresponding time points. Quantitatively, SAMDC activities
in line #32 were 1.4-fold higher than the wild type on day 3 and
4.6-fold higher on day 7. Compared with NaCl, mannitol caused
less increase in the SAMDC activity: 3.4- and 3.9-fold increases in
line #32 and 1.6- and 2.8-fold increases in the wild type on days
3 and 7, respectively (Fig. 2b). However, under mannitol stress,
SAMDC activities in line #32 were still 2.3- and 1.5-fold higher
than those in wild type on days 3 and 7, respectively.

The ADC and ODC activities before stress treatment were
about 1/2 and 1/5 of SAMDC in line #32 and the wild type
(Fig. 2c and d). The ADC activity was enhanced by NaCl or man-
nitol, to a greater extent in line #32 than in the wild type
(Fig. 2c). Similar results were obtained for the ODC activity upon
NaCl treatment (Fig. 2d). Under mannitol stress, the ODC activity
was induced on day 3, which declined on day 7 in both plants to
the same extent.



Fig. 1. Characteristics of transgenic pear line #32 and the wild type with (solid columns, stressed) or without (open columns, non-stressed) NaCl or mannitol treatment. The
increment percentages of FW (a) and of SH elongation (b) 7 and 15 days after the stress treatments are shown, and the values in parentheses show the percentage of the
stressed shoots compared with the non-stressed ones (set to 100%) in the same line. Values within the same stress treatment followed by different letter are significantly
different at p < 0.05 (c). Morphological comparison between line #32 and the wild type under NaCl or mannitol treatment on day 15, together with these plants before
treatment and under non-stressed conditions.
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Thus, notable increases in the activities of SAMDC, ADC, and
ODC occurred in both plants under stress treatments. Although
the increases of these enzyme activities varied with the stress
treatment, line #32 showed greater increases in the activities than
the wild type with either NaCl or mannitol treatment.

2.3. Changes in polyamine contents

Before stress treatment, the Spd and Spm contents in line #32
were higher than in the wild type, and the Put contents in the
two plants were not significantly different (Table 1). With NaCl
treatment, the Put and Spd contents in both plants were increased
on day 3 before a decline on day 7. The Spm content in the wild
type showed the same fluctuation as Put and Spd, whereas line
#32 showed an increase only on day 7. When subjected to manni-
tol stress, the Put content in line #32 increased steadily. In the wild
type, the Put was at the same level as in line #32 by day 3, and it
decreased on day 7. The Spd and Spm contents showed variations
depending on the time in both plants. Although the changes in free
polyamines did not follow rigid tendencies, Spd and Spm exhibited
apparently larger increase in line #32 than in the wild type, result-
ing in a higher ratio of (Spd + Spm)/Put in the former (Table 1).

2.4. Changes in activities of antioxidant enzymes

Line #32 and the wild type possessed similar activities of anti-
oxidant enzymes before stress treatment (Fig. 3). The SOD activity
in both plants was enhanced under NaCl stress on day 3. On day 7,
its activity in the wild type decreased, but steadily increased in line
#32 (Fig. 3a). Under mannitol stress, SOD activity increased on day
3 in both plants, line #32 being higher than the wild type (Fig. 3a)
On day 7, the decrease or slight increase in SOD activity was



Fig. 2. Activities of SPDS (a), SAMDC (b), ADC (c), and ODC (d) in line #32 and the wild type under NaCl or mannitol stress at before treatment (B) or 3 and 7 days after
treatment. Values within the same stress treatment followed by different letter are significantly different at p < 0.05.

Table 1
Polyamines and ratios of (Spd + Spm)/Put in line #32 and wild type with NaCl or mannitol treatment before treatment (B), 3 and 7 days after treatment

Polyamine Day NaCl Mannitol

WT #32 WT #32

Put (nmol g�1 DW) B 127.66 ± 19.02 d 127.35 ± 13.44 d 127.66 ± 19.02 c 127.35 ± 13.44 c
3 331.17 ± 38.96 b 402.55 ± 51.97 a 197.99 ± 18.43 b 234.89 ± 28.47 ab
7 236.41 ± 36.58 c 302.38 ± 31.45 b 128.67 ± 11.46 c 296.09 ± 32.15 a

Spd (nmol g�1 DW) B 86.59 ± 12.34 d 258.26 ± 28.34 c 86.59 ± 12.34 c 258.26 ± 28.34 b
3 213.55 ± 30.18 c 629.13 ± 55.54 a 129.63 ± 25.51 c 406.32 ± 28.21 a
7 145.82 ± 24.72 d 415.65 ± 25.97 b 108.75 ± 15.26 c 290.13 ± 30.13 b

Spm (nmol g�1 DW) B 24.23 ± 4.96 b 45.92 ± 9.08 b 24.23 ± 4.96 a 45.92 ± 9.08 a
3 53.93 ± 7.86 b 36.93 ± 7.28 b 22.64 ± 7.56 a 27.85 ± 4.43 a
7 31.93 ± 7.30 b 95.64 ± 14.28 a 16.52 ± 3.71 a 33.35 ± 4.25 a

(Spd + Spm)/Put B 0.87 2.39 0.87 2.39
3 0.81 1.65 0.77 1.85
7 0.75 1.69 0.97 1.11

For each type of polyamine, values followed by different letters in the same stress treatment are significantly different at p < 0.05.
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observed in both plants under NaCl or mannitol treatment,
although this was not significant when compared with the activity
in each plant on day 3. The APX activity was induced with NaCl or
mannitol stress in both plants on day 3 with much high level in line
#32 (Fig. 3b). On day 7, the tendency in APX activity in both plants
was the same as that in SOD activity on day 7 under NaCl or man-
nitol. MDHAR activity increased upon NaCl treatment in both
plants, but the wild type responded to a lesser degree than line
#32 (Fig. 3c). Upon exposure to mannitol-induced osmotic stress,
the MDHAR activity was induced on day 3, followed by a decrease
on day 7, which was still significantly higher in line #32 than in the
wild type (Fig. 3c). Change in GR activity followed the same trend
as that of APX under NaCl, and was similar to MDHAR under man-
nitol stress (Fig. 3d). The MDHAR and GR activities seemed to be
more sensitive to NaCl than to mannitol. Thus, it was apparent that
these enzyme activities tended to be higher in line #32 than in the
wild type, and induction of these enzyme activities was less pro-
nounced with mannitol stress than with NaCl stress.

2.5. Changes in AsA, proline, H2O2, and MDA contents

The contents of AsA and DHA varied in a manner depending on
plant or stress (Table 2), but their contents in line #32 were gener-
ally higher than in the wild type. The AsA content in line #32 trea-
ted with NaCl or mannitol increased on day 3, followed by slight
decrease on day 7. The AsA in the wild type under NaCl stress
peaked on day 3, whereas mannitol caused an initial decrease in
the AsA content, followed by an increase by day 7. The DHA con-
tent in line #32 was significantly higher than that of the wild type
with NaCl treatment, but this tendency was less obvious with



Fig. 3. Activities of SOD (a), APX (b), MDHAR (c), and GR (d) in line #32 and the wild type under NaCl or mannitol stress at before treatment (B) or 3 and 7 days after
treatment. Values within the same stress treatment followed by different letter are significantly different at p < 0.05.

Table 2
AsA, DHA, ratios of AsA/DHA and proline in line #32 and wild type with NaCl or mannitol treatment before treatment (B), 3 and 7 days after treatment

Day NaCl Mannitol

WT #32 WT #32

AsA (lmol g�1 DW) B 16.41 ± 1.59 c 32.48 ± 2.32 b 16.41 ± 1.59 c 32.48 ± 2.32 b
3 28.13 ± 3.65 b 72.49 ± 4.64 a 10.92 ± 0.97 c 50.84 ± 2.53 a
7 19.60 ± 2.84 c 68.64 ± 4.40 a 19.97 ± 1.32 c 33.12 ± 1.61 b

DHA (lmol g�1 DW) B 44.41 ± 2.05 c 63.34 ± 2.15 ab 44.41 ± 2.05 b 63.34 ± 2.15 a
3 40.82 ± 1.74 c 55.30 ± 1.98 b 41.09 ± 3.74 b 48.44 ± 5.97 b
7 41.52 ± 2.27 c 69.07 ± 2.28 a 34.42 ± 1.97 b 41.91 ± 6.18 b

AsA/DHA B 0.37 0.51 0.37 0.51
3 0.69 1.37 0.27 1.05
7 0.47 0.99 0.58 0.79

Proline (lmol g�1 DW) B 47.82 ± 3.25 d 45.94 ± 4.82 d 47.82 ± 3.25 d 45.94 ± 4.82 d
3 112.90 ± 7.18 c 146.59 ± 14.24 bc 62.98 ± 4.90 cd 89.83 ± 2.95 b
7 161.89 ± 8.59 b 222.92 ± 11.08 a 70.21 ± 3.63 bc 130.29 ± 4.77 a

For each parameter, values within the same stress treatment followed by different letters are significantly different at p < 0.05.
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mannitol treatment. The AsA/DHA ratio in line #32 was higher
than in the wild type under both stress conditions (Table 2), indi-
cating a better redox status in line #32. The contents of proline,
which has been shown to be important in regulating osmotic po-
tential or scavenging a hydroxyl radical and singlet oxygen (Smir-
noff and Cumbes, 1989; Rani, 2007), were increased following NaCl
and mannitol stress in both plants, but line #32 possessed signifi-
cantly higher content than the wild type on day 7 (Table 2).

Before stress treatment, nearly the same amount of H2O2 was
observed in the two plants (Table 3). When exposed to NaCl or
mannitol the wild-type exhibited a 2.5- to 3-fold increase of
H2O2, which was, however, increased to less extent in line #32 un-
der the same stressful condition. Consequently, the H2O2 content
was lower in line #32 than in the wild type on both day 3 and 7.
Contents of MDA, an indicator of lipid peroxidation, showed the
same tendency as H2O2 (Table 3), indicating that line #32 had bet-
ter membrane integrity than the wild type.

Thus, apart from AsA content, DHA, proline, H2O2, and MDA
were similar in line #32 and the wild type before treatment, but
their values including AsA changed upon stress toward a more
favorable direction for survival in line #32 than in the wild type.

3. Discussion

3.1. Morphological and biochemical features of line #32 under stress
conditions

The transgnenic pear line #32 has been shown to suffer the
least growth damage caused by NaCl, mannitol, and CuSO4 among
a batch of MdSPDS1-transgenic plants (Wen et al., 2008). Line #32



Table 3
H2O2 and MDA in line #32 and wild type with NaCl or mannitol treatment before treatment (B), 3 and 7 days after treatment

Day NaCl Mannitol

WT #32 WT #32

H2O2 (nmol g�1 DW) B 1019.56 ± 78.69 d 1105.05 ± 63.73 cd 1019.56 ± 78.69 d 1105.05 ± 63.73 d
3 3041.79 ± 100.21 a 1448.84 ± 78.36 bc 2570.89 ± 77.76 a 1479.01 ± 70.43 c
7 2868.23 ± 121.50 a 1592.45 ± 86.18 b 1890.30 ± 60.08 b 1528.60 ± 73.90 c

MDA (nmol g�1 DW) B 234.25 ± 23.33 d 303.04 ± 17.21 cd 234.25 ± 23.33 c 303.04 ± 17.21 bc
3 368.25 ± 29.19 c 316.76 ± 23.28 cd 266.51 ± 18.45 bc 272.09 ± 20.44 bc
7 763.94 ± 47.67 a 482.58 ± 37.30 b 365.00 ± 32.68 a 325.81 ± 13.83 b

For each parameter, values in the same stress treatment followed by different letters are significantly different at p < 0.05.
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and the wild type are favorable materials for the comparative
study of stress tolerance and related physiological reactions in
plants. Therefore, this transgenic line was employed in the current
study with the intention of examining the metabolic relationships
between polyamines and enzymatic/non-enzymatic antioxidant
levels. In agreement with the previous report (Wen et al., 2008),
under stress conditions line #32 showed less growth inhibition
than the wild type, further supporting the reliability of this line’s
attenuated susceptibility to stress. However, free polyamine con-
tents under non-stressed conditions in this study were not consis-
tent with those of Wen et al. (2008), which might be possibly
ascribed to different phytohormones used for maintenance of the
shoots in vitro and for the stress treatments, indolebutyric acid
(IBA) and zeatin in this study rather than N6-benzylaminopurine
in the previous one. Alteration of cellular polyamine content by
phytohormones has been reported previously. For instance, Davis
(1997) reported that free polyamine contents were different in
the hypocotyls segments of leafy spurge (Euphorbia esula L.) when
they were cultured on medium added with indoleacetic acid (IAA)
or 2,4-dichlorophenoxy acetic acid. In another work, free poly-
amine contents of tobacco suspension cultures were also affected
by IAA (Park and Lee, 1994).

It has been demonstrated that overexpression of Put biosyn-
thetic genes, ADC or ODC, generally causes the production of high
levels of Put (DeScenzo and Minocha, 1993; Bastola and Minocha,
1995; Burtin and Michael, 1997; Bhatnagar et al., 2001). By con-
trast, overexpression of SPDS led to a small increase of Spd despite
the use of the constitutive promoter, CaMV35S (Franceschetti et al.,
2004; Kasukabe et al., 2004; Wen et al., 2008). Indeed, Spd in line
#32 was only about 2.4- to 2.9-fold higher than that in the wild
type upon exposure to NaCl or mannitol, despite their distinct var-
iation in stress tolerance. In our work, no transformants with extre-
mely high Spd have been recovered. It is possible that transgenic
individuals with excessively high Spd level could not regenerate
successfully due to toxic nature of Spd beyond the lethal threshold
content, as has been reported by Wen et al. (2008). It has to be
pointed out that the increased magnitude in our work is compara-
ble to those that have been reported earlier (Franceschetti et al.,
2004; Kasukabe et al., 2004; Wen et al., 2008). Moderate increase
of endogenous Spd even in case of over-expression of MdSPDS1 im-
plied that cellular polyamine contents underwent homeostatic reg-
ulation, as has been reported by others (Bhatnagar et al., 2002;
Pang et al., 2006). This homeostatic regulation of Spd might ex-
plain, at least in part, why Spd content did not perfectly correspond
to the enzymatic activity of SPDS on day 7, when its activity in-
creased in line #32 and Spd content fell under stress. Therefore,
other regulatory systems such as post translational regulation
could exist to maintain polyamine homeostasis in cells.

3.2. Direct effect of the increased Spd and Spm on stress tolerance

In the current study, line #32 predictably showed higher level
of free Spd than the wild type, which may result from high SPDS
activity due to abundant transcriptional expression of the trans-
gene, MdSPDS1. The expression of gene encoding polyamine oxi-
dase, an enzyme responsible for degradation of Spd and Spm,
was not obviously different between line #32 and the wild type
(data not shown). On the other hand, H2O2, which is a product of
polyamine catabolism, existed at low levels in line #32 compared
with the wild type. It is plausible to suggest that the increased
Spd biosynthesis is not accompanied by its increased catabolism.
In addition, Spm content was also higher in line #32 than the wild
type, leading to higher ratio of (Spd + Spm)/Put in the former. In
our previous study, we found that the ratio of (Spd + Spm)/Put
was always higher in line #32 than in the wild type exposed to
NaCl, mannitol or CuSO4 stress (Wen et al., 2008). Therefore, high
ratio of (Spd + Spm)/Put in this line might have been correlated
with the alleviation of stress-derived damage. Our work corrobo-
rates several lines of work reported previously, which demon-
strated the importance of Spd and/or Spm for alleviating stress-
derived cell injury. For instance, salt-tolerant rice and tomato
genotypes increased their Spd and Spm levels in response to salt
stress, which was not observed in the sensitive strains (Krishana-
murthy and Bhagwat, 1989; Santa-Cruz et al., 1997). Increase of
cellular Spd or Spm through exogenous addition of Spd or Spm
has been demonstrated to confer tolerance to drought in Arabidop-
sis (Yamaguchi et al., 2007) and to copper in Nymphoides peltatum
(Wang et al., 2007). The promotion of stress tolerance by free and
congugated forms of Spd or Spm could be ascribed to direct role in
ROS scavenging and membrane stabilization due to their polycat-
ionic properties, as has been shown elsewhere (Besford et al.,
1993; Borrell et al., 1997; Kubiś, 2005).

As for conjugated and bound forms of polyamnes, recently, the
involvement of these forms in stress alleviation has been suggested
(Dondini et al., 1999; Waie and Rajam, 2003; Roussos and Pontikis,
2007). Bouchereau et al. (1999) also showed the potential ability of
conjugated polyamines for acting as free radical scavengers. In this
study, the titers of conjugated polyamines also tended to be higher
in line #32 than in the wild type (data not shown), which might
indicate that the higher conjugated polyamine titers in line #32
than the wild type could also contribute to the better stress toler-
ance upon NaCl and mannitol stresses in this line.

3.3. Relationships between the increased Spd/Spm and antioxidant
system

In addition to the participation of polyamine per se in stress tol-
erance, the enhanced Spd, along with Spm, may exert its effect by
affecting the antioxidant system under stress. Recently, exogenous
application of polyamines was found to reduce salt-induced oxida-
tive damage by activating antioxidant enzymes, including APX, GR,
and SOD, in Virginia pine (Tang et al., 2004; Tang and Newton,
2005). Similarly, Verma and Mishra (2005) reported that addition
of polyamines could enhance activities of several antioxidant en-
zymes and content of non-enzymatic antioxidants, leading to less
stress damage in Brassica juncea seedlings. In this study, before
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stress treatment, line #32 showed higher SPDS activity and Spd
contents than the wild type. However, with the exception of AsA,
the enzymatic/non-enzymatic antioxidant levels and the H2O2

and MDA contents were similar between the transgenic and wild
type plants, indicating that the transgene did not greatly affect
the antioxidant system under normal conditions. Upon NaCl or
mannitol stress, activities of four antioxidant enzymes, SOD, APX,
MDHAR and GR, were induced to a higher extent in line #32 than
in the wild type, coincident with the increase of Spd content in the
former. Therefore, production of more Spd/Spm in line #32 may be
involved in activation of the antioxidant system of the cells in re-
sponse to adverse environment. The higher SOD activity in line
#32 indicated its sufficient dismutation of the superoxide anion
into H2O2 caused by stress. However, in line #32 possessed less
H2O2 than the wild type, suggesting that enzymes in the AsA-glu-
tathione cycle with high activities in line #32 functioned efficiently
to remove the H2O2. In addition, content of non-enzymatic antiox-
idants like AsA and proline and the ratio of AsA/DHA in line #32
were also higher than those in the wild type, further supporting
that the transgenic line was more potent in eliminating the ROS
than the wild type. Activation of antioxidant systems, along with
the direct participation in ROS scavenging and membrane stabil-
ization, works together or separately to protect the cells from
stress-derived damage, leading to better growth under stresses. It
is noted that growth of line #32 was better under salt stress than
under mannitol stress, which might be also explained by higher
antioxidant activities in the salty condition. However, the underly-
ing mechanism for such difference needs to be further elucidated
in the future.
4. Conclusions

At this point, though it is still difficult to draw a clear-cut picture
for the mechanism underlying the induced antioxidant capacity by
introduction of MdSPDS, it might be partially possible to suggest
that the enhanced Spd levels upon stresses in line #32 correlated
with the defense against the oxidative stress. By contrast, those in
the wild type might be insufficient to initiate an efficient oxidative
defense machinery, although Spd levels increased in the wild type
as well upon stress treatments when compared with those prior
to stress treatment. Similar results have been reported before based
on investigation of transgenic plants and exogenous application of
polyamines (Capell et al., 2004). Transgenic rice plants expressing
Datura ADC produced more Put that could be converted to Spd
and Spm synthesis, leading to improved drought tolerance, while
the wild type could not synthesize sufficient Put (Capell et al.,
2004). Our work, in conjunction with earlier ones, provides accumu-
lating convince that a slight but significant increase in Spd can give
rise to desirable effect on stress tolerance, although physiological
nature of stress tolerance remains to be characterized.

5. Experimental

5.1. Chemicals

All chemicals used in this study were purchased from Wako
(Wako Pure Chemical Industries, Ltd., Osaka, Japan) or Sigma
(Sigma–Aldrich Corp., St. Louis, MO, USA) unless otherwise stated.

5.2. Plant materials and stress treatments

Untransformed European pear (P. communis L. ‘Ballad’, wild
type) and the transgenic line #32 overexpressing apple SPDS
(MdSPDS1) under the control of the CaMV35S promoter were used
in this study (Wen et al., 2008). In vitro shoot cultures of line #32
and the wild type were maintained on MS medium (Murashige and
Skoog, 1962) containing B5 organic components (Gamborg et al.,
1968), 3% sucrose, 1.0 lM IBA, 5.0 lM zeatin, and 0.8% agar under
a 16-h photoperiod at 25 �C. The cultures were transferred to fresh
medium at four-week intervals. For stress treatments, in vitro
shoots of line #32 and the wild type were incubated on MS med-
ium containing 150 mM NaCl or 300 mM mannitol. The SH and
FW were measured at the start of the experiment and compared
with those of the wild type on the third and seventh day following
NaCl or mannitol treatment. The net increments (percentage) in
fresh weight (FWIn) and shoot height (SHIn) during a given period
were calculated using the equation FWIn(SHIn) = [FW (SH)at the end �
FW (SH)at the start]/FW (SH)at the start � 100 according to Wen et al.
(2008). After measurement of the net increment, the shoots were
sampled and immediately frozen in liquid nitrogen before storage
at �80 �C until further analysis.

5.3. Quantification of polyamines by HPLC

Free polyamines were quantified according to the method de-
scribed by Song et al. (2002) and expressed as dry weight (DW)
basis.

5.4. Measurement of enzyme activities

The enzymes of SPDS, SAMDC, ADC, and ODC were extracted as
described by Kasukabe et al. (2004). The ratio of the shoot weight
to the extraction buffer volume was 1:3. The homogenate was cen-
trifuged at 25,000g for 20 min, and the enzyme activities in the
supernatant were measured. SPDS activity, expressed as
nmol mg�1 protein h�1, was assayed based on Kasukabe et al.
(2004), and those of SAMDC, ADC, and ODC, expressed as nmol
14CO2 mg�1 protein h�1, were measured according to previous re-
ports (Song et al., 2001; He et al., 2002) using a radioisotope. Pro-
tein was measured according to Bradford (1976).

The antioxidant enzymes, SOD, APX, MDHAR, and GR, were ex-
tracted according to Venisse et al. (2001) with some modifications.
Shoots were homogenized in two fold volume of ice-cold 50 mM
potassium phosphate buffer (pH 7.5) containing 2% (w/v) polyeth-
ylene glycol, 1 mM phenylmethylsulfonyl fluoride, 8% (w/v) polyvi-
nylpolypyrrolidone and 0.01% (v/v) Triton X-100, followed by
centrifugation for 20 min at 16,000g (4 �C). The enzyme activities
in the supernatants were immediately assayed. SOD activity, ex-
pressed as unit mg�1 protein, was determined according to a meth-
od modified from Beyer and Fridovich (1987) with SOD Assay Kit-
WST (Dojindo Molecular Technologies Inc., Kumamoto, Japan) fol-
lowing the manufacturer’s instructions. One unit of SOD was de-
fined as the amount of enzyme that causes a 50% decrease in the
SOD-inhibitable nitroblue tetrazolium reduction. APX activity
(AsA lmol mg�1 protein min�1) was assayed by following the oxi-
dation of AsA at 290 nm according to Nakano and Asada (1981)
with minor modifications. In this method, 50 ll of extraction
supernatant were added to 1 ml of a reaction mixture consisting
of 80 mM potassium phosphate buffer (pH 7.0), 0.5 mM ascorbic
acid, 0.2 mM H2O2, and 0.2 mM diethylenetriamine-N,N,N0,N00,N00-
pentaacetic acid dianhydride (DTPA). MDHAR activity (expressed
as NADH nmol mg�1 protein min�1) was measured by the oxida-
tion of NADH at 340 nm according to Hossain et al. (1984) and Jah-
nke et al. (1991) with some modifications. For this measurement,
100 ll of extraction supernatant were added to 1 ml of reaction
mixture consisting of 80 mM potassium phosphate buffer (pH
7.8), 0.5 mM AsA, 0.2 mM DTPA, 0.15 mM NADH, and 0.2 unit of
AsA oxidase. For measurement of GR activity, expressed as NADPH
nmol mg�1protein min�1, 100 ll of extraction supernatant were
added to 1 ml of a reaction mixture consisting of 80 mM potassium
phosphate buffer (pH 7.8), 0.2 mM DTPA, 0.15 mM NADPH, and
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0.5 mM oxidized glutathione (Jahnke et al., 1991), followed by oxi-
dation of NADPH at 340 nm.

5.5. Measurement of AsA, DHA, proline, H2O2, and MDA

For analysis of AsA, a method slightly modified from Sakaki
et al. (1983) was used, in which pear shoots (1 g FW) were homog-
enized in 4 ml of 5% (w/v) metaphosphoric acid and centrifuged at
10,000g for 10 min at 4 �C. To convert AsA to DHA, 1 mM 2,6-
dichlorophenolindophenol (DCIP) was added to the supernatant
and mixed with 2.9 mM 2,4-dinitrophenylhydrazine, 0.3% w/v
thiourea, and 0.66 M sulfuric acid. The mixture was incubated at
50 �C for 60 min before cooling in an ice bath to stop the reaction.
Equal volume of 15.4 M sulfuric acid was then added, followed by
determination of DHA content in the sample at absorbance of
520 nm. The content of AsA depends on difference between the
contents of DHA in the sample with and without DCIP.

Proline was measured according to Chandler and Thorpe (1987)
and Wren and Wiggall (1965). Shoots (50–80 mg FW) were homog-
enized in 4 ml of methanol:chloroform:water (12:5:1, v/v/v).
After addition of H2O (1.5 ml) and CHCl3 (1 ml), the solution was
mixed and centrifuged at 10,000g for 5 min at 4 �C. An aliquot
(0.2 ml) of the upper phase was diluted with H2O (0.8 ml), 2.5 ml
of a 3:2 (v/v) mixture of 4 lmol ml�1 glycine in CH3CO2H and
6 M phosphoric acid and 2.5 ml of 40 mg ml�1 ninhydrin. The solu-
tion (6.0 ml) was incubated in a 95 �C water bath for 40 min. After
cooling down at room temperature, toluene (5 ml) was added,
which was mixed and then centrifuged at 10,000g for 5 min at
4 �C, before measurement of absorbance at 513 nm. The proline
content was calculated using a calibration curve.

Measurement of H2O2 was performed using peroxidase enzyme
according to Lee and Lee (2000). Pear shoots (1 g FW) were homog-
enized in 3 ml of 100 mM sodium phosphate buffer (pH 6.8). The
homogenate was filtered through two layers of Miracloth (Calbio-
chem, La Jolla, CA, USA) and centrifuged at 18,000g for 20 min at
4 �C. To initiate the enzyme reaction, a 0.6-ml aliquot of the super-
natant was mixed with 2.5 ml of peroxide reagent (83 mM sodium
phosphate buffer (pH 7.5), 0.005% (w/v) o-dianisidine, and
40 lg ml�1 peroxidase) and incubated for 10 min at 30 �C in a water
bath, followed by addition of 0.5 ml of 1 N perchloric acid to stop the
reaction. The solution was centrifuged at 5000g for 5 min at 4 �C be-
fore absorbance of the supernatant at 436 nm was measured. The
H2O2 contents were calculated using the calibration curve.

MDA was measured according to the method described by Sofo
et al. (2004). Pear shoots (0.5 g FW) were homogenized in 5 ml of
10% (w/v) CCl3CO2H and centrifuged at 10,000g for 10 min at room
temperature. Four ml of 0.5% (w/v) thiobarbituric acid in 20% (w/v)
CCl3CO2H were added to a 1-ml aliquot of the supernatant. The
mixture was boiled at 100 �C for 30 min and quickly cooled in
ice. After centrifugation at 10,000g for 10 min at room tempera-
ture, the absorbance of the supernatant at 532 nm was measured
and the non-specific absorption at 600 nm was subtracted. The
concentration of MDA was calculated using an extinction coeffi-
cient of 155 mmol�1 cm�1. All of these parameters were expressed
as DW basis.

5.6. Statistical analysis

All of the presented data are mean values of at least three rep-
licates with nine shoots and are shown as the mean ± SE. Statistical
analysis was performed using the Bonferroni-Dunn test.
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