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Oxidative damage is often induced by abiotic stress, nitric oxide (NO) is considered as a functional
molecule in modulating antioxidant metabolism of plants. In the present study, effects of sodium
nitroprusside (SNP), a NO donor, on the phenotype, antioxidant capacity and chloroplast ultrastructure
of cucumber leaves were studied under NaHCO; stress. 30 mM NaHCO; treatment significantly induced
accumulation of H,O, and thiobarbituric acid-reactive substances (TBARS) in cucumber leaves, and led
to serious electrolyte leakage. Application of 100 pM SNP stimulated reactive oxygen species (ROS)-
scavenging enzymes and increased antioxidant capacity, resulting in lower lipid peroxidation and
membrane damage induced by NaHCO; stress. As a main organelle of ROS formation, chloroplast
ultrastructure was seriously damaged by NaHCO; stress and SNP treatment obviously reversed the
damage. On the contrary, the above effects of SNP were not observed by application of potassium
ferrocyanide which is an analog of SNP that does not release NO. Therefore, it could be concluded that

the NO from SNP might account for the alleviating effect of NaHCO; stress on cucumber plants.
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INTRODUCTION

Salinity and alkalinity are important environmental factors
limiting crop production in semi-arid and arid regions.
There are 831 million hectares of soils affected by exces-
sive salinity and alkalinity in the world. Of this, area under
sodic soils (alkaline soils) is 434 million hectares, compared
to 397 million hectares of saline soils (Jin et al., 2008). It
is well known that salinity soil is mainly due to the accu-
mulation of NaCl and Na,SO,, and alkalinity soil is mainly
due to the accumulation of NaHCO3; and Na,COg3 (Shi and
Sheng, 2005; Yang et al., 2009). Higher plant tolerance to
salinity stress has previously been extensively studied;
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Abbreviations: EC, Electricity conductivity; HEPES, 4-(2-
Hydroxyethyl)-1-piperazineethanesulfonic acid; SNP, sodium
nitroprusside; TBARS, thiobarbituric acid-reactive substances;
TCA, trichloroacetic acid; TBA, 2-thiobarbituric acid.

unfortunately, the adaption mechanism to alkalinity in
plants is short of deep investigation (Jin et al., 2008).
Osmotic stress and ion-induced injury are generally
considered to be involved in salt stress on plants, while
except for the same stress with salt stress, there is the
influence of high-pH on plants under alkaline conditions
(Liu et al., 2010). The most conspicuous symptom of
alkaline salt stress on plants is the induction of leaf
chlorosis and stunted growth, which is greatly related with
the precipitation of metal ions and phosphorus as well as
the disruption of ionic balance and pH homeostasis in
tissues caused by high-pH environment surrounded the
roots (Yang et al., 2007, 2008).

Like other environmental stress, alkaline stress also
induces oxidative stress (Cellini et al., 2011). As the results
of oxidative stress, lipid is peroxidised, protein synthesis
is inhibited, enzyme is inactivated, and membrane systems
are damaged (Bursal and Giilgin, 2011; Gdlgin et al.,
2011; Tanou et al., 2009). The balance between free radical
generation and scavenging determines the survival of



plants under alkaline stress. To counteract the oxidative
stress, plants have evolved an antioxidant system which
is composed of ROS-scavenging enzymes such as
superoxide dismutase (SOD), catalase (CAT), guaiacol
peroxidase (GPX), ascorbate peroxidase (APX), dehyd-
roascorbate reductase (DHAR) and glutathione reductase
(GR) (Jung, et al., 2000). Many studies indicated that
plant tolerance to salt stress was closely related with the
expression and activities of these antioxidant enzymes
(Nawaz and Ashraf, 2010; Noreen et al., 2010; Seckin et
al., 2010). Therefore, increasing antioxidant capacity by
exogenous substance application could be a practical
measure in the detoxification of alkaline stress-induced
excessive free radical production.

Nitric oxide (NO) is a small, highly diffusible gas and a
ubiquitous bioactive molecule. lts chemical properties
make NO a versatile signal molecule that functions
through interactions with cellular targets via either redox
or additive chemistry (Lamattina et al., 2003). Recent
studies provided increasing evidences that NO is
involved in many key physiological processes of plants,
such as germination (Beligni and Lamattina, 2000),
growth and development of plant tissue (Durner and
Klessig, 1999; Pagnussat et al., 2003), iron homeostasis
(Graziano and Lamattina, 2007), regulation of plant matu-
ration and senescence (Guo and Crawford, 2005; Leshem
et al,, 1998). In abiotic stress tolerance, it has been
obtained that NO plays an important role in resistance to
salt, drought, temperature, UV-B and heavy metal stress
(Siddiqui et al., 2011). However, there are few investi-
gations about exogenous NO modulating plants tolerance
to alkaline stress. Recently, Cellini et al. (2011) observed
that nitric oxide content was associated with tolerance to
bicarbonate-induced chlorosis in  micropropagated
Prunus explants. In the experiment, Effects of SNP, a
nitric oxide donor, on phenotype, antioxidant capacity and
choloroplast ultrastructure of cucumber treated with
NaHCO; stress were investigated; the obtained results
would provide a basis for further investigation of NO role
in cucumber tolerance to alkaline stress.

MATERIALS AND METHODS

Cucumber (Cucumis sativus L. cv. Jinchun 5) seeds were
germinated on moisture filter paper in the dark at 28°C for 2 days,
and germinated seedlings were transferred to the growth chamber
filled with vermiculite and grown in greenhouse for 8 days. Then
they were transplanted into 5 L black plastic containers containing
aerated full nutrient solution: 4 mM Ca(NOs)z, 4 mM KNOgs, 2.5 mM
KH2POj4, 2 mM MgSQ,, 29.6 uM H3BOs, 10 pM MnSO4, 50 pM Fe-
EDTA, 1.0 uM ZnSOs, 0.05 pM HaMoOs, 0.95 pM CuSOs, with three
seedlings per container. After 9 days of pre-culture, the treatments
were started. The experimental design consisted of a control (no
added SNP and NaHCOs;, indicated as CK) and three treatments
(NaHCOj3: 30 mM NaHCO; treatment; Na+ SNP: 30 mM NaHCO;
treatment+100 pM SNP treatment; Na + SF, 30 mM NaHCO;3;
treatment+100 pM potassium ferrocyanide treatment) and was
arranged in a randomized, complete block design with three
replicates, giving a total of 12 containers. The plants were cultivated
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under natural conditions in a glass greenhouse after 12 days the
leaves were taken for further assay.

Determination of H,O, content

H>O, content was determined according to Patterson et al. (1984).
The assay was based on the absorbance change of the titanium-
peroxide complex at 415 nm. Absorbance values were quantified
using standard curve generated from known concentrations of
H20,.

Determination of Lipid peroxidation

Lipid peroxidation (LPO) was estimated by measuring the concen-
tration of thiobarbituric acid reactive substances (TBARS) using the
thiobarbituric acid method described by Heath and Packer (1968).
0.3 g of tissue homogenized in 3 ml of 0.1% (w/v) trichloroacetic
acid (TCA). The homogenate was centrifuged at 10,000 g for 10
min and 3 ml of 20% TCA containing 0.5% (w/v) 2-thiobarbituric
acid (TBA) was added to 1 ml of supernatant. The mixture was
heated at 95°C for 30 min and the reaction was stopped by quickly
placing in an ice-bath. The cooled mixture was centrifuged at
10,000 g for 10 min, and the absorbance of the supernatant at 532
and 600 nm was read. After substrating the non-specific absor-
bance at 600 nm, the TBARS concentration was determined by its
extinction coefficient of 155 mM™'cm™.

Determination of electrolyte leakage percentage

Electrolyte leakage percentage (ELP) was used to assess
membrane permeability. Electrolyte leakage percentage was
measured using an electrical conductivity meter according to the
method of Lutts et al. (1996). Leaf samples were cut into 1 cm
segments and placed in individual stoppered vials containing 10 ml
of distilled water after three washes with distilled water to remove
surface contamination. These samples were incubated at room
temperature on a shaker for 24 h. Electrical conductivity of bathing
solution (EC1) was read, and then samples were placed in the
thermostatic water bath at 95°C for 15 min and then the electrical
conductivity (EC2) was read after cooling the bathing solutions to
room temperature. ELP was calculated as EC1/EC2 and expressed
as percentage.

Fe?*-chelating activity

For the determination of Fe®*-chelating activity, 0.3 g sample was
suspended in 3 ml of serine borate buffer (100 mM Tris-HCI, 10mM
borate, 5 mM serine, and 1 mM diethylenetriaminepentacetic acid,
pH 7.0). The slurry was centrifuged at 5,000 g for 10 min at 4°C and
the supernatants were used for the in vitro antioxidant assays. All
samples were placed on ice during the experiments.

Fe?**-chelating activity was measured according to the method of
Gilgin (2011), Koksal et al. (2011) and Manda et al. (2010). The
reaction mixture (2.0 ml) contained 100 pl of cucumber radicles
extract, 100 ul FeCl» (0.6 mM), and 1.7 ml deionised water. The
mixture was shaken vigorously and left at room temperature for 5
min; 100 pl of ferrozine (5 mM in methanol) were then added,
mixed, and left for another 5 min to complex and was measured at
562 nm against a blank. Disodium ethylenediamineteracetic acid
(EDTA-Nap) was used as the control. The chelating activity of the
extract for Fe®* was calculated as:

Chelating effect = [1-(A1-A2)/Ag] x100%.
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Figure 1. Effects of SNP (sodium nitroprusside, a nitric oxide donor) on the phenotype of NaHCOs-stressed cucumber plants. CK,
Control; NaHCOs, 30 mM NaHCO; treatment; Na+SNP, 30 mM NaHCOs + 100 uM SNP treatment; Na + SF, 30 mM NaHCOs + 100
UM potassium ferrocyanide treatment (potassium ferrocyanide, an analog of SNP that does not release NO).

Where, A is the absorbance of the control (without extract); A is
the absorbance in the presence of the extract and A, is the absor-
bance without ferrozine.

Enzyme extraction

For enzyme assays, 0.3 g leaves were ground with 3 ml ice-cold 25
mM HEPES buffer (pH 7.8) containing 0.2 mM EDTA, 2 mM
ascorbate and 2% PVP. The homogenates were centrifuged at 4°C
for 20 min at 12,000 g and the resulting supernatants were used for
determination of enzymatic activities (Zhu et al., 2000). All spectro-
photometric analyses were conducted on a SHIMADZU UV-2450PC
spectrophotometer.

Determination of enzymatic activities

SOD activity was assayed by measuring its ability to inhibit the
photochemical reduction of nitroblue tetrazolium following the
method of Stewart and Bewley (1980). CAT activity was measured
as the decline in absorbance at 240 nm due to the decrease of
extinction of HxO. using the method of Patra et al. (1978). GPX
activity was measured as the increase in absorbance at 470 nm
due to guaiacol oxidation (Nickel and Cunningham, 1969). APX
activity was measured by the decrease in absorbance at 290 nm as
ascorbate was oxidized (Nakano and Asada, 1981). DHAR activity
was assayed by measuring the increase in absorbance at 265 nm
due to reduced ascorbate formation (Nakano and Asada, 1981). GR
activity was measured according to Foyer and Halliwell (1976),
which depended on the rate of decrease in the absorbance of
NADPH at 340 nm.

Determination of chloroplast ultrastructure

Chloroplast ultrastructure was determined by TEM according to the

method of Xu et al. (2008). The cucumber leaves were fixed in
3.5% glutaraldehyde for 24 h, washed with 0.1 M phosphate buffer
(pH 7.2) and then postfixed with 1% osmic acid at 4°C for 4 h. Cells
were dehydrated with ascending concentrations (from 30 to 100%)
of ethanol and embedded in spur resin at 60°C for 24 h. After thin
sections have been cut with an LKB Ultratome Nova (Bromma,
Sweden) and picked on 250-mesh grids, leaf cells were postained
with uranyl acetate and lead citrate and then were observed using a
transmission electron microscope (JEM-1200EX; JEOL Ltd., Tokyo,
Japan) at 80 kV.

The statistics method

Values presented were means +* standard deviation (SD) of three
replicates. Statistical analyses were carried out by analysis of
variance (ANOVA) using SPSS10.0 software. Differences between
treatments were analyzed by the Duncan’s multiple range test.

RESULTS AND DISCUSSION

Effects of SNP on symptom of cucumber plants
under NaHCO; stress

Figure 1 shows that NaHCOj stress significantly induced
cucumber leaf chlorosis and inhibited the plant growth, it
is well known that chlorosis is often caused by deficiency
of iron (Fernandez et al., 2008) which easily precipitates
under alkaline conditions (Riadh et al., 2006). Nitric oxide,
as a gas signal molecular, can readily form complexes with
transition metal ions in aqueous solutions or those
present in diverse nucleophylic compounds such as
metalloproteins (Stamler et al., 1992). The Fe(lll)NO



complex appears to undergo a charge transfer reaction to
form Fe(Il)NO* (Olson, 1981) and Graziano et al. (2002)
observed that NO could increase the availability of iron in
plants. In the present experiment, application of SNP
reversed the chlorosis of cucumber leaves induced by
NaHCO; stress; the mechanism might be partly attributed
to its function in modulating iron metabolism. Because
the NO donor SNP contains iron in its molecule, it is
important to exclude the effect of iron in SNP for the
elucidation of NO function. Therefore, potassium ferro-
cyanide, an analog of SNP that does not release NO was
chosen to treat cucumber under NaHCO; stress, the
results showed that it had no effect on reversing
NaHCOs-induced cucumber leaf chlorosis, based on this
phenomenon it could be concluded that the function of
SNP was due to the NO from it.

Effects of SNP on H,0,, Ilipid peroxidation
accumulation and electrolyte leakage percentage of
cucumber leaves under NaHCO; stress

When plants subject to environmental stresses like salinity,
drought and extreme temperatures, oxidative damage is
caused either directly or indirectly by triggering increased
production of reactive oxygen species (ROS) (Suzuki et
al., 2011). HxO, is one important member of ROS which
are produced as products of membrane linked electron
transport activities as well as by a number of metabolic
pathways (Blokhina and Fagerstedt, 2010). Increased
H.O, accumulation has been obtained in many plants
such as cucumber (Zhu et al., 2004), and tomato (Mittova
et al., 2003) under neutral salt NaCl stress, however,
there is short of investigations about the effects of alkaline
salt on H,O, production. In the experiment, NaHCO;
treatment, as a simulation of alkaline environment,
dramatically induced accumulation of H,O, in cucumber
leaves (Figure 1A). The results indicate that the ROS
balance in cucumber leaves was destroyed under NaHCO:s.

Estimation of cell membrane integrity in plants based
on measurements of electrolyte leakage has become a
widely accepted method of estimating cell viability
(Ingram and Buchanan, 1981), and enhanced electrolyte
from cells can occur as a result of changes in membrane
permeability caused by oxidative damage to the plasma
membrane. The present experiment showed that NaHCO;
treatment significantly induced electrolyte leakage of
cucumber leaves (Figure 2C); similar results have been
obtained in NaCl-treated cucumber (Zhu et al., 2004).
TBARS were often used to indicate lipid peroxidation, in
the experiment, in accordance with the change of
electrolyte leakage; their concentrations were much
higher in NaHCOj; treatment than in the control (Figure
2B). TBARS formation was considered to be caused by
oxidative degradation of polyunsaturated fatty acids, in
particular linolenic acid, since most of the linolenic acid in
leaves is localized in the thylakoid glycolipids, TBARS
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formation in leaves is likely a good measure for per-
oxidative damage to chloroplast membrane (Van-Hasselt
et al., 1996).

David et al. (2011) observed that NaCl treatment
showed a transient positive effect on expression of NO
signal in root tips and the process might be involve in the
regulation of specific transporter proteins. However, the
antioxidant capacity modulation by NO was still widely
thought as one of important pathways in regulating
abiotic stress (Hao et al., 2009; Qiao and Fan, 2008).
There were a number of investigations indicating the role
of NO in hydrogen peroxide-dependent induction of
abiotic stress tolerance by BRs (Cui et al.,, 2011), SA
(Zottini et al., 2007; Gémes et al., 2011), and other signal
molecule (Acharya et al., 2011). In the present study,
SNP treatment significantly decreased H,O, accumu-
lation, electrolyte leakage and lipid peroxidation, however,
potassium ferrocyanide did not obviously ameliorate them
(Figure 2A, B, C), therefore, it could be concluded that
NO from SNP should be responsible for the lower
oxidative stress induced by NaHCO; stress and exo-
genous NO could protect cucumber membrane system
from damage.

Metal chelating capacity could be used to express
antioxidant capacity of plant tissues. Compared to the
control, NaHCO; stress dramatically decreased Fe?*-
chelating activity, and application of SNP significantly
enhanced Fe®*-chelating activity in NaHCOs-treated
cucumber leaves (Figure 2D). Increase of antioxidant
capacity in plants usually depends on antioxidant meta-
bolites such as ascorbic acid, glutathione, polyphenols
and flavonoids (Ksouri et al., 2007), and there were
reports indicating that exogenous NO could induce
synthesis of these antioxidant metabolites (Ksouri et al.,
2007; Ferreira et al., 2010; Wu et al., 2007). In the expe-
riment, it was SNP rather than potassium ferrocyanide
which enhanced Fe**-chelating activity in NaHCO;-
treated cucumber leaves, therefore, the function of SNP
increasing antioxidant capacity depended on NO from it.

Effects of SNP on activities of antioxidant enzyme in
cucumber leaves under NaHCO; stress

As key elements in the plant defense mechanisms,
varying reactions of ROS-scavenging enzymes in plants
have been observed under salt stress. For example, under
neutral salt NaCl stress, it has been reported that ROS-
scavenging enzymes increased under saline conditions in
the case of salt-tolerant cotton (Meloni et al., 2003), shoot
cultures of rice (Fadzilla et al., 1997), cucumber (Lechno
et al., 1997), but decreased in wheat roots (Meneguzzo
et al., 1999). In the aspect of alkaline stress, Cellini et al.
(2011) found that SOD activity was not affected, and CAT
and GPX displayed reduced trend in Prunus explants
under bicarbonate stress. In the present study, alkaline
salt NaHCO; stress inhibited activities of all antioxidant
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Figure 2. Effects of SNP (sodium nitroprusside, a nitric oxide donor) on the concentrations of H.O2 (A) and TBARS (B), electrolyte leakage (C) and Fe**-chelating
activity (D) of cucumber leaves under NaHCO; stress. Data are means + SD of three replicates. Mean values followed by different letters (a to c) are significantly
different (P < 0.05). CK, Control; NaHCOs, 30 mM NaHCOs treatment; Na+SNP, 30 mM NaHCO; + 100 pM SNP treatment; Na + SF, 30 mM NaHCO; + 100 pM
potassium ferrocyanide treatment (potassium ferrocyanide, an analog of SNP that does not release NO).
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Figure 3. Effects of SNP (sodium nitroprusside, a nitric oxide donor) on the activities of SOD (A), CAT (B), GPX (C) APX (D) DHAR (E) and
GR (F) of cucumber leaves under NaHCOjs stress. Data are means + SD of three replicates. Mean values followed by different letters (a to c)
are significantly different (P<0.05). CK, Control; NaHCOs, 30 mM NaHCOs treatment; Na+SNP, 30 mM NaHCOs; + 100 uM SNP treatment;
Na + SF, 30 mM NaHCOs + 100 pM potassium ferrocyanide treatment (potassium ferrocyanide, an analog of SNP that does not release NO).

enzymes including SOD, CAT, GPX, APX, DHAR and GR
(Figure 3). The different reactions showed that the
influence of abiotic stress on the antioxidant enzymes
were very complex and related to plant treatment period,
plant tissues, plant species and genotypes. However,
higher activities of antioxidant enzymes were always
thought to play important role in alleviating oxidative stress
induced by environmental stress.

In many investigations, it was observed that the

func-tion of NO alleviation of oxidative stress was due to
induction of various ROS-scavenging enzyme activity
(Laspina et al., 2005; Sun et al., 2007; Yi et al., 2008).
Cheng et al. (2002) reported that the inhibition of poly-
ethylene glycol (PEG)- and dehydration (DH)-enhanced
senescence of rice leaves by NO was most likely
modulated through increasing SOD activity which resulted
in lower lipid peroxidation. In the present study, applica-
tion of SNP significantly alleviated the inhibited level of
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Figure 4. Effects of SNP (sodium nitroprusside, a nitric oxide donor) on chloroplast of cucumber leaves under NaHCOs
stress. (A), Control; (B) 30 mM NaHCOs; treatment; (C) 30 mM NaHCOs + 100 uM SNP treatment; (D) 30 mM NaHCOs +
100 uM potassium ferrocyanide treatment (potassium ferrocyanide, an analog of SNP that does not release NO).

SOD activity by NaHCO; stress (Figure 3A), which
suggested that application of NO could promote the
conversion from O, into H,O, and O,. It is well known
that SOD includes Mn-SOD, Cu,Zn-SOD and Fe-SOD,
and previous study indicated that NO could increase the
Fe utilization efficiency in higher plants (Graziano and
Lamattina, 2007), based on the facts, it might be able to
conclude that the increasing SOD activity by SNP might
be partly attributed to higher Fe efficiency. H,O, as the
products of O,  descomposition, can rapidly diffuse
across the membrane and is toxic because it acts both as
an oxidant as well as reductant (Foyer et al., 1997),
under such situation, the highly efficiency of H,O. sca-
venging is very vital. In the experiment, SNP significantly
increased CAT and GPX activity, which can directly
scavenge H.O., and play important role in reducing
oxidative stress induced by abiotic stress (Figure 3B, C),
similar results were obtained in wheat seed germination
treated with NaCl (Zheng et al., 2009). Besides SOD,
CAT and APX, there exists another important ROS-
scavenging system which is ascorbate-glutathione cycle
in chloroplast (Murshed et al., 2008). The cycle is mainly
composed of enzymes such as APX, DHAR, GR and
antioxidants such as ascorbate and glutathione. In the
experiment, SNP significantly induced activities of APX,

DHAR and GR (Figure 3D, E, F), which are very impor-
tant in making chloroplast avoid oxidative damage. On
the contrary, the effects of SNP on antioxidant enzymes
were not observed by potassium ferrocyanide treatment
under NaHCO; stress (Figure 3), which indicated that the
increase of antioxidant enzymes induced by exogenous
NO was greatly responsible for decreasing oxidative stress
induced by NaHCO;.

Effects of SNP on ultrastructure of cucumber
chloroplast under NaHCO;

Chloroplast is the organelle of photosynthesis and the
center ROS formation in plant leaves, especially under
stress conditions. It has been demonstrated that chloro-
plast membrane ruptured under saline or osmotic stress
(Yamane et al., 2003) and that the thylakoidal structure of
the chloroplast is disrupted by salt stress (Hernandez et
al., 1995). In this study, compared to elliptical shape and
thylakoid integrity of chloroplast in the control, NHCO;
treatment led chloroplast become completely swollen,
membrane disappear and thylakoid in a disorganized
form (Figure 4B). The results could account for a notable
reduction of net photosynthesis rate in NaHCOgs-treated



cucumber plants in our earlier investigation (Lin et al.,
2010). SNP treatment reversed the damage of chloro-
plast ultrastructure and membrane system induced by
NaHCO; stress, on the contrary, potassium ferrocyanide
did not obviously inhibit the chloroplast disturbance
caused by NaHCO; (Figure 4C, D). This indicated that
exogenous NO could protect the chloroplast ultrastruc-
ture of cucumber under NaHCOj; stress. The protective
effect of NO on chloroplast has been observed in Fe-
deficiency maize (Magdalena et al., 2002).

Conclusion

Exogenous NO application had significant beneficial
effects on NaHCO;-exposed cucumber plants, effectively
revered the chlorosis and alleviating growth inhibition of
cucumber induced by NaHCOs. The preliminary investi-
gation indicated that the protective effects of exogenous
NO were partly attributed to its role in modulating ROS
metabolism and holding the integrity of chloroplast. The
results suggest that a practical potential method in
alleviating alkaline stress by NO metabolism. Because
NO is also an important endogenous signal biomolecule
which was verified to be effective in gene expression
regulation (Besson-Bard et al.,, 2009), therefore, the
genetic method of NO should also be considered to be a
direction to increase plants tolerance to abiotic stress
including alkaline stress.
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