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Abstract To evaluate genotypic difference in antioxidative
ability and salt tolerance in poplars, the authors investigated
the effects of increasing content of soil NaCl on salt
concentration in leaves, superoxide dismutase (SOD) and
peroxidase (POD) activities, malondialdehyde (MDA)
content, and membrane permeability (MP) in Populus
euphratica Oliv., P. popularis “35– 44,” and P. × euramer-
icana cv. I-214 (hereafter abbreviated as P. cv. I-214). Na+

and Cl− concentrations in leaves of P. popularis increased
markedly over the increase of the duration of exposure to
salinity, and culminated after 28 days of salt stress. SOD
and POD activities declined correspondingly, followed by
significant increases of MDA and MP, and leaf injury was
finally observed. Compared with P. popularis, leaf Na+ and
Cl− in P. cv. I-214 exhibited a trend similar to P. popularis,
but a lower salt-induced increase of MDA and permeability
was observed and lighter leaf necrosis occurred. In contrast
to P. popularis and P. cv. I-214, SOD and POD activities in
P. euphratica leaves increased rapidly at the beginning of
salt stress with a light soil NaCl concentration of
58.5 mmol/L. Furthermore, salt ion concentration, MDA
content, and MP in P. euphratica leaves did not increase
significantly during 28 days of increasing salt stress.
Therefore, the increase in MP in P. popularis and P. cv. I-
214 had a close relationship with a salt buildup in leaves
under increasing salt stress. Salt-induced declines of SOD
and POD activities might accelerate lipid peroxide and
consequently resulted in ion leakage. P. euphratica rapidly
activated antioxidant enzymes after the onset of salt stress,
which might reduce the accumulation of reactive oxygen
species and the subsequent acceleration of lipid peroxide.
P. euphratica leaves exhibited a higher capacity to exclude

salt in a longer period of increasing salinity, thus limited
salt-induced lipid peroxide and MP, which contributed to
membrane integrity maintenance and salt tolerance of P.
euphratica.

Keywords Populus, Na+, Cl−, superoxide dismutase
(SOD), peroxidase (POD), malondialdehyde (MDA),
membrane permeability, antioxidative, salt tolerance

1 Introduction

Normally, there is a balance between the production of re-
active oxygen species (ROS) and its removal in plants, but
this balance will be destroyed by salt stress and will result in
an accumulation of ROS. Excessive ROS may initiate
membrane lipid peroxidation, weaken membrane lipid
unsaturation, trigger membrane protein polymerization,
and result in an increase in membrane permeability (MP)
[1]. ROS can also cause dysfunction of proteins, attack
nucleic acids, lead to DNA destruction and mutation [2],
disrupt DNA copy and transcription [3], and finally cause
cell death and formation of abnormal proteins like heat
shock proteins. Therefore, plants have developed a com-
plex antioxidant system to repair the damage caused by
ROS, including antioxidant enzymes like superoxide
dismutase (SOD), peroxidase (POD), and catalase, as well
as antioxidant metabolites like ascorbic acid (ASA) and
glutathione (GSH). Studies indicated that antioxidant en-
zymes acted as key roles in plant antioxidant stress, which
was proven by two major evidences: (1) stress induced the
increase of antioxidant enzyme activities, which was
correlated directly with stress tolerance; (2) plant pretreated
with a kind of stress could produce cross-tolerance to other
different stresses. For example, a breed tolerant to paraquat
could induce increase of antioxidant enzymes to produce
cross-tolerance to heat shock and cold stress [4]. Tsugane et
al. [5] suggested that salt-tolerant Arabidopsis mutants
might enhance oxidative stress tolerance.

Studies on salt tolerance of Populus euphratica focused
mainly on plant growth, uptake, transport, distribution, and
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compartmentation of saline ions; uptake, transport and
osmotic adjustment of nutrients; and ABA signal conduc-
tion. However, less emphasis was put on salt-induced
oxidative stress. Only effects of NaCl on the changes of
SOD activities in leaves and roots of P. euphratica were
reported in 1998 [6]. The objective of this study was to
evaluate mechanisms of antioxidant stress of P. euphratica
under salt stress compared with salinity-sensitive poplars.

2 Materials and methods

2.1 Plant materials

One-year-old seedlings of P. euphratica Oliv. and 1-year-
old rooted cuttings of P. × euramericana cv. I-214
(hereafter abbreviated as P. cv. I-214) and P. popularis
“35-44” (P. popularis) were used in this experiment.
Hardwood cuttings of P. popularis and P. cv. Italica were
obtained from the nursery of Beijing Forestry University
and seedlings of P. euphratica from Xinjiang Uygur
Autonomous Region. On April 6, 2003, the materials
were planted in 10-L pots containing nursery soil and sands
(soil/sand=2:1). Potted plants were well watered and
fertilized by 1 L of full-strength Hoagland’s nutrient
solution every 2 weeks. Potted plants were placed in a
greenhouse at the nursery of Beijing Forestry University
prior to the salt treatment in July.

2.2 Salt treatments and sampling

Plants were subjected to 4 weeks of increasing NaCl stress.
In the first 2 weeks, saline treatment was imposed by top
watering of 1 L of 100 mmol/L NaCl and full-strength
Hoagland’s nutrient solution weekly. In the third and fourth
weeks, plants were watered by 1 L of 150 and 200 mmol/L
NaCl (in full-strength Hoagland’s nutrient solution), re-
spectively. Control plants were kept well watered and
fertilizedweekly bywatering 1 L of full-strengthHoagland’s
nutrient solution without NaCl. Leaves were sampled
after 1, 8, 21, and 28 days of exposure to the initial saline
treatment, with three replications per treatment for every
species. Immediately after the fully expanded leaves were
sampled from upper part of shoots, leaf malondialdehyde
(MDA) content, MP, and activities of SOD and POD were
examined. Parts of sampled leaves were oven-dried at 65°C
for 4 days, ground and passed through a 1.0-mm sieve, and
stored for Na+ and Cl− measurements.

2.3 Leaf ion analysis

Extraction and determination of Na+ and Cl− were per-
formed according to Chen et al. [7] with some modifica-
tions. Dried leaves (0.2–0.3 g) were incubated in 25 mL of
1 mol/L HNO3 at 95–100°C for 12 h, then cooled,
homogenized, and stored overnight. The extract was
filtrated and the supernatant was diluted to 50 mL with

deionized water for the measurement of Na+ and Cl−

concentrations.
For Cl−, abundant AgNO3 (0.025 mol/L, 1–10 mL) was

added to 20 mL of the extract to precipitate chloride in a
150-mL triangle bottle. The extract was heated at a
moderate temperature after adding 10 mL of 1:1 HNO3

(v/v); saturated KMnO4 was added to clear the color of the
extract and then cooled. Excessive Ag+ was estimated by
0.01 mol/L NH4SCN titration. NH4Fe(SO4)2 was used as a
color indicator for isoionic point determination.

For Na+, Na+ concentration wasmeasured at 589.0 nm by
atomic absorption spectrophotometer (Perkin-Elmer 2280).

2.4 Analysis of soil

According to Chen et al. [8], at each sampling time, soil was
sampled at 20 –30 cm depth in pots, and soil moisture
content was determined. Extracts of soil samples (dried
soil/deionized water =1:5, w/v) were used for Na+ and Cl−

measurements. Na+ and K+ were measured by flame
spectrophotometer (Perkin-Elmer 2280), Ca2+ and Mg2+

concentrations by atomic absorption spectrophotometer
(Rili-180-80), and Cl− by silver titration [7]. Ion concen-
tration (mmol/L) was expressed as the ratio of ion content
(mmol) per 1,000 g of dry soil to soil moisture content (kg)
per 1,000 g of dry soil.

After 1, 8, 21, and 28 days of NaCl treatment, NaCl
concentrations in the soil reached 58.5, 81.3, 137.2, and
213.8 mmol/L, respectively, whereas soil NaCl in the
control treatment was maintained at approximately
10 mmol/L throughout the experiment. There is a notable
difference in K+, Ca2+, and Mg2+ concentration between
NaCl-treated and control soil.

2.5 Superoxide dismutase activity measurements

Total SOD activity was assayed by monitoring the super-
oxide radical-induced nitroblue tetrazolium (NBT) reduc-
tion at 560 nm [9]. One unit of SOD was defined as the
amount of enzyme that causes a 50% inhibition of the
aforementioned reaction in comparison with a blank sam-
ple. Briefly, approximately 0.500,0 g (fresh weight) of
leaf tissue was homogenized on ice in 2 mL of precooled
0.05 mol/L sodium phosphate buffer (pH 7.8) containing
1% PVPP-40. The homogenate was centrifuged at 1,500×g
for 10 min at 4°C, and the supernatant was diluted to 25mL.
The diluted enzyme extract (20 μL) was then added into a
3-mL reaction system containing 1.5 mL of 0.05 mol/L
sodium phosphate buffer (pH 7.8), 0.3 mL of 30 mmol/L
methionine, 0.3 mL of 750 μmol/L NBT, 0.3 mL of
100 μmol/L EDTA–Na2, 0.3 mL of 120 μmol/L ribo-
flalivin, and 100 μL of distilled water. In blank controls,
200 μL of 0.05 mol/L sodium phosphate buffer (pH 7.8)
was added into the reaction system instead of the enzyme
extract. Afterward, the mixtures were illuminated by cool
white light of 4,000 lx [30 μmol/(m2·s)] for 8 min; then,
colorimetry at 560 nm and absorbencies (A) were recorded.
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The absorbency used for SOD activity calculation was
Aenzyme−Acontrol.

2.6 Peroxidase activity measurements

The measurement of total POD activity was carried out
based on the determination of guaiacol oxidation [extinc-
tion coefficient 26.6 mmol/(L·cm)] at 470 nm byH2O2 [10].
In brief, approximately 0.50 g (fresh weight) of leaf tissue
was homogenized on ice in 2 mL of 0.05 mmol/L sodium
phosphate buffer (pH 5.5) containing 1% PVPP-40. The
homogenate was centrifuged at 1,500×g for 10 min at 4°C,
and then, the supernatant was diluted to 25 mL for assays.
We added 300 μL of the diluted enzyme extract into a 5-mL
reaction system that contained 2.7 mL of 0.05 mmol/L
sodium phosphate buffer (pH 5.5), 1.0 mL of 2%H2O2, and
1.0 mL of 0.05 mol/L guaiacol that had been incubated at
34°C (the optimum temperature for enzyme reaction).
Immediately after the addition of the enzyme extracts, the
absorbency of the mixture was measured at 470 nm and

recorded every 30 s during a 150-s observation period. One
unit of POD was defined as the amount of enzyme that
causes a 0.01 absorbency increase at 470 nm in comparison
with a blank control. In blank controls, the same amount of
0.05 mol/L sodium phosphate buffer (pH 5.5; 300 μL) was
added into the reaction system instead of the enzyme extract.

2.7 Malondialdehyde content measurements

Standard procedures required for MDA measurement were
followed as Heath and Pacher [11]. Approximately 0.50 g
(fresh weight) of leaf tissue was homogenized in 1.5 mL of
5% trichloroacetic acid (TCA; w/v). The homogenate was
centrifuged at 1,500×g for 10 min, and then, the superna-
tant was diluted to 10 mL. We mixed 2 mL of the diluted
extract with 2 mL of 0.67% 2-thiobarbtiuric acid (TBA; w/
v). The mixture was incubated in boiled water (95–100°C)
for 30 min, then centrifuged at 1,500×g for 10 min.
Absorbencies of the aqueous phase at 450, 532, and
600 nm were measured, respectively. MDA content in the

Fig. 1 Effects of NaCl on Na+ and Cl− concentration in leaves of P. euphratica, P. popularis, and P. cv. I-214. Each point is the mean of
three plants, and bars represent the standard error of the mean (also applicable in the succeeding figures)

Fig. 2 Effects of NaCl on MP (%) in leaf of P. euphratica, P. popularis, and P. cv. I-214
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aqueous phase was calculated according to the following
format: C (μmol/L)=6.45×(A532−A600)−0.56×A450.

2.8 Membrane permeability measurements

Thirty leaf discs, 0.2 cm in diameter, were immersed in
10 mL of distilled water, and a subsequent 30 min vacuum
was applied. Then, electrical conductivity (E1) was mea-
sured withDDS-307 conductivitymeter (Shanghai Precision
& Scientific Instrument) at room temperature. Afterward,
leaf discs were incubated in boiled water (95–100°C)
for 30 min, and electrical conductivity (E2) was mea-
sured at room temperature. MP of leaf was calculated as
E1/E2×100%.

2.9 Data analysis

All data were subjected to ANOVA, and significant dif-
ferences between means were determined by Duncan’s
multiple-range test. Unless otherwise stated, differences
were considered statistically significant when P< 0.05.

3 Results

3.1 Na+ and Cl− concentrations

Leaf Na+ and Cl− levels in control P. euphratica plants
were typically higher than those in control plants of
P. popularis and P. cv. I-214 during the observation

period (Fig. 1). Leaf Na+ and Cl− concentrations in NaCl-
treated plants of the three tested genotypes did not sig-
nificantly increase in the first 8 days of salt stress; however,
a genotypic difference in buildup of Na+ and Cl− was
observed in following days of salinity (Fig. 1). Leaf Na+

and Cl− levels in P. popularis and P. cv. I-214 increased
sharply corresponding to the NaCl increment in the soil
(Fig. 1). Salinized P. popularis accumulated Na+ 17.4-fold
higher and Cl− 12.2-fold higher than control plants on
the 21st day (Fig. 1); for NaCl-treated P. cv. I-214, it was
Na+ 2.5-fold higher and Cl− 4.2-fold higher, respectively.
Compared with control plants, Na+ and Cl− concentrations
of NaCl-treated P. popularis and P. cv. I-214 reached the
highest level on the 28th day, Na+ concentrations in leaves
of P. popularis and P. cv. I-214 increased 22.8- and 9.3-
fold, and Cl− concentrations increased 15.8- and 10.5-fold.
In contrast to P. popularis and P. cv. I-214, there was no
significant increase in Na+ and Cl− in P. euphratica leaves
during 4 weeks of increasing salt stress (Fig. 1).

3.2 Membrane permeability

Compared with nonstressed plants, MP in P. popularis
leaves remained unchanged in the first 3 weeks of salt
stress, but a notable rise (124%) was observed on the 28th
day (Fig. 2). The trend of MP in salinized P. cv. I-214 plants
was similar to P. popularis except for a lower MP increase
(26%) on the 28th day (Fig. 2). In contrast, leaf MP in P.
euphratica did not notably increase compared with control
plants during the period of experiment (Fig. 2).

Fig. 3 Effects of NaCl on MDA contents in leaves of P. euphratica, P. popularis, and P. cv. I-214

Fig. 4 Effects of NaCl on SOD activity in leaves of P. euphratica, P. popularis, and P. cv. I-214
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3.3 Malondialdehyde content

Leaf MDA contents in NaCl-treated plants of P. popularis
and P. cv. I-214 remained at a level similar to those in
controls during the first 21 days of salt stress, even though
MDA levels varied greatly over the observation period
(Fig. 3). On the 28th day, an evident increase in MDAwas
observed in salinized plants of both genotypes, and MDA
increased by 114% in P. popularis and 26% in P. cv. I-214
(Fig. 3). In contrast to P. popularis and P. cv. I-214, MDA
contents in leaves of salinized P. euphratica plants did not
significantly differ from those in control plants during the
period of salt stress (Fig. 3).

3.4 Superoxide dismutase activity

Leaf SOD activity in control plants of the three genotypes
varied markedly over the observation period (Fig. 4). SOD
activity in salinized plants of P. popularis and P. cv. I-214
was similar to controls by the 21st day, but a 30% and 29%
decline of leaf SODwas found on the 28th day, respectively
(Fig. 4). In contrast, there was no significant decrease in
SOD activity in P. euphratica during the period of salt stress
(Fig. 4). Notably, leaf SOD activity in P. euphratica
increased by 100% after salt stress was initiated, whereas
there was no corresponding change in P. popularis and
P. cv. I-214.

3.5 Peroxidase activity

There were gentle genotypic differences in the pattern of
POD response to salinity. Leaf POD activity in P.
euphratica increased by 100% after 1 day of salt treatment,
and then kept at a similar level to controls in following days
of salt stress (Fig. 5). There was a slight increase in POD
activity in P. popularis and P. cv. I-214 at the beginning of
salt treatment (Fig. 5). POD activity in salinized P.
popularis plants increased remarkably on the 21st day,
and then decreased gently (Fig. 5). P. cv. I-214 had a
marked increase in POD activity on the 28th day, which was
1 week later than P. popularis (Fig. 5; data not shown).

4 Discussion

4.1 Leaf salt concentration, membrane permeability,
and malondialdehyde content

Leaf Na+ and Cl− concentrations in P. euphratica leaves
had no marked increase during the period of salt stress;
however, those in leaves of P. popularis and P. cv. I-214
greatly increased along with increasing soil NaCl although
a slower increase of salt was observed in P. cv. I-214
(Fig. 1). Results indicate that P. euphratica leaves had a
greater ability to exclude salt, which is consistent with our
previous study. The greatest capacity for salt exclusion in P.
euphratica is likely the result of root-to-shoot salt transport
restriction [8] because Na+ and Cl− concentrations in roots
of three poplars increased significantly during the salt
treatment (data not shown).

Results showed that the increased MP in the two salt-
sensitive genotypes was associated with Na+ and Cl−

accumulation in leaves. Following the great buildup of Na+

and Cl− on the 28th day, leaf MP in P. popularis and P. cv. I-
214 increased by 124% and 26%, respectively (Fig. 2).
However, there was no similar change of MP in P.
euphratica due to lower levels of Na+ and Cl− (Fig. 2).
Increased MP indicates the destruction of cellular mem-
brane integrity. In accordance, salinized plants of P.
popularis and P. cv. I-214 exhibited a clear symptom of
leaf injury, whereas there was no leaf necrosis in P.
euphratica.

Leaf MDA content in P. popularis and P. cv. I-214
increased considerably after 28 days of salt treatment,
suggesting that the elevated MP resulted from lipid
peroxidation because MDA content is used as an indicator
of lipid peroxidation under oxidative stress [12–14]
(Fig. 3). Recent research found that H2O2 content in leaves
increased under salt stress, followed by the rise of MDA
content and MP [15]. Compared with control plants, MDA
content in leaves of P. euphratica did not increase notably
during the whole salt treatment, whereas MDA content in
the most salt-sensitive P. popularis increased by 114% on
the 28th day when salt ion in leaves built up greatly, which
indicated a serious lipid peroxidation took place. The trend
of MDA content in salinized P. cv. I-214 plants was similar

Fig. 5 Effects of NaCl on POD activity in leaves of P. euphratica, P. popularis and P. cv. I-214
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to P. popularis except for a lower MP increase on the 28th
day (Fig. 2). Therefore, it can be concluded that salt-
induced MP in salt-sensitive poplars was the result of salt
accumulation in leaves, which accelerated membrane lipid
peroxidation and, thus, caused ion leakage and leaf damage.

4.2 Salt-induced oxidative stress and activities
of antioxidant enzymes

Lipid peroxidation is correlated with ROS levels in cells.
When the accumulation of ROS exceeds the scavenging
capacity of antioxidant systems, ROS began to accumulate,
reduced activities of antioxidant enzymes, and increased
membrane peroxide and permeability [12,13,15–18]. SOD
and POD have been considered two key enzymes in ROS
elimination [19–22], and variations of their activities reflect
the ability to scavenge oxygen free radicals under en-
vironmental stresses [16,21,23]. An increasing number of
studies proved that, under salt stress, antioxidant enzyme
activities in plants declined and MDA accumulated rapidly,
which resulted in an increase in permeability of plasma
membranes [13,24,25]. In this study, the decreased leaf
SOD activity in P. popularis on the 21st day suggested the
reduced ability in O2

− elimination (Fig. 4). At this time,
POD activity in P. popularis leaves increased significantly
and reached the highest level (Fig. 5), but the levels of
MDA and MP did not increase compared with control
plants (Figs. 2 and 3), indicating that salinized P. popularis
plants were able to maintain the lower level of H2O2, which
reduced cell damage by 7OH produced by Haber–Weiss
reaction of H2O2 and O2

−. On the 28th day, leaf POD
activity in salt-stressed P. popularis was significantly
reduced (Fig. 5), but both MDA content and MP increased
markedly (Figs. 2 and 3), indicating that H2O2 production
had exceeded the scavenging capacity of POD. Although
leaf POD activity in P. popularis remained at a relatively
high level (Fig. 5), H2O2 accumulation induced Haber–
Weiss reaction and produced a large amount of 7OH,
resulting in increased lipid peroxidation and MP. Changes
of SOD and POD activities in P. cv. I-214 leaves followed a
trend similar to P. popularis except for the fact that the
marked SOD reduction and POD increase occurred 1 week
later (Figs. 4 and 5). In contrast to P. popularis and P. cv. I-
214, leaf SOD and POD activities in P. euphratica did not
decline over the duration of salt stress (Figs. 4 and 5), and
there were no marked elevation of MDA content and MP
(Figs. 2 and 3), indicating that antioxidant enzymes in P.
euphratica leaves were able to scavenge stress-induced
ROS, and thus maintained a balance of ROS generation and
elimination in the long period of salt stress.

It is noteworthy that SOD and POD activities in P.
euphratica leaves increased by 100% after the onset of salt
stress, whereas there was no corresponding change in SOD
and POD activities in the other two salt-sensitive geno-
types, P. popularis and P. cv. I-214 (Figs. 4 and 5). This
suggested that a lower soil NaCl (NaCl concentration was
58.5 mmol/L) increased the activities of antioxidant en-

zymes, which was favorable for P. euphratica to adapt to
salt stress through reducing ROS and uncontrolled oxida-
tion at the beginning of salt stress. A rapid rise of anti-
oxidant enzymes in leaves of P. euphratica is probably
associated with salt-induced ABA. In previous studies, we
found that salt-tolerant P. euphratica could sense soil salt
stress and the root system had a higher ability to synthesize
ABA, which triggers adjustments that confer salt tolerance
[7,26]. Similar results were observed in the present study.
ABA has been suggested to induce activities of antioxidant
enzymes, including total SOD, catalase (CAT), ascorbate
peroxidase (APX), and glutathione reductase (GR) [27–
34], and related gene expression [27–31]. Endogenesis
ABA is correlated with the upgrade of antioxidative sys-
tems induced by stresses, and the upgrade of antioxidative
systems is closely associated with stress tolerance. Pre-
treatment with ABA can reduce heat-stress-induced lipid
peroxide and increase the survival rate of Arabidopsis [35].
ABA inhibitor fluridone can inhibit improvement of anti-
oxidative stress ability under water stress [36–38]. Recent
researches found that ABA can increase the ability of anti-
oxidative stress under salt stress [34]. It was also found that
ABA could increase SOD and POD activities of Medlar
callus, decrease MDA content, and increase stability of
membrane under saline conditions [39]. Our experiment
indicated that the upgrade of SOD and POD activities in
leaves of P. euphratica at the beginning of light salt stress
might be induced by considerable ABA synthesis in roots;
in contrast, SOD and POD activities in leaves ofP. popularis
and P. cv. I-214 did not change under the same condition,
which might result from little ABA synthesis in roots.

In conclusion, the increased leaf MP in P. popularis and
P. cv. I-214 was associated with accumulation of salts in a
longer period of salt stress. The buildup of salts may initiate
membrane lipid peroxidation that was characterized by
increased MDA levels. P. popularis and P. cv. I-214 were
not able to control a balance of ROS generation and
elimination due to salt-induced reduction of SOD activity
and the limited POD activity; consequently, ROS acceler-
ated lipid peroxidation and resulted in an ion leakage.
Compared with the two salt-sensitive genotypes, P.
euphratica exhibited a greater ability in salt-induced
antioxidative stress. P. euphratica rapidly activated anti-
oxidant enzymes after the onset of salt stress, which might
reduce ROS accumulation and the subsequent acceleration
of lipid peroxidation. P. euphratica leaves exhibited a
higher capacity to exclude salt in a longer period of
increasing salinity, thus limiting salt-induced lipid perox-
idation and MP, which contributed to membrane integrity
maintenance and salt tolerance of P. euphratica.
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