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Soil salinity creates osmotic and ionic stress in plants that result in the suppressed
water and nutrients status in plants leading to reduced growth and yield of crop plants. Although,
plants activate their defense system to counter various stresses but this defense system has
limitations. Therefore, it is highly desirable to manipulate the plant’s cellular system to counter
the detrimental effects of stresses efficiently. Nitric oxide (NO) has been shown to act as an
important signaling molecule which plays vital role in growth and development of plants and
plays important role in the responses of plants to biotic and abiotic stresses. Keeping in view
the vital roles of NO in plants, the present experiment was performed to study the impact of
NO donor sodium nitroprusside (SNP) on growth, physiological and biochemical parameters of
barley (Hordeum vulgare L. cv. Sahrawi) plants grown under 200 mM NaCl. The results showed
that salt-stressed plants accumulated higher levels of proline (Pro) and glycine betaine (GB) and
showed enhanced activities of antioxidant enzymes viz. superoxide dismutase (SOD), peroxidase
(POX) and catalase (CAT) as compared with the control plants. But increase in osmolytes
and enzyme activities could not protect the plants from NaCl-induced damage and exhibited
enhanced H,0, and O," content, TBARS and electrolyte leakage. All these alterations negatively
affected growth (fresh and dry weight of shoot and root), and physiological and biochemical
parameters [leaf chlorophyll (Chl) content, carbonic anhydrase (CA) activity and leaf relative
water content (LRWC)] of stressed plants. However, NaCl-stressed plants treated with the NO
donor, SNP, exhibited enhanced synthesis of Pro and GB content and activities of antioxidant
enzymes that resulted in reduced H,0, and O," content, TBARS and electrolyte leakage and
enhanced CA activity, leaf Chl content and LRWC. Application of SNP to salt-stressed plants
also improved growth characteristics. On the contrary, application of NO scavenger cPTIO
[2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide] along with SNP and NaCl
suppressed the effect of NO and resulted in poor defense against salinity.
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Plants are constantly exposed to various
abiotic stresses. Of these, soil salinity is considered
as one of the menaces to the growth and productivity
of crop plants across the globe. Soil salinity results
due to poor quality of irrigation water, and also
due to increasing temperature which directly sets
plants under heat stress and also affects plants
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indirectly through accelerating evaporation of
water from soil leaving behind higher content of
salts. Onset of ionic and osmotic stress are one
of the prime effects of over accumulated salts,
chiefly NaCl, in the soil that diminishes the water
and mineral uptake capacity of plants'2. Excessive
accumulation of salts in the soil also enters the
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cytosol of the plant cells that affect metabolic
activities and causes membrane disorganization
and leakage of electrolytes®*. Salinity also induces
the generation of reactive oxygen species (ROS)
that causes an imbalance between generation and
scavenging of ROS®. Excessive generation of ROS
creates oxidative stress that causes oxidation of
biomolecules® that results in early senescence of
leaves and deprived photosynthetic efficiency that
causes reduced dry matter assimilation and reduced
harvest. However, to endure oxidative stress plants
have antioxidant system of various enzymes like
superoxide dismutase (SOD), peroxidase (POX),
catalase (CAT) etc. SOD converts superoxide
radicals to H,0,, while CAT and POX transform
H,O, into water and oxygen. However, to cope
with osmotic stress plants accumulate compatible
solutes such as proline (Pro) and glycine betaine
(GB). Moreover, plants also adopt the strategy
of stress avoidance through reduced uptake of
toxic ions or by diverting the absorbed ions to the
apoplast or vacuole’®. However, only the presence
of various defense system at cellular and sub-
cellular levels in plants is not sufficient to protect
the plants against the stress. But timely and accurate
activation of these defense systems prior to the
onset of damage is vital for the survival of plants
under stressful conditions which is carried out by
a network of signaling molecules.

Among various signaling molecules,
nitric oxide (NO) has gained much attention in
plant biology research. NO has been shown to
play significant role in plants starting from seed
germination to flowering and senescence®'*. It also
facilitates the responses of plants to various biotic
and abiotic stresses “'*-'*. However, meager or
elusive information is available on the role of NO
in the salt tolerance mechanism in barley (Hordeum
vulgare L.). Therefore, keeping in view the
importance of NO in plants, the present study was
planned to unravel the effect of salt stress on crop
plants and NO donor SNP at growth, physiological
and biochemical characteristics of stressed plants.

MATERIALS AND METHODS

Plant Culture and Treatments

A sand culture pot experiment was
performed to test the hypothesis. Surface sterilized
healthy seeds of barley (Hordeum vulgare L. cv.

Sahrawi) were sown in 20 cm diameter plastic pots.
In each pot ten seeds were sown and later on, five
healthy plants were maintained in each pot. 30 days
after sowing (DAS) plants were treated with: (i)
DDW (Control), (ii) 200 mM NaCl, (iii) 0.2 mM
SNP, (iv) 0.2 mM SNP+200 mM NacCl, and (v)
0.2 mM SNP+200 mM NaCl+0.2 mM cPTIO. The
experimental set up was maintained under natural
illuminated conditions. Nutrient requirement of
growing plants was fulfilled by adding 50 mL of
Raukura’s nutrient solution'® to each pot every day.
Along with nutrient solution, 200 mM NaCl was
also applied. The concentration of NaCl solution
was increased by 25 mM every two days until the
desired concentration of 200 mM was achieved,
so that osmotic shock could be avoided. Sodium
nitroprusside (SNP) was used as NO donor, NaCl
as salt stress inducer and 2-(4-carboxyphenyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide
(cPTIO) was used as NO scavenger. Each pot was
considered as one replicate and each treatment was
repeated three times.

Response of plants to salt stress and
SNP was analyzed at 60 DAS in terms of growth
parameters viz. fresh weight (FW) and dry weight
(DW) of shoot and root; and physiological and
biochemical parameters viz. leaf chlorophyll
content (Chl), carbonic anhydrase (CA) activity,
hydrogen peroxide (H,0,) and superoxide (O,")
content, lipid peroxidation, leaf relative water
content (LRWC), electrolyte leakage, and proline
(Pro) and glycine betaine (GB) content and
activities of antioxidant enzymes [superoxide
dismutase (SOD), catalase (CAT) and peroxidase
(POX)].
Measurement of Growth, Physiological and
Biochemical Parameters

Effect of SNP and NaCl on plant growth
was evaluated by measuring fresh weight (FW) of
shoot and root, and dry weight of shoot and root.
For the measurement of shoot and root FW, plants
were uprooted. Surface adhered particles were
washed out and water was removed by blotting
paper. Cleaned shoot and root were weighed using
electronic balance and the data for each treatment
was recorded. Dry weight of shoot and root was
recorded by drying the plants at 80UC for 24 h.

Leaf Chl content was estimated by
the method of Lichtenthaler and Buschmann?.
Method of Dwivedi and Randhawa?' was adopted
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to measure CA activity, while H,0, and O,"
content were estimated by the method of Velikova
et al*? and Elstner and Heupel®, respectively.
Peroxidation of membrane lipid was assessed
by determining the level of thiobarbituric acid
reactive substances (TBARS) using the method of
Cakmak and Horst**. The method of Yamasaki and
Dillenburg® was adopted to measure LRWC (%).
Membrane permeability was assessed in term of
electrolyte leakage (%) by the method of Lutts et
al?. Content of Pro and GB was estimated by the
methods of Bates et al*” and Grieve and Grattan?,
respectively.

Assay of antioxidant enzymes was
performed by homogenizing leaf tissues at 15,000
g for 20 min at 4UC with three volumes (w/v) of
an ice-cold extraction buffer (50 mM Tris-HCI,
pH 7.8, 1 mM EDTA, 1 mM MgCI2 and 1.5%
(w/w) polyvinyl pyrrolidone). The crude extract
from the supernatant was used for the assay of
enzyme activities. Activity of SOD, POX and CAT
was determined by the method of Beauchamp and
Fridovich®, Upadhyaya et al** and Cakmak and
Marschner?', respectively.

Statistical analysis

Statistical analysis was done using
SPSS-11 statistical software (SPSS Inc., Chicago,
IL, USA). Each treatment was considered as one
replicates and all the treatments were replicated
three times. Mean was statistically compared by
Duncan’s Multiple Range Test (DMRT) at P<
0.05% level.

RESULTS AND DISCUSSION

Effect of SNP and NaCl on Growth Attributes

Effect of SNP and NaCl on growth
characteristics was assessed by estimating fresh
and dry weight of shoot and root. The data showed
that salt stress reduced shoot and root fresh and
dry weight by 69.1% and 46.9%, and 42.5% and
41.6%, respectively as compared with control
(Table 1). Adverse effect of NaCl on growth
attributes of plants has also been reported by
Khan et al*?, Siddiqui et al**, Idrees et al*, and
Khan*. Application of NO donor SNP alleviated
the detrimental effects of salt stress and improved
these growth parameters significantly. In order to
validate the alleviating effect of NO on NaCl, NO
scavenger cPTIO was used. Addition of cPTIO to

SNP+NaCl suppressed the effect of NO and caused
reduction in all the growth parameters studied
(Table 1). The data showed that SNP improved
the activity of CA (Table 1)*, the enzyme which
maintains constant supply of CO, to rubisco®.
Moreover, improvement in Chl content (Table
1) also facilitated the plants with improved
photosynthetic efficiency. Therefore, enhanced
CA activity and Chl content in salt-stressed plants
treated with SNP maintained normal functioning of
photosynthesis system and thus accumulated more
dry matter which is witnessed by improved fresh
and dry weights of plants (Table 1).
Effect of SNP and NaCl on Physiological and
Biochemical Parameters

The perusal of the data shows that NaCl
stress significantly reduced Chl content and CA
activity by 39.1% and 16.0%, respectively as
compared with the control (Table 1). Decrease in
Chl content in salt-stressed plants was probably
due to impaired protein complexes, required
for chlorophyll synthesis and/or due to loss of
chlorophyll by increased activity of chlorophyll
degrading enzyme chlorophyllase®”* that resulted
in the destruction of chlorophyll. Application of
SNP alone or to the salt-stressed plants showed
enhanced level of Chl and exhibited 55.6% and
26.6% increase in Chl content when applied alone
(SNP) and in combination with NaCl (SNP+NacCl),
respectively (Table 1). These results are in
agreement with the findings of Liu et al. * and
Khan et al* who also reported improved CA activity
and Chl content. On the other hand, NO scavenger
cPTIO inverted the impact of NO and again
decreased CA and Chl content. It is noteworthy
that the values for CA and Chl content registered
in salt-treated plants and cPTIO-treated plants did
not differ statistically (Table 1).
Over production of ROS is one of the fatal effects
of salinity that leads to the oxidative stress. In the
present investigation H,0, and O," were measured
as oxidative stress markers. The results showed that
NaCl stress caused a considerable increase 0f 46.6%
and 68.8% in H,0, and O," content, respectively
compared with the control (Figure. 1 A and B).
Excessive generation of ROS causes peroxidation
of membrane lipids*® reflected by higher values
of TBARS (Figure 1C). Salt-stressed plants also
showed higher level of electrolyte leakage and
lower LRWC as compared with the control (Figure
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1D). Salt stress-induced peroxidation of membrane
lipids causes disorganization of membranes and
results in the leakage of electrolytes®*. Treatment
of plants with SNP at the rate of 0.2 mM SNP
suppressed oxidative stress in non-stressed as
well as stressed plants. SNP reduced H,0, and
O," content by 20.8% and 24.1%, respectively
compared with NaCl-stressed plants (Figure 1A
and B). These results are in agreement with the
findings of Egbichi et al*, Ahmad et al. *' and
Fatma et al*. Reduction in oxidative stress by
SNP was also reflected in the form of reduced
TBARS and electrolyte leakage (Figure 1C and
D). Excessive accumulation of salts in the soil
also creates osmotic stress that diminishes the
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water uptake capacity of plants'?. Salt-stressed
plants treated with SNP (NaCI+SNP) exhibited
16.9% and 23.1% reduction in TBARS and
electrolyte leakage, respectively compared with
the NaCl-treated plants (Figure 1C and D). On the
contrary, presence of cPTIO in growth medium
overcame the effect of NO and created a condition
similar to salt stress. The values for TBARS and
electrolyte leakage in the plants treated with
NaCI+SNP+cPTIO were statistically at par with
that of the values of NaCl treated plants. It has been
well established that NO detoxifies ROS either
directly interacting with O,"* or by improving the
activities of antioxidant defense system* leading
to decreased generation of H,O, and O, (Figure
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Fig. 1. Effect of sodium nitroprusside and NaCl on H,O, content (A), O,-- content (B), TBARS (C), and LRWC
and electrolyte leakage (D) in barley (Hordeum vulgare L.). Average of three determinations is presented with bars
indicating S.E. Bars followed by the same letter do not differ statistically at P< 0.05 (Duncan Multiple Range Test).
[DDW (Control), 200 mM NaCl (NaCl), 0.2 mM sodium nitroprusside (SNP), 0.2 mM 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide (cPTIO); hydrogen peroxide (H,0,), superoxide (O,-°), thiobarbituric acid
reactive substances (TBARS), leaf relative content (LRWC)]
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Table 1. Effect of sodium nitroprusside and NaCl on shoot and root fresh and dry weight, leaf chlorophyll (Chl)

content and carbonic anhydrase (CA) activity in barley (Hordeum vulgare L.)

Treatments Shoot Shoot Root Root Leaf Chl CA activity
FW(g) DW(g) FW(g) DW(g) content (uM CO, kg!

(mg g' FW)  leaf FW s)
Control 10.69+£1.05°  3.82£0.07°  3.524+0.06° 1.26+0.04>  2.35+0.49°  318.57+4.39°
NaCl 6.32£0.89¢  2.60+0.05° 2.47+0.13%¢  0.89+£0.008¢ 1.69+£0.05¢  274.60+5.61
SNP 12.70£0.65*  4.51+0.16*  4.69+0.02*  1.80+0.06*  2.63+£0.32*  388.31+3.97*
SNP+NaCl 8.62+1.12°  2.22+0.08'  2.68+0.06°  1.35+0.02° 2.14+0.29*  297.52+2.58
SNP+NaCl+cPTIO  5.69+0.71%  1.42+0.02¢  1.16+0.11° 0.81£0.007% 1.61£0.04%  268.08+3.64%

Average of three determinations is presented with + indicating S.E. Data within the same column followed by the same letter
do not differ statistically at P< 0.05 (Duncan Multiple Range Test). Double distilled water (Control), 200 mM NaCl (NaCl),
0.2 mM sodium nitroprusside (SNP), 0.2 mM 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline- 1-oxyl-3-oxide (cPTIO)
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Fig. 2. Effect of sodium nitroprusside and NaCl on proline (A), glycine betaine (B), SOD and POX (C), and CAT (D)
in barley (Hordeum vulgare L.). Average of three determinations is presented with bars indicating S.E. Bars followed
by the same letter do not differ statistically at P< 0.05 (Duncan Multiple Range Test). [DDW (Control), 200 mM
NaCl (NaCl), 0.2 mM sodium nitroprusside (SNP), 0.2 mM 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-
1-oxyl-3-oxide (cPTIO); superoxide dismutase (SOD), peroxidase (POX), catalase (CAT)]
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2C and D). Application of SNP to salt stressed
plants also maintained normal water level of plants
as shown by LRWC (Figure 1D). Although, the
exact mechanism of NO-induced elevation in
LRWC is not clear but Ke et al. (2013) suggested
a decrease in solute potential, while increasing
water potential in osmotic-stressed plants when
treated with NO which facilitates enhanced water
status of plants under salt stress. Khan et al*'® also
reported improved water status in NaCl-stressed
plants supplemented with NO. Furthermore, to
counter osmotic stress plants accumulate higher
levels of osmolytes*** for instance Pro and GB
in the present investigation. But enhanced levels
of these osmolytes were not sufficient enough to
counter NaCl-induced osmotic stress as shown by
decreased LRWC of NaCl treated plants (Figure
1D). Whereas, salt-stressed plants treated with NO
donor SNP further enhanced the levels of Pro and
GB and made the plants capable to face osmotic
stress and maintained higher LRWC (Figure 2A
and B; Figure 1D).

Effect of NO and NaCl on antioxidant
enzyme activities was assessed by measuring the
levels of SOD, POX and CAT. The results revealed
that 200 mM NaCl enhanced the activities of these
antioxidant enzymes (Figure 2C and D). In spite
of enhanced activities of these enzymes plants
showed negative effect of salt stress in the form
of reduced fresh and dry weight, CA activity, leaf
Chl content, LRWC and enhanced levels of TBARS
and electrolyte leakage. Whereas, application
of 0.2 mM SNP to NaCl-suffered plants further
enhanced the enzyme activities (Figure 2C and
D) and protected the plants against NaCl-induced
oxidative stress. It has been recognized that NO
detoxifies ROS [4,18,43,44]. It is well known that
SOD dismutates O, radicals to H,O, whereas POX
and CAT convert H,O, into water and oxygen. In
the present investigation, NO donor SNP reduced
the level of O," which indicates that the rate of
conversion of O, to H,O, by SOD was greater
than the generation of O,". Furthermore, SNP
treated salt-stressed plants also showed enhanced
activities of POX and CAT which helped the
plants to scavenge H,O, by converting it to water
and oxygen. All these together maintained normal
functioning of cellular system and assisted plants
to accumulate more dry matter (Table 1) even
under stressed conditions. On the contrary, the

combination of NaCl+SNP+cPTIO showed a
reduction in the activities of antioxidant enzymes
and again forced the plants to stressful environment.

CONCLUSION

The results of the experiment showed that
application of NO donor SNP maintained normal
functioning cellular machinery and improved the
performance of plants under salt stress. Plants
grown under salt stress tried to tolerate salt
stress through enhancing their defense system as
witnessed by elevated levels of osmolytes (Pro and
GB) and higher activities of antioxidant enzymes.
However, this activation of defense system was
not sufficient to counter 200 mM NacCl stress
and suffered plants showed reduced fresh and
dry weights, CA activity, leaf Chl content and
LRWC and enhanced levels of H,O, and O,"
content, TBARS and electrolyte leakage. However,
application of NO donor SNP to salt-stressed plants
further elevated the defense system of plants to
the level required to counter damaging effects of
NaCl stress. In order to validate the alleviating
effect of NO on salt stress, cPTIO was used as NO
scavenger. Application of cPTIO overturned the
effect of NO and again created a condition similar
to salt stress.
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