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ABSTRACT

Nitric oxide (NO) is recognized as a crucial signaling molecule involved in
plant defense mechanisms, including salinity stress. The present study
investigated the effects of sodium nitroprusside (SNP) application, as a
donor of NO, on some morphophysiological and biochemical
characteristics of stress tolerance in Pyrodwarf pear rootstocks (Pyrus
communis) under salinity stress. The experiment was conducted as a
factorial design that tested 4 SNP (0, 0.1, 0.5, and 1 mM) x 4 NaCl (0, 50,
100, and 150 mM) levels. Salinity stress reduced leaf count, shoot length,
and protein content. However, it increased electrolyte leakage, H202,
ascorbate content, and leaf concentrations of Na+ and Cl-. SNP application
significantly increased leaf count, protein content, leaf chlorophyll and
carotenoids. Moreover, it effectively reduced electrolyte leakage (EL),
H202, and leaf concentrations of Na+ and Cl-. The activity of ascorbate
peroxidase (APX), an important antioxidant enzyme, increased in response
H202, to NaCl stress, and notably, the application of SNP further enhanced the
NaCl stress, activity of this enzyme. The results indicated that SNP application reduced
Nitric oxide, NaCl stress to some extent. Despite the fact that no significant interaction
Pyrus communis was detected in growth indices, SNP mitigated the adverse effects of
salinity, primarily through its main effects on growth and its interactive
effects on biochemical and antioxidant traits. Overall, the findings
highlighted the pivotal role of SNP in enhancing salinity tolerance under
short-term stress conditions by modulating physiological and biochemical
responses.
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Introduction

Salt stress is a major abiotic factor that adversely physiological,  biochemical, and  molecular

affects plant growth and development by restricting
water and nutrient uptake (Maia et al., 2016; Celik et
al., 2017). In saline soils, the excessive accumulation
of sodium (Na*) and chloride (CI") ions can exert
toxic effects on plant cells, disrupting cellular
homeostasis (Arif et al., 2020). High salt
concentrations lead to osmotic stress and ionic
toxicity, triggering a cascade of morphological,
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alterations in plants. Critical physiological processes
such as photosynthesis and transpiration are
especially vulnerable to salt-induced damage (Wani
et al., 2013). Salt tolerance varies among pear
species. For instance, Pyrus betulifolia showed
resilience under 100 mM NaCl for five weeks and
maintained an 80% survival rate at 150 mM, whereas
P. pyrifolia exhibited visible damage at just 25 mM
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NaCl (Okubo and Sakuratani, 2000). European pear
(Pyrus communis) demonstrated only slight growth
reductions when irrigated with saline water at
approximately 5 dS m™, regardless of genotype,
indicating a relatively higher short-term salinity
tolerance in P. communis rootstocks (Musacchi et al.,
2006). Although pear trees are generally cultivated
in low-salinity regions, salinity issues can emerge
due to specific conditions such as coastal cultivation
or the use of saline irrigation or fertigation water
(Musacchi et al.,, 2006). Severe NaCl stress
intensifies the generation of reactive oxygen species
(ROS), which severely impair normal plant functions
by damaging cellular components, including
photosynthetic pigments. In response, plants activate
an array of antioxidant defense mechanisms. These
include both enzymatic antioxidants (e.g. ascorbate
peroxidase [APX]) and non-enzymatic antioxidants
such as ascorbate (ASC), phenolic compounds,
various sugars, malondialdehyde (MDA), hydrogen
peroxide (H20,), proline, glycine betaine (GB), and
dehydroascorbate (DHA) (Shahzad et al., 2022; He
et al., 2008). These antioxidants play a crucial role in
scavenging ROS, thereby enhancing plant tolerance
to salinity stress and strengthening overall defense
responses (Ahmad et al., 2020).

The application of sodium nitroprusside (SNP) has
emerged as an effective strategy for alleviating the
adverse effects of abiotic stresses in plants. Under
saline conditions, SNP serves as a nitric oxide (NO)
donor, enhancing plant tolerance mechanisms
against salt-induced damage (Hayat et al., 2012).
Nitric oxide is a multifunctional signaling molecule
involved in plant responses to a range of abiotic
stresses, including drought (Nabi et al., 2019) and
salinity (Shams et al., 2019). Its synthesis is
stimulated by both enzymatic and non-enzymatic
antioxidant systems (Nagai et al., 2020). NO plays a
central role in regulating key physiological
processes, promoting plant adaptation, acclimation,
and growth under stressful environments,
particularly under high salinity (Choudhary et al.,
2023). One of the critical functions of NO is its
regulation of compatible solutes such as proline,
which helps maintain cellular turgor pressure and
improves stress tolerance while supporting normal
plant growth (Esim et al.,, 2024). Additionally,
exogenous NO has been shown to enhance
photosynthetic efficiency under stress by improving
stomatal conductance, increasing CO; assimilation,
and optimizing overall photosynthetic performance
(Farouk et al., 2020; Ferreira et al., 2023). In Malus
rootstocks, exogenous NO application promoted the
accumulation of compatible solutes such as soluble
proteins and reduced malondialdehyde (MDA)
levels, thereby facilitating osmotic adjustment and
reducing the impact of drought stress (Zhang et al.,
2016). Similarly, SNP application in Malus
domestica rootstocks (‘Fuji’’/M9) mitigated the
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detrimental effects of salt stress, likely through the
regulation of biochemical and antioxidant defense
mechanisms (Aras et al., 2020). Building upon these
findings, the present study investigated the impact of
SNP treatment on salinity stress tolerance in
Pyrodwarf pear rootstocks (Pyrus communis). We
hypothesized that exogenous SNP would mitigate
NaCl-induced stress through enhancement of
antioxidant  activity and ion  homeostasis.
Specifically, the study aimed to evaluate the role of
SNP in modulating physiological and biochemical
parameters associated with plant defense systems
under saline conditions.

Materials and Methods

Plant materials and growth conditions
Pyrodwarf pear rootstocks were propagated via
micropropagation and were transplanted into plastic
pots (26 cm x 27 cm). Each rootstock measured
approximately 30 cm in height. The potting medium
consisted of a 1:1 (v/v) mixture of perlite and
vermiculite, and plants were cultivated under
hydroponic greenhouse conditions. Plants were
supplied with Hoagland’s nutrient solution.

Experimental design and treatments

A factorial experiment was arranged in a completely
randomized desigh (CRD), including 4 levels of
SNP and 4 levels of NaCl with three replicates per
treatment, involving a total of 48 plants. Before
carrying out experimental treatments, the plants were
allowed a period of establishment to ensure adequate
vegetative development, reaching up to an
approximate 20 cm increase in rootstock height and
the formation of a well-established root system,
compared to the initial seedling height. SNP, as an
NO molecule donor, was applied to the root system
at concentrations of 0, 0.1, 0.5, and 1 mM, dissolved
in the nutrient solution. Applications were repeated
every two weeks for three times. Then, 48 h after the
first SNP application, NaCl was introduced to the
root system at concentrations of 0, 50, 100, and 150
mM. Both SNP and salinity treatments were
maintained for seven weeks, after which final
sampling was conducted.

Growth measurement

The increase in rootstock height was assessed by
measuring the difference between the initial height
(pre-SNP and NaCl treatment) and the final height
(at the end of the seven-week experimental period).
This difference was recorded as the increase in
rootstock height. Leaf count was recorded as the
number of new leaves grown during the seven-week
experimental period.
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Measurement of electrolyte
protein content

Electrolyte leakage (EL%) is indicative of cell
membrane damage, which was assessed using a
method outlined by Lutts et al. (1996). The following
equation was used:

leakage and

EL%
_ Initial Conductivity — Final Conductivity

- Initial Conductivity

X 100

This equation provides a quantitative measure of
electrolyte leakage, reflecting the extent of cellular
damage. The total soluble protein (ug g* FW) of
powdered fresh leaves was examined based on
Bradford (1976). The absorbance of the extracted
samples was measured at a wavelength of 595 nm
using a spectrophotometer. Total protein content was
quantified and expressed as g 100 g~* FW.

Quantification of photosynthetic pigments
Total chlorophyll (mg g* FW) and carotenoids (ug
gt FW) were extracted from leaf tissue using 80%
acetone according to Lichtenthaler’s method (1987).
The absorbance by pigments was measured by a UV-
visible spectrophotometer (Analytik Jena, Spekol
1500) at 470, 648, and 664nm. After calculation, the
total chlorophyll and carotenoids were expressed as
mg of each pigment per gram of fresh leaf weight.

Na* and CI- concentration

At the end of the experiment, samples of dried and
powdered leaves were analyzed for the measurement
of Na* (mg g* DW) and CI- (mg g* DW). The
samples were extracted with dilute nitric acid. The
Na* concentration of the extracts was determined
using a flame photometer.

The samples were first digested with a mixture of
5 mL of 2-nitrogen hydrochloric acid and nitric acid,
followed by boiling and becoming dissolved in
water, and finally filtered. Subsequently, the final
volume was reduced to 50 mL (Gao et al., 2016). The
CI= concentration was obtained by titration with
silver nitrate (Chapman and Pratt, 1961).

Determination of H,O, and ASC content

H,O, content (umol g* FW) was determined
following a method described by Velikova et al.
(2000). Briefly, 0.2 g of leaf tissue was homogenized
in liquid nitrogen and trichloroacetic acid.
Subsequently, 0.5 mL of the supernatant was
combined with 1 mL of 1 M potassium iodide and
0.5 mL of 10 mM potassium phosphate buffer (pH =
7.5). The absorbance of the resultant solution was
measured at 390 nm. H,O, concentrations were
determined using a standard curve generated with
known H,O, concentrations.
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The ASC content (mmol g* FW) was determined
using a method described by Hodges et al. (1996).
Samples (0.3 g) were homogenized in 2 mL of 5%
(w/v) m-phosphoric acid. The homogenates were
centrifuged at 12,000 x g for 20 min at 4 °C, and the
resultant supernatant (100 pL) was mixed with 500
pL of 150 mM KH;PO,4 buffer (pH = 7.4) that
contained 5 mM EDTA. To achieve color
development, the procedure involved sequential
additions of 400 pL trichloroacetic acid (10% w/v),
400 pL o-phosphoric acid (44% v/v), 400 pL of o-
dipyridyl dissolved in ethanol (70% v/v), and 200 pL
FeCl; (0.03% wi/v). The reaction mixtures were
incubated at 40 °C for 1 h, and the absorbance was
measured at 525 nm.

Measurement of SOD and APX activities

The leaves were homogenized in 0.1 M potassium
phosphate buffer (pH = 7) containing insoluble PVVP
and EDTA. The homogenate was filtered and then
centrifuged for 10 min at 10,000 g at 4 °C. The
supernatant was used for the determination of the
catalytic activity of the enzymes. The SOD activity
(unit mg? protein) was assayed according to a
method described by Beyer Jr and Fridovich (1987).
One unit of activity was defined as the amount of
enzyme necessary to cause a 50% inhibition of the
reduction of nitroblue tetrazolium (NBT) at 560 nm.
The APX activity (unit mg* protein) was measured
according to Nakano and Asada (Nakano and Asada,
1981), following a decrease in the oxidation of
ascorbate by adding H2O- at 290 nm.

Statistical analysis

After data collection, the analysis of variance was
performed. To test significant differences among
treatments, a general linear model (GLM) was
applied. The significance of the differences were
tested using Duncan’s New Multiple Range Test
(DMRT) (P <0.05) and considered to be statistically
significant in that range. All statistical analyses were
carried out by SPSS, version 22, for Windows (IBM
SPSS Statistics release 22.0.0, 2013, SPSS Inc.,
Chicago, IL, USA).

Results

Plant growth

Leaf count of pear rootstocks declined significantly
with increasing NaCl concentrations, with the lowest
values recorded at 150 mM compared to the control
(Table 1 and Fig. 1A). Independently, SNP
application significantly increased leaf count, and
the maximum value was observed at 1 mM SNP
under non-saline conditions. These results indicated
that both salinity and SNP had significant main
effects on leaf count. Leaf count decreased by 80%
at 150 mM NaCl compared to the control, while SNP
restored it by 40%.
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Table 1. Analysis of variance on the effect of different levels of NaCl and SNP treatment on leaf count, shoot length, EL%,
total protein and photosynthetic pigments in the leaves of Pyrodwarf pear rootstocks.

Mean of squares

S.0.V DF  Leaf count Shoot EL% Total Chl a Chl b Total Carotenoi
length protein Chl d
NaCl 3
177.97** 451.24%* 633.93**  80.61**  80.61** 46.74%* 234.59** 43.73**
SNP 3 15.52%* 115.69%* 140.40**  11.20*%*  11.20%* 6.53%* 32.97%* 6.67%*
NaC}LXSN 9 0.67 1.35 16.39%%  2.20* 2.20 1.30% 6.43* 1.34
Error 32 1.25 10.81 5.41 1.03 1.03 0.52 2.82 0.78
CV.(%) 15.47 26.00 9.06 5.64 1.57 5.24 5.46 6.41
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Fig. 1. Effects of NaCl stress (0, 50, 100, and 150 mM) and SNP application (0, 0.1, and 0.5 mM) on (A, B) leaf count and
(C, D) shoot length in Pyrodwarf pear rootstocks. Different letters indicate significant differences among treatment means
according to Duncan’s test (P < 0.05).

The shoot length of pear rootstocks decreased
significantly with increasing NaCl concentrations,
showing an 85% reduction at 150 mM compared to
the control (Table 1 and Fig. 1B). Independently,
SNP application to the root system exerted a
significant positive effect, with the highest shoot
length recorded under non-saline conditions at 1 mM
SNP. In contrast, the lowest shoot length was
observed under 150 mM NaCl without SNP
application. These results confirm significant main
effects of both salinity and SNP on shoot length.

Electrolyte leakage and protein content of
leaves

Salinity stress markedly increased electrolyte
leakage in the leaves of Pyrodwarf rootstocks.

However, the SNP treatment significantly reduced
electrolyte leakage and alleviated membrane injury
in leaf cells. The highest electrolyte leakage was
recorded in rootstocks exposed to 150 mM NacCl,
whereas the lowest leakage was observed in non-
stressed plants treated with 1 mM NO (Fig. 2A and
Table 1).

Furthermore, increasing NaCl concentrations (50,
100, and 150 mM) significantly reduced protein
content in Pyrodwarf rootstocks. Nevertheless, the
exogenous application of SNP, particularly at 1 mM,
effectively mitigated this decline and resulted in a
significant increase in protein content in response to
salinity stress (Fig. 2B).
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Fig. 2. Effect of SNP treatment at levels 0, 0.1, 0.5 and 1 mM on the (A) EL‘% and (B) total protein in the leaves of
Pyrodwarf pear rootstocks under NaCl stress at concentrations 0, 50, 100 and 150 mM. Different letters indicate significant
differences according to Duncan's test (P < 0.05).

Photosynthetic pigments mM led to a marked decline in these pigment levels.
The analysis of variance (Table 1) indicated that Applying SNP exogenously at concentrations of 0.1,
salinity stress had a significant effect on chlorophyll 0.5, and 1 mM significantly enhanced chlorophyll a,
a, chlorophyll b, total chlorophyll, and carotenoid chlorophyll b, total chlorophyll, and carotenoid
contents in Pyrodwarf pear rootstocks. As the NaCl contents in Pyrodwarf leaves compared to plants that
concentration increased from 0 to 50 mM, significant did not receive the NO treatment. Notably, 1 mM
increases were observed in chlorophyll a (Fig. 3A), SNP significantly improved chlorophyll b content
chlorophyll b (Fig. 3B), total chlorophyll (Fig. 3C), under 50 and 100 mM NacCl stress, but no significant
and carotenoids (Fig. 3D). However, further effect occurred in response to the 150 mM NaCl
increases in the NaCl concentration to 100 and 150 stress (Fig. 3).
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Fig. 3. Effect of SNP treatment at levels 0, 0.1, 0.5 and 1 mM on Photosynthetic pigments including (A) chlorophyll a, (B)
chlorophyll b, (C) total chlorophyll, and (D) carotenoids in the leaves of Pyrodwarf pear rootstocks under NaCl stress at
concentrations 0, 50, 100 and 150 mM. Different letters indicate significant differences according to Duncan's test (P < 0.05).
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Leaf Na" and CI- concentrations

Analysis of variance indicated that both salinity and
SNP treatments significantly affected leaf Na* and
ClI- concentrations (Table 2). NaCl-induced salinity
stress markedly increased Na* and CI~ accumulation
in Pyrodwarf pear rootstocks (Fig. 4), with leaf Na*
content  positively  correlated  with ~ NaCl
concentration. Exogenous application of SNP
significantly alleviated this ionic accumulation in

NaCl-stressed plants. Notably, rootstocks exposed to
50 mM NaCl and treated with 1 mM SNP showed
leaf Na* and CI- levels comparable to non-stressed
controls. The highest Na* and CI~ concentrations
were recorded in plants treated with 150 mM NaCl
without SNP, whereas the lowest occurred in control
plants (Fig. 4A and B). Although the interaction
between salinity and SNP was not significant, SNP
effectively mitigated salinity-induced Na* and CI-
accumulation.

Table 2. Analysis of variance the effect of different levels of NaCl and SNP treatment on Na*, CI-, H202, ASC content, and
SOD and APX enzyme activity in the leaves of Pyrodwarf pear rootstocks.

Mean of squares

S.0.V DF Na™* Cr H,0; ASC SOD APX
NaCl 3 32785052.08**  10.34%* 0.25%* 1950.03 ** 300649.85** 0.53%*
SNP 3 6348107.64%* 1.13%* 0.01%* 265.87 ** 14445.65%* 0.84%%*
NaCIxSNP 9 675885.42 0.19 0.00 3279 26.69 0.01%*
Error 32 495260.42 0.11 0.00 36.63 2179.69 0.00
CV.(%) 15.94 5.87 4.05 11.19 2.52 3.58
(A) Main effect of NaCl (B) Main effect of SNP
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Fig. 4. Effects of NaCl stress (0, 50, 100, and 150 mM) and SNP application (0, 0.1, and 0.5 mM) on (A, B) Na* and (C, D)
CI” concentrations in Pyrodwarf pear rootstocks. Different letters indicate significant differences among treatment means
according to Duncan’s test (P < 0.05).

H.0, and ASC contents
The analysis of variance (Table 2) indicated that both
NaCl salinity and SNP treatments had significant
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effects on leaf H,O, content. NaCl stress markedly
elevated H,O- levels in pear leaves. However, SNP
application at 0.5 and 1 mM concentrations
significantly mitigated this increase, resulting in a
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reduced H»O, content in salt-stressed plants (Fig.
5A).

The ASC content decreased in response to NaCl
concentrations of 100 and 150 mM. Exogenous SNP
at 0.5and 1 mM levels improved the ASC content of
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pear rootstocks despite using 100 mM NacCl. The
highest ASC content was observed in plants treated
with 1 mM SNP without NaCl stress, and the lowest
ASC content was observed in plants treated with 150
mM NaCl (Fig. 5B).
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Fig. 5. Effect of SNP treatment at levels 0, 0.1, 0.5 and 1 mM on the content of (A) H202 and (B) ASC in leaves of
Pyrodwarf pear rootstocks under NaCl stress at concentrations 0, 50, 100, and 150 mM. Different letters indicate significant
differences according to Duncan’s test (P < 0.05).

SOD and APX enzyme activities

The analysis of variance (Table 2) demonstrated that
salinity stress significantly enhanced SOD activity in
pear rootstocks. The lowest SOD activity was
observed in control plants (Fig. 6A). APX enzyme

A OSNPO @SNPO.1 ®SNPO5 ESNP1

2500 1
b b a

2000 - ff ef of

]
)

1500 1

T
i

T
s

£

TR
S

;’l“

=

i

1000

=
o

=
b

H|

|

T
R

A++

500

SOD (unit mg protein)

=

i

T
i

£

T

b
ki

NaCl 150

NaCl 100

NaCl 0 NaCl 50

activity was also significantly enhanced by NaCl-
induced salinity stress on the rootstocks, with the
enzyme activity increasing in response to higher
NaCl concentrations. Moreover, the SNP application
at 0.5 and 1 mM further stimulated APX activity
under saline conditions (Fig. 6B).
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Fig. 6. Effect of SNP treatment at levels 0, 0.1, 0.5, and 1 mM on the activity of the enzymes (A) SOD and (B) APX in the
leaves of Pyrodwarf pear rootstock under NaCl stress at concentrations of 0, 50, 100, and 150 mM. Different letters indicate
significant differences according to Duncan’s test (P < 0.05).

Correlation coefficients

Correlation analysis revealed that EL, as an indicator
of membrane damage under salt stress, correlated
positively with leaf Na* and CI- contents, while
showing a negative correlation with growth
parameters, ASC content and photosynthetic
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pigment levels. Additionally, significant positive
correlations were observed among Na*, CI-, EL,
H,0,, and also among the activities of antioxidant
enzymes SOD and APX, suggesting that these traits
were interrelated in this research and may play a
crucial role in salt stress tolerance mechanisms in
plant cells (Table 3).
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Table 3. Correlation Analysis of among EL, enzymes (SOD and APX), H20z, ASC, Na*, ClI-, protein, Chlorophyll (a, b and
total) and carotenoids.

Indices EL SOD APX H,0, ASC Na Cl protein Chla Chl b Chl total Car
EL 1 672" 282 .840™  -773" 886" 886  -.607  -.558"  -575% -.566™ -.534™
SOD 672" 1 640" 830" -.795" 685" 7377 -.643"  -710%  -7157 - 712" -.692*
APX 282 .640™ 1 427 23147 252 347" -.643" -.299* -311° -304° -.276
H20: .840™ 830" 427" 1 -813™  .836™  .841"™  -583"  -536" -.554" -.544" 514
ASC =773 7957 -314° -813" 1 -843"  -867" 492" 739" 743" 742" 746"
Na .886™ 685" 252 .836™  -.843™ 1 .866™  -509"  -596"  -.605" -.601" -.589™
Cl .886™ 737 3477 8417 -867" 866" 1 -6317  -623"  -.634" -.629™ -.606™

protein -607  -.643"  -643"  -583" 492" 509" -.631"" 1 307" 327 316" 269
Chla -558" 7107 -299"  -536™ 739" -.596™  -.623" 307" 1 .999" 1.000"™ 992"
Chl b =575 27157 23110 -.554™ 743" -605T  -.634™ 327 .999" 1 1.000"™ .989"

Chl total -566"  -712 -304°  -.544™ 7427 -6017  -.629™ 316" 1.000™  1.000™ 1 991"
Car =534 -692  -276  -.514" 746" -589"  -.606" .269 .992™ .989" 991" 1

Correlation is significant at the 0.05 level, and ™ correlation is significant at the 0.01 level.

Discussion

Studies have demonstrated that NaCl-induced
salinity stress reduced plant growth and leaf count
among various species, including Pyrus communis
(Javadisaber et al., 2024), Pyrus pyrifolia, and Pyrus
betulifolia rootstocks (Okubo and Sakuratani, 2000).
Pre-treatment with SNP has reportedly alleviated
these adverse effects on citrus (Tanou et al., 2009;
Tanou et al., 2012; Khoshbakht et al., 2018) and
pistachio rootstocks (Mirabi et al., 2024). Similarly,
SNP application significantly enhanced relative
shoot length and leaf area in Myrobalan (Prunus
cerasifera) 29C rootstocks under water deficit
conditions (Bolat et al., 2022) and mitigated growth
inhibition in apple seedlings exposed to salt stress
(Aras et al., 2020). The beneficial effects of nitric
oxide (NO) on plant growth are primarily attributed
to its role in enhancing cell wall flexibility and
promoting cell elongation, thereby stimulating
overall plant development (Leshem and Haramaty,
1996). Consistent with these findings, exogenous
application of SNP at concentrations up to 1 mM
significantly increased shoot height and leaf count in
Pyrodwarf pear rootstocks under saline conditions
(Fig. 1). Although the interaction between salinity
and SNP was not statistically significant, these
results indicate that the main effects of SNP can
promote growth traits under saline environments.
The observed reduction in electrolyte leakage may be
attributed to the ability of SNP to preserve membrane
integrity under saline conditions, which was
mediated through the activation of antioxidant
defense systems and improved ionic homeostasis
(Liu et al., 2014). In this regard, Khoshbakht et al.
(2018) reported that SNP application reduced
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membrane permeability and lipid peroxidation in
citrus, effectively preventing electrolyte leakage.
Furthermore, Aras et al. (2020) confirmed that SNP
treatment decreased plasma membrane permeability
and electrolyte leakage, thus maintaining membrane
stability and functionality under salt stress and
alleviating salt-induced cellular damage. These
results are in agreement with our experimental
findings (Fig. 2A).

Salinity stress is known to induce protein oxidation,
leading to a consequent decline in protein content
(Remorini etal., 2009; Tanou et al., 2009). However,
previous studies have demonstrated that NO
effectively mitigates protein oxidation under stress
conditions (Tanou et al., 2009; Khoshbakht et al.,
2018; Aras et al., 2020). In agreement with these
reports, the present study showed that SNP
significantly  preserved protein content and
counteracted salinity-induced declines in protein
levels in pear rootstocks (Fig. 2B).

Salt stress has been widely reported to adversely
affect chlorophyll content, thereby impairing
photosynthetic efficiency in pear (Zhang et al.,
2024). Bolat et al. (2022) reported that NO
application significantly increased chlorophyll levels
in Myrobalan rootstocks subjected to water deficit.
Similarly, SNP treatment improved chlorophyll
content in pistachio rootstocks under NaCl-induced
salinity (Mirabi et al., 2024) and elevated chlorophyll
content in salt-stressed apple seedlings (Aras et al.,
2020), thus confirming the present findings (Fig. 3).
The excessive accumulation of Na* and CI™ is
recognized as a primary cause of NaCl stress in
plants, triggering a series of morphological,
physiological, and biochemical disruptions (Dichala
etal., 2021; EI-Mahdy et al., 2022). Exogenous SNP
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significantly reduced Na* and CI~ concentrations in
citrus leaves (Khoshbakht et al., 2018), which our
findings confirmed, thus demonstrating that pear
rootstocks treated with 1 mM SNP under 50 mM
NaCl stress exhibited Na™ and CI- levels comparable
to those of non-stressed control plants (Fig. 4).
Moreover, exogenous SNP reportedly enhanced
salinity tolerance by regulating Na® homeostasis
with other essential nutrients, thereby limiting Na*
accumulation under saline conditions (Zhao et al.,
2004; Zhang et al., 2006).

SNP reduces oxidative damage via APX
upregulation, salinity stress potentially triggers an
excessive production of H,O;, resulting in oxidative
damage and impaired cellular functions in plants
(Akram et al., 2020). Enhanced activities of key
antioxidant enzymes, such as SOD and APX, are
central to the detoxification of H,O, and are
considered crucial for maintaining  redox
homeostasis under salt stress (Javadisaber et al.,
2023; Avras et al., 2020). NO reportedly modulated
the metabolism of reactive oxygen species by
promoting the dismutation of Oy to H.O,, thus
enhancing the activity of antioxidant enzymes
(Beligni et al., 2002; Verma and Mishra, 2005).
Previous studies indicated that NaCl stress reduces
ASC content in citrus fruits, whereas SNP
application restores ASC levels under salinity
conditions (Tanou et al., 2009). Similarly, in tomato
plants, SNP treatments enhanced salinity tolerance
by stimulating APX enzyme activity and increasing
leaf ASC content (Manai etal., 2014). These findings
are consistent with the results of the present study
(Figs. 5 and 6). According to Asada (1999), where
leaves are exposed to high salinity levels, the ASC
content may reflect elevated APX activity involved
in ROS detoxification. The concurrent increase in
ASC content under severe salinity stress, along with
rising H2O levels, likely serves to sustain APX
activity and preserves cellular redox homeostasis.
Exogenous applications of SNP have reportedly
boosted the antioxidant defense system, thereby
reducing membrane permeability and mitigating
oxidative stress in various plant species (Bhardwaj et
al., 2021; Mariyam et al., 2023; Kaya et al., 2023),
including citrus (Tanou, et al., 2012; Khoshbakht et
al., 2018).

In the present study, salinity stress significantly
upregulated SOD and APX activities in Pyrodwarf
pear rootstocks, suggesting an adaptive antioxidant
response. Moreover, SNP supplementation further
enhanced APX activity and markedly reduced H,0-
accumulation (Fig. 6), indicating its role in the
antioxidative defense machinery. Notably, plants
treated with 1 mM SNP under 50 mM NacCl stress
exhibited no significant differences in oxidative
stress parameters compared to control plants,
highlighting the influence of SNP in conferring
short-term salinity tolerance. The application of SNP
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offers a cost-effective strategy for mitigating salinity
stress, and by maintaining up to 90% of plant growth
under 50 mM NaCl stress, SNP could substantially
reduce economic losses in saline-prone orchards.
However, this study was limited to short-term stress
in greenhouse conditions; thus, Long-term field trials
are necessary.

Conclusion

The present study demonstrated that salinity stress
markedly inhibited the growth of Pyrodwarf pear
rootstocks. Salinity stress increased H,O; levels,
indicating enhanced oxidative damage, while
concurrently stimulating the activities of key
antioxidant enzymes. Notably, exogenous SNP
effectively alleviated the detrimental impacts of
salinity by improving growth and modulating
biochemical responses. Specifically, the SNP
treatment enhanced the ASC content and the
photosynthetic pigment content while reducing
oxidative stress. SNP-treated plants maintained 90%
growth under 50 mM NaCl These findings suggest
that SNIP application via the root system could serve
as a practical strategy to improve salt tolerance in
pear rootstocks, particularly under conditions of
limited freshwater availability. Thus, SNP treatment
holds potential for optimizing fresh water resources
for short-term irrigation in pear cultivation. Future
research should investigate SNP effectiveness across
different rootstock genotypes and over longer
periods.

Acknowledgements

The authors would like to thank the staff of the
Horticulture Science Department of the University of
Tabriz, Urmia University, and Payame Noor
University.

Author Contributions

Conceptualization, LN, FZN and MY’; methodology,
FZN and MY; software, FZN and MY:; validation,
LN, FZN and MY; formal analysis, FZN and MY;
investigation, MY resources, MY, data curation,
MY; writing—original draft preparation, MY;
writing—review and editing, MY visualization,
MY; supervision, LN and FZN; project
administration, LN; funding acquisition, LN and
MY. All authors have read and agreed to the
published version of the manuscript.

Funding
This research received no external funding.

Conflict of Interest
The authors indicate no conflict of interest in this
work.



Yousefi et al.,

Int. J. Hort. Sci. Technol. 2027 14 (2): 251-262

References

Ahmad F, Kamal A, Singh A, Ashfaque F, Alamri S,
Siddiqui MH. 2020. Salicylic acid modulates
antioxidant system, defense metabolites, and
expression of salt transporter genes in Pisum sativum
under salinity stress. Journal of Plant Growth
Regulation 24, 1-4. https://doi.org/ 10.1007/s00344-
020-10271-5

Akram NA, Hafeez N, Farid-ul-Haq M, Ahmad A,
Sadiq M, Ashraf M. 2020. Foliage application and
seed priming with nitric oxide causes mitigation of
salinity-induced metabolic adversaries in broccoli
(Brassica oleracea L.) plants. Acta Physiologiae
Plantarum 42, 1-9. https://doi.org/10.1007/s11738-
020-03140-x

Aras S, Keles H, Esitken A. 2020. SNP mitigates
malignant salt effects on apple plants. erwerbs-
obstba 62, 107-115. https://doi.org/10.1007/s10341-
019-00445-1

Arif Y, Singh P, Siddiqui H, Bajguz A, Hayat S.
2020. Salinity induced physiological and
biochemical changes in plants: An omic approach
towards salt stress tolerance. Plant Physiology and
Biochemistry 1(156), 64-77.
https://doi.org/10.1016/j.plaphy.2020.08.042

Asada K. 1999. The water-water cycle in
chloroplasts: scavenging of active oxygen and
dissipation of excess photons. Annual Review of
Plant Biology 50(1), 601-39.
https://doi.org/10.1146/annurev.arplant.50.1.601

Beligni MV, Fath A, Bethke PC, Lamattina L, Jones
RL. 2002. Nitric oxide acts as an antioxidant and
delays programmed cell death in barley aleurone
layers. Plant Physiology 129(4), 1642-1650.
https://doi.org/10.1104/pp.002337

Beyer Jr, Wayne F, Fridovich I. 1987. Assaying for
superoxide dismutase activity: some large
consequences of minor changes in conditions.
Analytical Biochemistry 161(2), 559-66.
https://doi.org/10.1016/0003-2697(87)90489-1

Bhardwaj S, Kapoor D, Singh S, Gautam V, Dhanjal
DS, Jan S, Ramamurthy PC, Prasad R, Singh J. 2021.
Nitric oxide: a ubiquitous signal molecule for
enhancing plant tolerance to salinity stress and their
molecular mechanisms. Journal of Plant Growth
Regulation 40(6), 2329-2341.
https://doi.org/10.1007/s00344-021-10394-3

Bolat I, Bakir AG, Korkmaz K, Gutiérrez-Gamboa
G, Kaya 0O. 2022. Silicon and nitric oxide
applications allow mitigation of water stress in
Myrobalan 29C rootstocks (Prunus cerasifera
Ehrh.). Agriculture 12(8), 1273.
https://doi.org/10.3390/agriculture12081273

Bradford MM. 1976. A rapid and sensitive method

260

for the quantitation of microgram quantities of
protein utilizing the principle of protein-dye binding.
Analytical ~ Biochemistry  72(1-2),  248-54.
https://doi.org/10.1006/abio.1976.9999

Chapman HD, Pratt PF. 1962. “Methods of analysis
for soils, plants and waters”. Soil Science 93(1), 68.
https://doi.org/10.1097/00010694-196201000-
00015

Celik O, Ayan A, Atak C. 2017. Enzymatic and non-
enzymatic comparison of two different industrial
tomato (Solanum lycopersicum) varieties against
drought stress. Botanical Studies 58, 1-3.
https://doi.org/10.1186/s40529-017-0186-6

Choudhary S, Wani KI, Naeem M, Khan MM, Aftab
T. 2023. Cellular responses, osmotic adjustments,
and role of osmolytes in providing salt stress
resilience in higher plants: polyamines and nitric
oxide crosstalk. Journal of Plant Growth Regulation
42(2), 539-53. https://doi.org/10.1007/s00344-022-
10584-7

Dichala O, Therios I, Papadopoulos A, Chatzistathis
T, Chatzisavvidis C, Antonopoulou C. 2021. Effects
of varying concentrations of different salts on
mineral composition of leaves and roots of three
pomegranate (Punica granatum L.) cultivars.
Scientia Horticulturae 275, 109718.
https://doi.org/10.1016/j.scienta.2020.109718

El-Mahdy MT, Youssef M, Elazab DS. 2022. In vitro
screening for salinity tolerance in pomegranate
(Punica granatum L.) by morphological and
molecular characterization. Acta Physiologiae
Plantarum 44(2), 217. 1-11.
https://doi.org/10.1007/s11738-022-03361-2

Farouk S, Al-Hugail AA. 2020. Sodium
nitroprusside application regulates antioxidant
capacity, improves phytopharmaceutical production
and essential oil yield of marjoram herb under
drought. Industrial Crops and Products 158, 113034.
https://doi.org/10.1016/j.indcrop.2020.113034

Ferreira LM, Henschel JM, de Almeida Mendes JJ,
da Silva Gomes D, dos Santos SK, Lopes AS, Araujo
DJ, Batista DS. 2024. Sodium nitroprusside
alleviates moderate drought stress in beet (Beta
vulgaris L. subsp. vulgaris) by modulating its
photosynthetic capacity. Journal of Plant Growth
Regulation 43(3), 755-69.
https://doi.org/10.1007/s00344-023-11135-4

Gao Y, Lu Y, Wu M, Liang E, Li Y, Zhang D, Yin
Z, Ren X, Dai Y, Deng D, Chen J. 2016. Ability to
remove Na® and retain K* correlates with salt
tolerance in two maize inbred lines seedlings.
Frontiers in  Plant  Science 7, 1716.
https://doi.org/10.3389/fpls.2016.01716

Hayat S, Yadav S, Wani AS, Irfan M, Alyemini MN,



Yousefi et al.,

Int. J. Hort. Sci. Technol. 2027 14 (2): 251-262

Ahmad A. 2012. Impact of sodium nitroprusside on
nitrate reductase, proline content, and antioxidant
system in tomato under salinity stress. Horticulture,
Environment, and Biotechnology 53, 362-7.
https://doi.org/10.1007/s13580-012-0481-9

He L, Ban Y, Inoue H, Matsuda N, Liu J, Moriguchi
T. 2008. Enhancement of spermidine content and
antioxidant capacity in transgenic pear shoots

overexpressing apple spermidine synthase in
response  to  salinity and  hyperosmosis.
Phytochemistry 69(11), 2133-41.

https://doi.org/10.1016/j.phytochem.2008.05.015

Hodges DM, Andrews CJ, Johnson DA, Hamilton
RI. 1996. Antioxidant compound responses to
chilling stress in differentially sensitive inbred maize
lines. Physiologia Plantarum 98(4), 685-92.
https://doi.org/10.1034/j.1399-3054.1996.980402.x

Javadisaber J, Dumanoglu H, Sahin O, Sarikamis G,
Ergiill A, Cakir Aydemir B. 2024. Salt stress
tolerance of Pyrus spp. and Cydonia oblonga
genotypes assessed by morphological, biochemical
and dehydrin gene expression analysis. Journal of
Plant  Growth  Regulation 43(1), 165-77.
https://doi.org/10.1007/s00344-023-11071-3

Kaya C, Ugurlar F, Ashraf M, Alam P, Ahmad P.
2023. Nitric oxide and hydrogen sulfide work
together to improve tolerance to salinity stress in
wheat plants by upraising the AsA-GSH cycle. Plant
Physiology and Biochemistry 194, 651-63.
https://doi.org/10.1016/j.plaphy.2022.11.041

Khoshbakht D, Asghari MR, Haghighi M. 2018.
Effects of foliar applications of nitric oxide and
spermidine on chlorophyll fluorescence,
photosynthesis and antioxidant enzyme activities of
citrus seedlings under salinity stress. Photosynthetica
56, 1313-1325. https://doi.org/10.1007/s11099-018-
0839-z

Leshem YY, Haramaty E. 1996. Plant aging: the
emission of NO and ethylene and effect of NO-
releasing compounds on growth of pea (Pisum
sativum) foliage. Journal of Plant Physiology 148(3-
4), 258-63. https://doi.org/10.1016/s0176-
1617(96)80251-3

Lichtenthaler HK. 1987. [34] “Chlorophylls and
carotenoids: pigments of photosynthetic
biomembranes”, In Methods in Enzymology 148,
350-382. Academic Press.
https://doi.org/10.1016/0076-6879(87)48036-1

Liu S, Dong Y, Xu L, Kong J. 2014. Effects of foliar
applications of nitric oxide and salicylic acid on salt-
induced changes in photosynthesis and antioxidative
metabolism of cotton seedlings. Plant Growth
Regulation 73, 67-78.
https://doi.org/10.1007/s10725-013-9868-6

261

Lutts S, Kinet JM, Bouharmont J. 1996. NaCl-
induced senescence in leaves of rice (Oryza satival..)
cultivars differing in salinity resistance. Annals of
Botany 78(3), 389-98.

https://doi.org/10.1006/anb0.1996.0134

Manai J, Kalai T, Gouia H, Corpas FJ. 2014.
Exogenous nitric oxide (NO) ameliorates salinity-
induced oxidative stress in tomato (Solanum
lycopersicum) plants. Journal of Soil Science and
Plant Nutrition 14(2), 433-46.
https://doi.org/10.4067/s0718-95162014005000034

Mariyam S, Bhardwaj R, Khan NA, Sahi SV, Seth
CS. 2023. Review on nitric oxide at the forefront of
rapid systemic signaling in mitigation of salinity
stress in plants: Crosstalk with calcium and hydrogen
peroxide. Plant Science 1, 111336: 111835.
https://doi.org/10.1016/j.plantsci.2023.111835

Maia FM, Costa AC, de Castro JN, Megguer CA,
Soares FA. 2016. Photosynthesis and water relations
of sunflower cultivars under salinity conditions.
African Journal of Agricultural Research 11(30),
2817-24. https://doi.org/10.5897/ajar2014.9106

Mirabi E, Seifi E, Hokmabadi H. 2024. Enhancing

salinity tolerance in interspecific pistachio
rootstocks through exogenous application of
glycerol and sodium nitroprusside. Scientia
Horticulturae 338, 113802.

https://doi.org/10.1016/j.scienta.2024.113802

Musacchi S, Quartieri M, Tagliavini M. 2006. Pear
(Pyrus communis) and quince (Cydonia oblonga)
roots exhibit different ability to prevent sodium and
chloride uptake when irrigated with saline water.
European Journal of Agronomy 24(3), 268-75.
https://doi.org/10.1016/j.eja.2005.10.003

Nabi RB, Tayade R, Hussain A, Kulkarni KP, Imran
QM, Mun BG, Yun BW. 2019. Nitric oxide regulates
plant responses to drought, salinity, and heavy metal
stress. Environmental and Experimental Botany 161,
120-33.
https://doi.org/10.1016/j.envexpbot.2019.02.003

Nagai A, Torres PB, Duarte LM, Chaves AL,
Macedo AF, Floh EI, de Oliveira LF, Zuccarelli R,
Dos Santos DY. 2020. Signaling pathway played by
salicylic acid, gentisic acid, nitric oxide, polyamines
and non-enzymatic antioxidants in compatible and
incompatible Solanum-tomato mottle mosaic virus
interactions.  Plant  Science 290, 110274.
https://doi.org/10.1016/j.plantsci.2019.110274

Nakano Y, Asada K. 1981. Hydrogen peroxide is
scavenged by ascorbate-specific peroxidase in
spinach chloroplasts. Plant and Cell Physiology
22(5), 867-80.
https://doi.org/10.1093/oxfordjournals.pcp.a076232



Yousefi et al.,

Int. J. Hort. Sci. Technol. 2027 14 (2): 251-262

Esim N, Karaman A, Atict O. 2024. Nitric oxide
alleviates  mercury  toxicity by  changing
physiological and biochemical pathways in maize
(Zea mays L.) seedlings. Acta Botanica Croatica
83(1), 60-8. https://doi.org/10.37427/botcro-2024-
008

Okubo M, Sakuratani T. 2000. Effects of sodium
chloride on survival and stem elongation of two
Asian  pear rootstock  seedlings.  Scientia
Horticulturae 85(1-2), 85-90.
https://doi.org/10.1016/s0304-4238(99)00141-7

Remorini D, Melgar JC, Guidi L, Degl’Innocenti E,
Castelli S, Traversi ML, Massai R, Tattini M. 2009.
Interaction effects of root-zone salinity and solar
irradiance on the physiology and biochemistry of
Olea europaea. Environmental and Experimental
Botany 65(2-3), 210-9.
https://doi.org/10.1016/j.envexpbot.2008.12.004

Shahzad S, Ali S, Ahmad R, Ercisli S, Anjum MA.
2022. Foliar application of silicon enhances growth,
flower yield, quality and postharvest life of tuberose
(Polianthes tuberosa L.) under saline conditions by
improving antioxidant defense mechanism. Silicon
1-8. https://doi.org/10.1007/s12633-021-00974-z

Shams M, Ekinci M, Ors S, Turan M, Agar G, Kul
R, Yildirim E. 2019. Nitric oxide mitigates salt stress
effects of pepper seedlings by altering nutrient
uptake, enzyme activity and osmolyte accumulation.
Physiology and Molecular Biology of Plants 25,
1149-1161. https://doi.org/10.1007/s12298-019-
00692-2

Tanou G, Molassiotis A, Diamantidis G. 2009.
Hydrogen peroxide-and nitric  oxide-induced
systemic antioxidant prime-like activity under NaCl-
stress and stress-free conditions in citrus plants.
Journal of Plant Physiology 166(17), 1904-13.
https://doi.org/10.1016/j.jplph.2009.06.012

Tanou G, Filippou P, Belghazi M, Job D,
Diamantidis G, Fotopoulos V, Molassiotis A. 2012.
Oxidative and nitrosative-based signaling and
associated post-translational modifications
orchestrate the acclimation of citrus plants to salinity

262

stress. The Plant Journal 72(4), 585-99.
https://doi.org/10.1111/j.1365-313x.2012.05100.x

Wani AS, Ahmad A, Hayat S, Fariduddin Q. 2013.
Salt-induced modulation in growth, photosynthesis
and antioxidant system in two varieties of Brassica
juncea. Saudi Journal of Biological Sciences 20(2),
183-93. https://doi.org/10.1016/j.5jbs.2013.01.006

Velikova V, Yordanov I, Edreva AJ. 2000. Oxidative
stress and some antioxidant systems in acid rain-
treated bean plants: protective role of exogenous
polyamines. Plant Science 151(1), 59-66.
https://doi.org/10.1016/s0168-9452(99)00197-1

Verma S, Mishra SN. 2005. Putrescine alleviation of
growth in salt stressed Brassica juncea by inducing
antioxidative defense system. Journal of Plant
Physiology 162(6), 669-77.
https://doi.org/10.1016/j.jplph.2004.08.008

Zhang Y, Wang L, Liu Y, Zhang Q, Wei Q, Zhang
W. 2006. Nitric oxide enhances salt tolerance in
maize seedlings through increasing activities of
proton-pump and Na*/H* antiport in the tonoplast.
Planta 224, 545-55,
https://doi.org/10.1016/j.jplph.2004.08.008

Zhang L, Li X, Li X, Wei Z, Han M, Zhang L, Li B.
2016. Exogenous nitric oxide protects against
drought-induced  oxidative stress in  Malus
rootstocks. Turkish Journal of Botany 40(1), 17-27.
https://doi.org/10.1016/j.jplph.2004.08.008

Zhang W, Yuan S, Zhang H, Liu N, Zhang Y. 2024.
Exogenous paclobutrazol effectively mitigates salt
stress in ‘Duli” (Pyrus betulifolia) seedlings by
reducing Na*/K* ratio, improving their osmotic
substances, and activating the expression level of
SOS and ABA pathway genes. Scientia
Horticulturae 338, 113836.
https://doi.org/10.1016/j.scienta.2024.113836

Zhao L, Zhang F, Guo J, Yang Y, Li B, Zhang L.
2004. Nitric oxide functions as a signal in salt
resistance in the calluses from two ecotypes of reed.
Plant Physiology 134(2), 849-57.
https://doi.org/10.1104/pp.103.030023



