
Abstract The study was conducted by means of nutrient 
solution culture to investigate the effects of exogenous nitric 
oxide (NO) on growth of cucumber seedlings, active oxygen 
species metabolism and photosynthetic characteristics in 
cucumber leaves under 50  mmol/L NaCl stress. The results 
showed that 10–400  µmol/L exogenous sodium nitroprusside 
(SNP), especially 100  µmol/L SNP, significantly alleviated 
the injury to seedlings and increased seedling growth. The 
activity of superoxide dismutase (SOD), peroxidase (POD), 
catalase (CAT), and ascorbate peroxidase (APX), and the 
contents of photosynthetic pigments and proline also increased 
under 50  mmol/L NaCl stress. Similarly, net photosynthetic 
rate (Pn), stomatal conductance (Gs), and transpiration rate 
(Tr) also increased significantly. However, exogenous nitric 
oxide application markedly decreased membrane permea-
bility, rate of O2·

 − production, the contents of malondialde-
hyde (MDA) and H2O2, and intercellular CO2 concentration 
(Ci) under 50  mmol/L NaCl stress.

Keywords nitric oxide, NaCl stress, cucumber seedling, 
active oxygen species, photosynthesis

1 Introduction

Salinity is a major factor limiting plant growth and produc-
tivity (Parida and Das, 2005). It was reported that crops on 
about 2.3x109  hm2 irrigation land are threatened by salinity 
in the world, accounting for one-third of total irrigation area. 
There are about 2.001x107  hm2 waste land of salinity and 
6.67x106  hm2 plantation of salinity in China, occupying 25% 

of the total plantation area. Excessive irrigation and lack of 
rainfall also increase the extent of salinity and the acreage of 
salinity. Soil salinity also becomes a common problem with 
the increase of protected cultural area in the world (Wei et al., 
2004).

Nitric oxide (NO) is an important redox and toxic mole-
cule in animals and plants, and is also a kind of reactive 
nitrogen species. NO in plants is mainly produced by NO syn-
thase (NOS, EC 1.14.13.39) and nitrate reductase (NR, EC 
1.6.6.1/2) (Yamasaki et al., 1999; Wendehenne et al., 2001). 
NO has dual roles in plants. Its functions vary with different 
concentrations, position of action, and cellular physiological 
conditions. On one hand, NO can directly act with effective 
molecule or indirectly change cellular redox voltage, and 
participate in plant growth and signal transduction process of 
adaptation to the environment. On the oth er hand, interaction 
of a high concentration of NO and O2·

 − produces a great 
amount of ONNO−, and the combination of ONNO− with H+ 

results in ONNOH damages to the structure and function of 
biological macromolecules (Zhang and Liu, 2004).

Studies showed that NO exists widely in plants (Ruan 
et al., 2004), and is involved in respiration (Millar and Day, 
1996), photomorphogenic responses (Beligni and Lamattina, 
2000), seed germination (Giba et al., 1998), senescence 
(Leshem et al., 1998), stress responses (Ruan et al., 2004), 
programmed cell death (Beligni et al., 2002), and disease 
resistance (Durner et al., 1998; Van Camp et al., 1998; 
Chandok et al., 2003) in plants, but we know very little about 
the mechanism of NO in these physiological processes from 
the present literature (Liu et al., 2004). Researchers found 
that exogenous NO protects potato plants against cellular 
damage produced by methylviologen herbicides (Beligni and 
Lamattina, 1999a). The pretreated rice seedlings with low NO 
concentration permits the survival of more green leaf tissue 
and of high quantum yield for photosystem II than in the 
control, under both salt and heat stresses (Akio et al., 2002). 
NO can decrease oxidative damage of roots in wheat seedling 
under salt stress (Chen et al., 2004). NO could increase the 
activity of plasma member H+-ATPase caused by NaCl stress, 
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which induces the ratio of potassium to sodium in tissues to 
increase the plant adaptations to salt stress (Zhao et al., 2004). 
However, we know very little about the effects of NO on 
cucumber under NaCl stress. There are hardly any reports 
about the relationship between NO and salt tolerance of 
cucumber. Therefore, we investigated the effects of NO on 
alleviating the injury to cucumber seedlings and its relevant 
mechanism under NaCl stress.

2 Materials and methods

2.1 Materials and treatments

The experiments were carried out in a greenhouse of Nanjing 
Agricultural University, China. Cucumber (Cucumis sativus 
L. cv. Jinchun 2) seeds were placed on filter paper moistened 
with distilled water in sterile Petri plates and allowed to ger-
minate in the dark in a thermostatically controlled chamber 
at 28°C for about 30  h. The germinated seeds were sown in 
quartz sands. The average day/night temperatures were 25°C–
30°C/16°C–20°C under natural light. At the second fully 
expanded-leaf stage, the cucumber leaves were numbered 
from apical to basal nodes. Seedlings were taken out of the 
plastic plates, and the roots were rinsed with distilled water. 
Some of the selected uniform seedlings were transferred into 
plastic vessels filled with 20  L Shanqi recipe of cucumber 
nutrient solution, which was aerated for 40  min per hour, and 
allowed to continue to grow for additional three days at the 
same conditions. Then the seedlings were treated with one of 
the following methods: (1) Shanqi recipe of cucumber nutrient 
solution; (2) Shanqi recipe of cucumber nutrient solution 
containing 50  mmol/L NaCl; (3) Shanqi recipe of cucumber 
nutrient solution containing sodium nitroprusside (SNP) (10, 
25, 50, 100, 200 or 400  µmol/L) plus 50  mmol/L NaCl; (4) 
Shanqi recipe of cucumber nutrient solution containing 
50  mmol/L NaCl plus 1  µmol/L NaNO2. SNP was used as NO 
donor. Because the decomposition of 100  µmol/L SNP gener-
ates 1  µmol/L NO2

− as by-product at most, the treatment 
of Shanqi recipe of cucumber nutrient solution containing 
50  mmol/L NaCl plus 1  µmol/L NaNO2 was carried out as a 
control.

Cucumber seedling leaves were harvested 0, 2, 4, 6, 8 days 
after treatment and used for analysis immediately, by mea-
suring the photosynthetic indexes, determining photosyn-
thetic pigment contents and weighing fresh and dry weights 
after the eight-day treatment. All the solutions were renewed 
every two days to maintain the identical concentrations. All 
experiments were performed at least three times.

2.2 Determination of plant height, stem thickness, and 
fresh and dry weights

Plant height was measured with a ruler; stem thickness (just 
above the ground) was measured with a vernier caliper. The 

cucumber seedlings were washed with tap water for 2–3 
times, then rinsed twice with distilled water and gently 
blotted dry with a paper towel and weighed for their fresh 
weights. Samples were incubated at 105°C for 15  min, then at 
75°C until reaching a constant weight, and weighed for dry 
weight.

2.3 Determination of chlorophyll-a (Chla), chlorophyll-b 
(Chlb) and carotenoid (Car) concentrations

Chla, Chlb, Car concentrations were assayed according to Yu 
et al. (2002).

2.4 Determination of superoxide dismutase (SOD), 
peroxidase (POD), catalase (CAT), and ascorbate 
peroxidase (APX) activities

The superoxide dismutase (SOD) activity was assayed 
according to Giannopolitis and Ries (1977); the peroxidase 
(POD) activity was measured according to Zeng et al. (1997); 
the catalase (CAT) activity was determined according to 
Dhindsa et al. (1982); and the ascorbate peroxidase (APX) 
activity was measured according to Nakano and Asada 
(1981).

2.5 Determination of malondialdehyde (MDA) and H2O2 
contents as well as the rate of O2·

 − production 

Malondialdehyde content was estimated following the method 
of Health and Packer (1986). Membrane electrolyte leakage 
was determined according to Scotti and Thu (1997). Rate of 
O2·

 − production was measured as described by Wang and Luo 
(1990). H2O2 content was estimated as described by Uchida 
et al. (2002).

2.6 Determination of proline (Pro) content 

Pro content was measured as described by Zhao and Liu 
(2000).

2.7 Determination of photosynthetic characteristics

Pn, Gs, Ci and Tr of the second fully-expended leaf were 
measured with a Li-6400 photosynthetic measurement system 
(Li-Cor Ltd., USA). Conditions for measurement: 800  µmol 
photos/m2 · s, CO2 from the height of 3–4  m above ground, 
and 25°C in leaf chamber.

All data presented are the mean values. The measurement 
was done with three replicates. Statistical assays were carried 
out by the ANOVA test and the means were compared by 
the Duncan’s multiple range test. The SAS software (SAS 
Institute, Cary, NC, USA) was used for the analysis of vari-
ance (ANOVA). Comparisons with P<0.05 were considered 
significantly different. 
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3 Results

3.1 Effect of exogenous NO on the plant growth of 
seedlings under NaCl stress

Compared with those of control, plant height, stem thickness, 
fresh weight and dry weight significantly decreased under 
NaCl stress (Table  1). The growth of seedlings was markedly 
inhibited by NaCl stress. The inhibition was reduced by 
adding 10–400  µmol/L exogenous SNP to the solution in a 

dose-dependent manner. The effects of 50  µmol/L exogenous 
SNP were significant. Plant height, stem thickness, fresh 
and dry weights were obviously elevated. Since 100  µmol/L 
SNP was most effective, we chose this concentration for the 
succeeding experiments.

3.2 Effect of exogenous NO on the antioxidant system in 
leaves of seedlings under NaCl stress

As shown in Fig.  1, the SOD, POD, CAT, and APX activities 
in cucumber leaves under NaCl stress were higher than those 
of the control from 0 to 8 days of treatment, but 1  µmol/L 
NaNO2 had no obvious influence on seedlings under NaCl 
stress. The SOD activity in leaves had a dramatic increase 
in cucumber leaves when they subjected to salinity, and was 
the highest after 6-day treatment (Fig.  1(A)). Exogenous NO 
increased the SOD activity of leaves under NaCl stress, and 
the SOD activity continued to rise from 0 to 8 days. The dif-
ference was the biggest after eight-day treatment under NaCl 
stress between only NaCl stress and NaCl stress plus exo-
genous SNP. The SOD activity of leaves with SNP in solution 
was 149.35% of that in leaves only under NaCl stress and 
224.57% of that in leaves of control, respectively.

The POD activity in leaves increased after treatment 
of NaCl stress and continued to rise. The POD activity with 
SNP in solution was higher than that without SNP. The POD 

Table  1 Effects of different concentrations of exogenous SNP on 
alleviating the injury to cucumber seedlings under NaCl stress

Treatment Plant Stem Fresh Dry
 height thickness weight weight
 /cm /mm /(g · plant−1) /(g · plant−1)

NaCl 14.94e 4.77d 19.56e 1.54e
NaCl+10  µmol/L SNP 18.41d 4.98cd 22.69de 1.90d
NaCl+25  µmol/L SNP 19.68cd 4.96cd 23.29de 2.00cd
NaCl+50  µmol/L SNP 20.38bcd 5.13bcd 25.03cd 2.00cd
NaCl+100  µmol/L SNP 23.00b 5.49ab 31.17b 2.42b
NaCl+200  µmol/L SNP 22.05bc 5.32bc 27.70bc 2.24bc
NaCl+400  µmol/L SNP 20.54bcd 5.26bc 26.64cd 2.17bcd
CK 29.03a 5.91a 43.00a 2.80a

Note: The letters in each column denote the significant level at 0.05 (the same 
below).

Time of treatment/d
Fig.  1 Effects of exogenous NO on (A) SOD activity, (B) POD activity, (C) CAT activity, (D) APX activity in leaves of cucumber 
seedlings under NaCl stress



311

Time of treatment/d
Fig.  2 Effects of exogenous NO on (A) membrane permeability, (B) O2· – producing rate, (C) MDA content, (D) H2O2 content in leaves 
of cucumber seedlings under NaCl stress

activity in leaves under NaCl stress with SNP in solution and 
without SNP had significant difference on the fourth, sixth, 
and eighth days (Fig.  1(B)).

The CAT activity in leaves increased slowly in early days 
under NaCl stress and increased quickly after 4 days of treat-
ment. The activity was the highest on the sixth day. Compared 
with that without SNP, the CAT activity in leaves under NaCl 
stress with SNP in solution increased obviously on the second 
day after treatment. The CAT activity in leaves under NaCl 
stress with SNP in solution was 157.90% of that in leaves 
only under NaCl stress and 188.35% of that in leaves of 
control after eight days of treatment, respectively (Fig.  1(C)), 
but had statistical significance.

Similarly, the APX activity in leaves also increased under 
NaCl stress and was the highest on the sixth day after treat-
ment. The APX activity in leaves under NaCl stress with SNP 
in solution had obvious increase on the second day and was 
also higher than that without SNP under NaCl stress after 
treatment, and the difference between the two treatments was 
significant (Fig.  1(D)).

3.3 Effects of exogenous NO on membrane permeability, 
MDA and H2O2 contents as well as the rate of O2·

 − 
production in leaves under NaCl stress

Membrane permeability in leaves increased under 
NaCl stress. Plenty of electrolytes leaked out. Membrane 

permeability improved rapidly after four days of treatment, 
and increased slowly then. Membrane permeability in leaves 
under NaCl stress with SNP in solution at the sixth and eightth 
days of treatment were 153% and 200% of that in leaves of 
control, respectively. For the treatment of NaCl stress without 
SNP in solution, in six-day treatment and eight-day treatment, 
the permeabilities were 200% and 231% of that in leaves of 
control, respectively, after treatment. Membrane permeability 
in leaves under NaCl stress with SNP in solution and without 
SNP was significantly different (Fig.  2(a)). All of the results 
showed that exogenous NO decreased the membrane permea-
bility in leaves of cucumber seedlings and reduced the elec-
trolyte leakage, so as to maintain the structural integrity of 
cells.

Rate of O2·
 − production in leaves under NaCl stress 

increased rapidly, and was the highest at the sixth day after 
treatment. Rate of O2·

 − production under NaCl stress decreased 
obviously as a result of adding exogenous SNP to solution. 
Rate of O2·

 − production under NaCl stress with SNP in solu-
tion had the same rate with that of control eight days after 
treatment, but rate of O2·

 − production in leaves under NaCl 
stress without SNP in solution was obviously higher than that 
of control (Fig.  2(b)).

The MDA content continued to rise during the whole 
time of treatment under NaCl stress, which suggested 
cells had been damaged. Solution plus SNP alleviated the 



312

accumulation of MDA in leaves (Fig.  2(C)). NO treatments 
reduced lipid peroxidation.

Compared with that of control, H2O2 content in leaves 
under NaCl stress increased obviously, and increased slowly 
in the early stage and then rapidly after four days of treatment. 
SNP reduced the accumulation of H2O2 in leaves under NaCl 
stress. H2O2 content in leaves under NaCl stress with SNP in 
solution and without SNP was 1.58 and 2.09 times of that in 
leaves of control eight days after treatment, respectively 
(Fig.  2(D)).

The 50  mmol/L NaCl plus 1  µmol/L NaNO2 in solution 
had no obvious effects on membrane permeability, MDA and 
H2O2 contents as well as the rate of O2·

 − production in leaves 
of cucumber seedlings.

3.4 Effects of exogenous NO on Pro content in leaves of 
cucumber under NaCl stress

Pro is an important osmotic adjustable substance and anti-
oxidant. Pro content in leaves under NaCl stress significantly 
increased two days after treatment and continued to rise in the 
next treatment. The Pro content in leaves under NaCl stress 
was higher than that in leaves growing under normal condi-
tions. SNP increased the Pro content under NaCl stress. The 
Pro content with SNP under NaCl stress was 112% of that 
without SNP under NaCl stress after eight days after treat-
ment with significant difference (Fig.  3). The Pro content 
under normal conditions was always at a low level. The 
50  mmol/L NaCl plus 1  µmol/L NaNO2 in solution had no 
obvious effects on Pro content.

photosynthetic pigment contents in leaves under NaCl stress, 
and had obvious difference with those under NaCl stress 
and control. The 50  mmol/L NaCl plus 1  µmol/L NaNO2 
in solution had no obvious effects on these photosynthetic 
pigments.

Time of treatment /d
Fig.  3 Effects of exogenous NO on Pro content in leaves of 
cucumber seedlings under NaCl stress

3.5 Effects of exogenous NO on photosynthetic pigment 
contents and photosynthetic indexes in leaves of cucumber 
under NaCl stress

The contents of Chla, Chlb, Car, Chla+Chlb in leaves under 
NaCl stress were lower than those of the control after eight 
days of treatment (Table 2). Exogenous NO increased the 

Table  2 Effects of exogenous nitric oxide on photosynthetic pigment 
contents in leaves of cucumber seedlings under NaCl stress

Treatment Chla Chlb Car Chla+Chlb
 /(mg · g−1FW) /(mg · g−1FW) /(mg · g−1FW) /(mg · g−1FW)

NaCl 1.12P0.02c 0.34P0.02c 0.86P0.04c 1.46P0.04c
NaClPNaNO2 1.19P0.08c  0.37P0.02bc 0.89P0.06c 1.56P0.10c
SNPPNaCl 1.56P0.04a 0.49P0.02a 1.19P0.02a 2.05P0.05a
CK 1.35P0.02b 0.42P0.01b 1.03P0.01b 1.77P0.02b

Table  3 Effects of exogenous nitric oxide on photosynthetic indexes in 
leaves of cucumber seedlings under NaCl stress

Treatment Net Pn Gs Ci Tr
 /(µmol · /(µmol · /(µL · L−1) /(µmol ·
 m−2 · s−1) m−2 · s−1)  m−2 · s−1)

NaCl  5.81P0.18c 0.16P0.02c 311.67P8.21a 1.67P0.13c
NaClPNaNO2  6.05P0.43c 0.17P0.03c  313.33P18.37a 1.72P0.19c
SNPPNaCl 10.87P0.72b 0.27P0.02b  288.67P10.89b 2.50P0.16b
CK 15.20P0.12a 0.59P0.01a  268.00P10.58c 3.73P0.01a

4 Discussion

Salt stress lead to injury to plants in many aspects. It damages 
the balance of nutrition in plants, restricts the absorption and 
transport of nutritive elements, changes the concentration and 
types of ions in plant cells, and results in damaging the integ-
rity of the membrane and decreasing the functions of enzymes. 
The membrane system, especially for cell membranes, is the 
initial part being damaged and the most sensitive section 
under NaCl stress (Liu et al., 2005). The theory of free radi-
cals states that salt stress firstly results in the imbalance of 
ions and osmotic stress, such as accumulation of many kinds 
of reactive oxygen species, breakage of membrane, degrada-
tion of chlorophyll, denaturalization of protein, rupture of 
nucleic acid and even cell death (Zhu, 2002).

NO is a kind of normal metabolite or by-product, and also 
an important messenger molecule. Its physiological effects 
include adjustment of reactive oxygen species and signal 
transduction (Delledonne et al., 1998; Garcia-Mata and 
Lamattina, 2001). The high level of reactive oxygen species 
may induce membrane lipid peroxidation, finally resulting in 

Pn, Gs and Tr values in leaves under NaCl stress were 
lower than those of the control after eight days of treatment, 
but Ci was higher (Table  3). Compared with that without 
SNP, Pn in leaves under NaCl stress with SNP in solution 
increased with Ci decreasing. The 50  mmol/L NaCl plus 
1  µmol/L NaNO2 in solution had no obvious effects on these 
photosynthetic indexes.
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the breakage of membrane integrity. Our studies suggested 
that 100  µmol/L exogenous SNP could significantly alleviate 
the inhibition to growth of cucumber seedlings subjected 
to 50  mmol/L NaCl stress, and markedly improved the plant 
height, stem thickness, and fresh and dry weights. It was 
related to the direct effects of NO on the components of cell 
wall by apoplast. NO relaxed the cell wall, acted on the phos-
pholipids bilayer, improved the fluidness of the membrane, 
cell enlargement and plant growth (Leshem and Hamaraty, 
1996). SNP improved the activity of antioxidant enzymes of 
cucumber seedling leaves under NaCl stress to a different 
extent, and reduced the rate of O2·

 − production, membrane 
permeability, H2O2 and MDA contents simultaneously, but 
NO2

−, as the major by-product of SNP, had no such effects. 
SOD was an induced enzyme, and could be induced by sub-
strates. Salt stress accelerated the O2·

 − production and induced 
a great increase of the SOD activity. Solution plus SNP under 
NaCl stress improved the SOD activity in leaves, which 
demonstrated that SNP alleviated the injury to cucumber 
seedlings under NaCl stress. NO disproportioned O2·

 − to H2O2, 
so the content of H2O2 increased with the improved SOD 
activity. Under NaCl stress, some enzymes eliminated and 
decompounded H2O2, such as POD, CAT, APX, and so on, 
and their activity increased slowly and in a small range, 
increased in a short period of time and subsequently decreased. 
Exogenous SNP could markedly improve the SOD, POD, 
CAT, APX activities, thereby improving the ability of scav-
enging free radicals and alleviating the injury, and decreasing 
membrane permeability and MDA content. There was another 
possibility that NO directly reacted with O2·

 − (Beligni and 
Lamattina, 1999b; Beligni et al., 2002). NO could improve 
the activity of protective enzymes; the main reason was that 
NO had an intense affinity to the enzymes containing iron. 
For example, NO could participate in a series of resistant 
physiological reaction by adjusting activities of CAT, APX, 
COX and other relative enzymes containing hemachrome 
iron or by restraining activity of aconitase without hema-
chrome iron (Wang et al., 2004). The increase of SOD, POD, 
CAT, APX activities reduced much production of reactive 
oxygen species, such as O2·

 −, H2O2 and so on, which makes 
it possible to increase osmotic adjustment ability and salt 
tolerance (Zhu, 2002). Exogenous NO reduced the membrane 
permeability and membrane lipid peroxidation, and prevented 
the electrolyte leakage, which suggested exogenous NO 
possessed the functions of repairing and protecting the cell 
membrane to alleviate the injury in the cell membrane 
system.

Pro not only was an osmotic adjustment substance, but 
also might eliminate reactive oxygen species and improve the 
antioxidant ability, stabilize the structure of biological macro-
molecules, decrease cell acidity and relieve the toxicity of 
NH4

+ (Hou and Tang, 1999). Exogenous NO could promote 
the accumulation of Pro in annual ryegrass under chilling 
stress, and enhanced the chilling resistance (Ma et al., 2005). 
Ruan et al. (2001) reported that exogenous NO might enhance 
the salt resistance of wheat seedling by improving the Pro 

content in leaves. Our experimental results indicated that 
exogenous NO could improve the Pro content in leaves of 
cucumber seedlings. Therefore, exogenous NO might enhance 
the salt tolerance of cucumber seedlings by improving the 
accumulation of Pro. 

Jiang et al. (1994) proved that degradation of chlorophyll 
was induced mainly by the reactive oxygen species, but the 
increase of leakage of electrolyte was positively correlated 
to membrane lipid peroxidation. Exogenous NO increased the 
chlorophyll contents and activities of antioxidant enzymes, 
reduced the electrolyte leakage, and consequently alleviated 
the injury to cucumber seedlings due to NaCl stress. Increase 
of chlorophyll contents might be related to some active 
synthesizing enzymes in biosynthesis by NO. 

Under salt stress, plant photosynthesis is affected signifi-
cantly (Parida and Das, 2005). Maintaining photosynthesis is 
an important mechanism for plants to adapt to salt tolerance 
(Liu and Wang, 1998). In our study, Pn and Gs decreased 
markedly, while Ci increased obviously. The main reason for 
the decline of net Pn was mostly due to decline of activity of 
photosynthesis in cells of leaves. Exogenous SNP reduced the 
decrease of photosynthesis in cells of leaves because of salt 
stress, and improved chlorophyll content and Pn, Tr and Gs, 
but decreased Ci. Higher Gs values showed higher trans-
duction ability of the substrate in relation to net Pn, which 
supplied the basis of physiology for assimilating more photo-
synthetic production. Increase of Tr enhanced the power of 
absorption and transportation for water, which was beneficial 
to the increase of photosynthesis and salt tolerance.
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