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Abstract. Due to increasing soil salinity, the world agricultural output is being threatened by the shrinking area of
fertile land. In the present study, we explored the interactive roles of nitric oxide (NO; 100 pM) and spermidine (SP;
200 puM) in ameliorating the effects of salt stress (NaCl; 100 mM) in tomato (Solanum Ilycopersicum L. var. Five
Star) seedlings. NaCl stress reduced shoot and root length, shoot and root fresh weight, shoot and root dry weight
plant’ and leaf area leaf’. NaCl stress also suppressed the biosynthesis of photosynthetic pigments (Chlorophyll a
and b) and increased proline (Pro) content, membrane damage and lipid peroxidation by inducing reactive oxygen
species (H,O, and O," ) generation in roots and leaves, as well as electrolyte leakage (EL) and malondialdehyde
(MDA) accumulation in leaves. However, applying NO and/or SP increased the activities of catalase, peroxidase,
superoxide dismutase, glutathione reductase and ascorbate peroxidase and increased photosynthetic pigment (chlorophyll
a and b) and Pro accumulation, as well as reducing H,O,, O, and MDA content and EL, under salt stress. When
tomato plants were treated with NO and SP simultaneously, NO signaling was further enhanced, which was confirmed

by the addition of cPTIO [2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide; NO scavenger].
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Introduction

The increasing salinity in agricultural soils on a global
scale is one of the major threats to crop productivity and
poses a serious challenge to feeding the ever-growing world
population. Anthropogenic activities, including reduced rainfall
resulting from climate change and the use of irrigation
systems with high levels of naturally occurring salts in
irrigation water, have led to the conversion of a large amount
of fertile lands to saline lands. According to the FAO (2005),
increased salinity affects agricultural production in over 397
million hectares of land. The continuous increase in salt
levels in arable soils has destructive global consequences,
which will result in a 30% land loss within 25 years, rising
to 50% by the year 2050 (Wang et al., 2003). Nearly 20-
27% of irrigated land is currently affected by salt, with crop
yields well below their genetic potential (Siddiqui et al.,
2009; 2010).

Increasing salinization has become a major environmental
threat, marked by a severe slowdown in the sustainable
improvement of crop production. The degree of impact of
salt stress on plant growth and development depends on the
concentration of salt, the sensitivity of crops and the genetic
makeup of plants for resisting and overcoming the adverse
effects of salt stress (Siddiqui et al., 2009; Munns 2005).
Salinity leads to many changes in plants at the physiological
and molecular levels. Salinity disturbs photosynthetic activity,
respiration, osmotic balance, ion homeostasis, protein and
nucleic acid synthesis, enzyme activity, organic solute accu-
mulation and hormonal balance (Siddiqui et al., 2012; Gupta
and Huang 2014). In addition, salinity disturbs the water
absorption capacity of plants, resulting in a paucity of water
in leaves due to osmotic (hyperosmotic) stress, which is
brought on by the accumulation of high salts in soil and
plants. Osmotic stress caused by salinity alters plant root
architecture and inhibits root elongation by disturbing cell
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size, cell division and the expansion of cells in the root
elongation zone. Thus, it is crucial to investigate the physio-
biochemical mechanisms of plants involved in salt stress
tolerance. Compounds and polyamines (PAs) containing nitrogen
play a key role in ion and osmotic homeostasis, in addition
to promoting the fortification of cellular macromolecules,
which leads to a greater capacity of plants to scavenge and
detoxify reactive oxygen species (ROS), resulting in increased
abiotic stress tolerance.

Polyamines (PAs) are nitrogenous compounds that are
ubiquitous in all living cells and have diverse functions in
many cellular processes (Thomas and Thomas 2001; Zhao
and Yang 2008). Among compatible solutes, PAs enable
plants to tolerate environmental stresses by protecting their
cellular components, such as nucleic acids, proteins and
phospholipids (Groppa and Benavides 2008; Kusano et al.,
2008; Nahar et al., 2016) and by regulating gene expression
under various stress conditions (Wen et al., 2011). Among
PAs, spermidine (SP) (triamine), putrescine (diamine) and
spermine (tetramine) are synthesized in response to different
abiotic stresses in plant tissues and play a vital role in
various physiological functions in plants. However, the specific
role played by PAs in stress mitigation remains unknown
and needs to be further explored.

PAs and nitric oxide (NO) might play a cumulative role
in plants (Fan et al., 2013; Wang et al., 2016). NO acts as a
signaling molecule and has antioxidant properties (Beligni
et al., 2002). Evidence suggests that NO protects plants from
oxidative damage by regulating cellular redox homeostasis
and promoting the scavenging capacity of plants by inducing
antioxidant enzymes (Siddiqui et al., 2011). Both PAs and
NO have signaling properties, play multiple biological functions
in plant growth and development and interact with hormones
(Nahar et al., 2016; Wang et al., 2016). PA and NO biosynthesis
might be interlinked, as PAs (spermine and SP) induce NO
generation in Arabidopsis thaliana seedlings (Tun et al.,
2006). Under stress conditions, NO might act as a downstream
signal for PAs in plants (Arasimowicz-Jelonek et al., 2009).
Also, both spermine and SP have an inhibitory effect on NO
biosynthesis in Araucaria angustifolia (Silveira et al., 2006).
However, the cumulative role and functional properties of
both biogenic molecules (SP and NO) under salinity have,
to the best of our knowledge, yet to be confirmed. Therefore,
it is important to discover the possible interrelationship
between SP and NO and to explore the cumulative effect of
SP and/or NO on growth and development and on the
antioxidant system in tomato plants under stress, which has
yet to be studied. The aim of the present study is to de-
termine whether the application of SP alone, as well as in
combination with NO, enhances the physio-morphological
attributes of tomato plants by improving their tolerance to
NaCl stress.
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Materials and Methods

Plant Culture

Tomato seeds (Solanum lycopersicum L. var. Five Star)
were obtained from a local market. Before sowing, the seeds
were surface sterilized with a solution containing 49%
sterile double-distilled water (DDW), 50% ethanol and 1%
sodium hypochlorite for 5 minutes, followed by vigorous
rinsing with sterile DDW. The tomato seeds were germinated
on two sheets of sterilized moistened filter paper in a Petri
dish (12-cm diameter). The Petri dishes were kept in the
dark for germination.

SP and NO Treatment Under NaCl Stress

After two weeks of germination, the seedlings were trans-
ferred to fresh Petri dishes and subjected to the following
treatments: (i) 0 uM NO + 0 uM SP, (control), (ii) 100 uM
NO, (iii) 200 uM SP, (iv) 100 uM NO + 200 uM SP, (v)
100 mM NaCl, (vi) 100 uM NO + 100 mM NaCl, (vii) 200
UM SP + 100 mM NaCl, (viii) 100 pM NO + 200 uM SP +
100 mM NaCl and (ix) 200 uM cPTIO + 100 uM NO + 200
uM SP + 100 mM NaCl. Analytical grade chemicals were
used in this study. Sodium nitroprusside [SNP: (Na, [Fe
(CN)sNOJ].2H,0] was used as the NO donor, while cPTIO
[2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxy
1-3-oxide] was used as the NO scavenger. NaCl treatment
was applied to the Petri dish containing tomato seedlings in
order to attain the proper final concentration. All Petri dishes
were incubated in a growth chamber (temperature 25 + 3°C,
relative humidity 50 to 60% and light conditions of 450
pmol of photons m™?+s™ under a 16/8-h light/dark cycle).

Determination of Morphological Characteristics of
Plants

Seedlings were harvested after 30 days of treatment and
subjected to growth, physiological and biochemical analysis.
The growth performance of tomato seedlings was evaluated
in terms of shoot length (SL) and root length (RL) plant”,
shoot (SFW) and root fresh weight (RFW) plant”, shoot
(SDW) and root dry weight (RDW) plant” and area leaf ™.
The leaf area was recorded directly using a Leaf Area Meter
(LI-COR Inc., USA). The areas of three leaves (upper, middle
and lower) from each plant in a sample (consisting of five
plants) were measured.

Determination of Physiological and Biochemical
Characteristics of Plants

Chlorophyll: Chlorophyll (Chl) a and b were extracted
from the fresh leaves of plants using the DMSO method of
Barnes et al. (1992).
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Proline (Pro): Proline (Pro) levels were estimated as described
by Bates et al. (1973). Leaves were sampled from tomato
plants, and 50 mg leaf tissue (per treatment) was homogenized
in 3% sulfosalicylic acid and filtered. The filtrate (2 mL) was
transferred to a test tube containing ninhydrin reagent (1.25
mg ninhydrin in 30 mL glacial acetic acid and 20 mL 6 M
phosphoric acid), after which the samples were heated to
100°C. The reaction mixture was separated with toluene,
and free toluene was quantified at 520 nm.

Malondialdehyde (MDA): Leaf samples were collected and
crushed in liquid nitrogen. Fine leaf powder was suspended
in a test tube containing 10% trichloroacetic acid and 0.65%
2-thiobarbituric acid and heated at 95°C for 60 minutes. The
homogenate was centrifuged at 10,000 g for 10 minutes after
cooling. The absorbance of the supernatant was read at 532 nm
and 600 nm against a reagent blank (Heath and Packer, 1968).

Electrolyte Leakage

To evaluate membrane permeability, electrolyte leakage
(EL) was measured according to the method of Lutts et al.
(1995). EL was defined as EC,/EC,x100 and expressed as a
percentage.

Determination of Antioxidant Enzyme Activity

To determine the activities of antioxidant enzymes, each
leaf sample was crushed into a fine powder in liquid N,
using a mortar and pestle. The homogenized leaf tissue was
suspended in extraction buffer (0.5% Triton X-100 and 1%
polyvinylpyrrolidone) and in 100 mM potassium phosphate
buffer (pH 7.0). The homogenate was centrifuged at 15,000 g
for 20 minutes at 4°C, and the supernatant was used for the
enzymatic assays. The Bradford method (1976) was used for
protein quantification.

Peroxidase (POD; EC 1.11.1.7) activity was assayed according
to the method of Chance and Maehly (1955), with slight
modifications. The enzyme reaction mixture (5 mL) contained
5 mM pyrogallol, 100 mM phosphate buffer (pH 6.8), 5 mM
H,0; and 1 mL of enzyme extract diluted 20-fold. After
incubating the assay mixture for 5 minutes at 25°C, the reaction
was stopped by adding 0.5 mL of 5% (v/v) H,SO,. The amount
of purpurogallin formed was estimated spectrophotometrically
at 420 nm. One unit of POD activity was determined based
on the amount of purpurogallin formed per mg of protein per
minute.

The method of Aebi (1984) was followed to determine
catalase (CAT; EC 1.11.1.6) activity.The reaction solution
included 50 mM phosphate buffer (pH 7.8) and 10 mM
H,0,. The decomposition of H,O, was determined based on
the decrease in absorbance at 240 nm.

Superoxide dismutase (SOD) (EC 1.15.1.1) activity was

measured by observing the inhibition of nitro blue tetrazolium
(NBT) photoreduction (Giannopolitis and Ries, 1977). In
this assay, the reaction solution comprised 50 mM NBT, 1.3
mM riboflavin, 13 mM methionine, 75 uM ethylenediamine
tetraacetic acid (EDTA), 50 mM phosphate buffer (pH 7.8)
and 50-100 pL enzyme extract. The reaction solution was
illuminated under fluorescent light at 75 uM m™-s™ for 15
minutes. The absorbance at 560 nm was read against a blank
(non-irradiated reaction solution). One unit of SOD activity
was defined as the amount of enzyme inhibiting 50% of
NBT photoreduction at 560 nm.

APX (EC 1.11.1.11) activity was measured using the
method of Nakano and Asada (1981) as follow: the reaction
was initiated by adding 200 pL enzyme extract to reaction
buffer solution containing 50 mM potassium phosphate (pH
7.0), 0.1 mM EDTA, 0.1 mM hydrogen peroxide and 0.5 mM
ascorbate. The hydrogen peroxide-dependent oxidation of
ascorbate was followed by measuring the decrease in the
absorbance at 290 nm (absorbance coefficient at 2.8 mM™ -
cm™) for min™ in mL™" of reaction mixture.

GR (EC 1.6.4.2) activity was determined as described by
Foyer and Halliwell (1976), with minor modifications. The
assay mixture contained 50 pL. enzyme extract, 100 mM phos-
phate buffer (pH 7.8), 0.1 uM EDTA, 0.05 mM NADPH and
3.0 mM oxidized glutathione in a total volume of 1.0 mL.
After incubating the reaction mixture for 10 min. at 25°C,
the NADPH oxidation rate was monitored by reading the
absorbance at 340 nm at the moment of H,O, addition and
then 1 minute later. The difference in absorbance (A340) was
divided by the NADPH molar extinction coefficient (6.22
mM'-ecm™) and the enzyme activity was expressed as M of
NADPH min™ - mg™ protein.

Histochemical Detection of ROS and NO in Roots
by Fluorescence Microscopy

NO was detected in the roots of each treated seedling using
4,5-diaminofluorescein diacetate (DAF-2DA) under a fluo-
rescence microscope (Nikon Eclipse Ni-U, Nikon, Tokyo,
Japan). Root segments (10 mm from the root tip) were
incubated in a solution containing the fluorescent probe
DAF-2DA (prepared in 10 mM Tris-HCI [pH 7.4]) for 1
hour in the dark at room temperature. The roots were then
washed three times in fresh buffer without DAF-2 DA and
examined at excitation and emission wavelengths of 490 nm
and 525 nm, respectively, under a microscope (Rodriguez-
Serrano, 20006).

Hydrogen peroxide (H,O.) was detected using the fluorescent
probe 2’, 7°-dichlorofluorescein diacetate (DCF-DA) following
the method of Schopfer et al. (2001). H,O, was detected by
incubating the roots of experimental seedlings in 25 uM
DCF-DA (prepared in 10 mM Tris-HCI) for 30 minutes at
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37°C. The roots were then washed three times with buffer
and imaged under a fluorescence microscope (Eclipse Ni-U,
Nikon, Tokyo, Japan) at excitation and emission wavelengths
of 480 and 530 nm, respectively. Images were captured with
a camera (DS-Ril).

Histochemical Detection of ROS in Leaves

0O, and H,0O, were detected in tomato leaves as described
by Wang et al. (2011) and Mostofa and Fuyjita (2013),
respectively. Briefly, the second leaves of treated plants
were incubated in 0.1% nitro blue tetrazolium (NBT) and
1% 3,3-diaminobenzidine (DAB) solutions (prepared in a 50
mM Tris acetate buffer [pH 5.8]) for 12 hours at room tem-
perature in the dark and in the light, respectively. Thereafter,
incubated leaves were rinsed in DDW. To remove chlorophyll,
the leaves were boiled in bleaching solution containing
glycerol, acetic acid and ethanol (1:1:4) to detect blue insoluble
formazan (for O,") and a deep brown polymerization product
(for H,0O,). After cooling, images of leaves were taken by
placing the leaves between two glass plates.

The experiment was performed using a randomized
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sample design with a single factor of six replicates. The data
were subjected to one-way analysis of variance using SPSS
Ver. 17 statistical software. The means were compared sta-
tistically using Duncan’s multiple-range test at the p < 0.05
level. Each value shows the mean of six replicates (n=6) +
standard error (SE).

Results

In the present study, we evaluated the performance of
plants under NaCl stress based on their growth and physio-
logical and biochemical characteristics. We also validated
the interacting role of NO and SP in restoring plant growth
and development under salinity stress.

Effect of NO and/or SP on Plant Growth
Characteristics

We measured seven growth parameters in tomato seeds
(SL, RL, SFW, RFW, SDW, RDW and LA; Figs. 1 and 2).
Separate and combined treatments with NO and SP enhanced
all growth characteristics in plants under normal conditions.
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Fig. 1. Effect of nitric oxide and spermidine on (A) shoot length, (B) root length, (C) shoot fresh weight and (D) root fresh weight plant™
in tomato plants under salinity stress. Bars followed by the same letter do not differ statistically at p < 0.05 (Duncan Multiple Range
Test). Average of six determinations are presented with bars indicating S.E. Control (C), NO (T1), SP (T2), NO+SP (T3), S (T4),
NO+S (T5), SP+S (T6), NO+SP+S (T7) and cPTIO+NO+SP+S (T8).
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Fig. 2. Effect of nitric oxide and spermidine on (A) shoot dry weight, (B) root dry weight plant’ and (C) leaf area in tomato plants
under salinity stress. Bars followed by the same letter do not differ statistically at p < 0.05 (Duncan Multiple Range Test). Average
of six determinations are presented with bars indicating S.E. Control (C), NO (T1), SP (T2), NO+SP (T3), S (T4), NO+S (T5), SP+S

(T6), NO+SP+S (T7) and cPTIO+NO+SP+S (T8).

NO combined with SP was more effective and yielded greater
values for all measured growth traits under both salinity and
non-salinity conditions compared to separate treatments.
However, the application of NaCl significantly inhibited all
parameters compared with the control. The application of
NO and SP together was more effective in improving plant
growth traits under salt stress than separate treatments. To
confirm the role of NO, we applied cPTIO to the seedlings,
which reduced growth parameters, even in the presence of
SP.

Effect of NO and/or SP on Physio-biochemical
Parameters

The application of NO alone, as well as in combination
with SP, significantly increased the accumulation of both
photosynthetic pigments (Ch/ a and Chl b) under non-stress
conditions (Fig. 3A and B). The combined application of
NO and SP yielded higher values for both parameters than
the application of these treatments separately. NaCl treatment
reduced the biosynthesis of both pigments compared with
the control. Moreover, the combined application of NO and
SP significantly improved Chl a and Chl b biosynthesis

under salinity stress. In the present study, we confirmed that
the addition of cPTIO in a solution containing NO reverses
the ameliorating effect of NO under salt stress, even in the
presence of SP. Similarly, the application of NO and SP
separately, as well as in combination, increased the accu-
mulation of Pro over the control, especially the combined
application of NO and SP (Fig. 3C). Under salt stress, NO +
SP-treated plants had higher Pro contents than the control.
To confirm the role of NO in this process, we applied
the NO scavenger, cPTIO, to the seedlings, which led to
reduced Pro accumulation.

Under non-stress conditions, EL and the contents of MDA
and H,O, decreased in seedlings treated with NO and SP
separately, as well as in combination (Fig. 4A, B and C),
over the controls. In general, NaCl-stressed tomato seedlings
showed a significant increase in MDA and H,O, contents, as
well as EL, compared to the controls. The combined application
of NO and SP was more efficient in limiting the accumulation
of MDA and H,O, than NO and SP alone under salinity
stress. Moreover, when cPTIO, an inhibitor of NO, was
added, the levels of MDA, H,O, and EL increased, even in
the presence of SP and NO.
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Fig. 3. Effect of nitric oxide and spermidine on the contents of (A) chlorophyll a, (B) chlorophyll b and (C) proline in tomato leaves
under salinity stress. Bars followed by the same letter do not differ statistically at p < 0.05 (Duncan Multiple Range Test). Average
of six determinations are presented with bars indicating S.E. Control (C), NO (T1), SP (T2), NO+SP (T3), S (T4), NO+S (T5), SP+S

(T6), NO+SP+S (T7) and cPTIO+NO+SP+S (T8).

We detected the in situ generation of ROS in the leaves of
tomato seedlings under salinity stress using DAB staining,
as shown in Figure 5. We detected greater generation of
DAB-H,0, (brown color, due to DAB polymerization) in
the intact leaves of NaCl-treated plants compared to the
lower levels of DAB-H,0; in the leaves of non-stress plants
(Fig. 5A). However, less HO, generation was detected in
the leaves of seedlings treated with NO + SP compared with
the control and cPTIO-treated plants under stress and non-stress
conditions. We detected the production of O, in leaves in
the form of dark blue insoluble formazan using NBT
staining (Fig. 5B). Parallel results were obtained in tomato
seedlings treated with NO and/or SP under stress and
non-stress conditions. We observed trace levels of O,
production in the leaves of seedlings treated with NO and/or
SP compared with the control and cPTIO-treated plants.
Seedlings treated with the combined application of NO and
SP showed lower O,  levels in their leaves compared to
NaCl-treated plants.

We detected ROS (H,0,) production in the roots of tomato
seedlings under both conditions (Fig. 6A). A sharp increase
in green DCF fluorescence in roots was detected in NaCl-

@ Springer

stressed seedling roots compared to the roots of non-stressed
seedlings. Lower levels of green DCF fluorescence were
observed in the roots of tomato seedlings treated with NO +
SP under salinity stress. The inclusion of cPTIO with NO + SP
treatment reversed the increase in green fluorescence to
levels similar to those of the control. These results suggest
that the application of NO combined with SP is an effective
way to mitigate ROS accumulation.

The pattern of NO accumulation in the roots of tomato
seedlings (as detected using DAF-2DA) was opposite that of
ROS production in roots. As shown in Figure 6B, NO pro-
duction was greater in the roots of seedlings treated with
NO and/or SP compared to the control and NaCl-treated
seedlings. We detected a sharp increase in NO-dependent
fluorescence in the roots of seedlings treated with NO
combined with SP under both non-stress and NaCl-stress
conditions. Under salinity stress, the NO-dependent increase
in fluorescence was eliminated in the presence of cPTIO, a
NO scavenger.

To further investigate the mechanism underlying plant tol-
erance to salt stress, we measured the activities of antioxidant
enzymes (CAT, POD, SOD, GR and APX). The activities of
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Fig. 4. Effect of nitric oxide and spermidine on (A) electrolyte leakage (B) malondialdehyde contents and (C) H,O. contents in tomato
plants under salinity stress. Bars followed by the same letter do not differ statistically at p < 0.05 (Duncan Multiple Range Test).
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(T5), SP+S (T6), NO+SP+S (T7) and cPTIO+NO+SP+S (T8).

these enzymes increased in tomato seedlings treated with
NaCl compared to the control. These antioxidant enzyme
activities increased even further when NO and/or SP were
added to the medium under both non-stress and stress con-
ditions (Fig. 7A and B). The combined application of NO +
SP increased the activities of these enzymes more strongly
than their separate application under non-stress conditions.
Finally, the activities of these enzymes were higher in
NO+SP-treated tomato seedlings compared to NaCl-treated
seedlings.

Discussion

In the present study, we found that the application of NO
and/or SP enhanced plant growth traits under non-stress
condition (Figs. 1 and 2). A maximum increase in SL, RL,
SFW, RFW, SDW, RDW and LA was detected using the
combined application of NO and SP. Salt stress limits plant
growth and development by altering many physiological and
biochemical processes. In the current study, NaCl stress
disturbed tomato plant growth attributes such as SL, RL,

SFW, RFW, SDW, RDW and LA (Figs. 1 and 2), whereas
the application of NO with SP helped restore normal plant
growth. Seedlings treated with the NO scavenger cPTIO
exhibited a sharp decrease in growth characteristics, even in
the presence of NO and SP. Therefore, we propose that the
application of NO with SP increases the tolerance of tomato
plants to salt stress. The efficacy of NO and SP in improving
plant growth and development may be traced to their roles.
Under stress, NO may protect plants by both directly and
indirectly regulating the enzymatic and transcriptional modu-
lation of Pro and polyamine biosynthetic pathways (Filippou
et al., 2013). The NO-induced increase in plant growth
parameters may be due to the role of NO in cell elongation,
cell division and tissue differentiation (Fernandez-Marcos et
al., 2012; Siddiqui et al., 2011)]. The application of NO
might upregulate SP biosynthesis (Wang et al., 2016), while
conversely, SP might induce NO biosynthesis (Tun et al.,
2006). Moreover, SP accelerates cell division and root for-
mation in plants (Bouchereau et al., 1999; Imai et al., 2004).
Plant tolerance to salt stress may be associated with the
coordinating roles of both NO and SP in plant growth.
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Fig. 5. In situ visualization of (A) H,O, production in leaves using
DAB staining and (B) O, formation in the leaves of tomato plants
under salinity stress using NBT staining.

Chl a and Chl b are key pigments for photosynthesis, an
important process for plant growth and development. We
explored the interacting roles of NO and SP in the accu-
mulation of both photosynthetic pigments under stress and
non-stress conditions (Fig. 3A and B). The application of
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Fig. 6. In situ visualization of (A) ROS formation in primary roots
using the fluorescent probe DCF-DA and (B) NO generation in
primary roots of tomato plants using DAF-2DA under salinity
stress.

NO and/or SP significantly increased the contents of both
pigments in tomato seedlings under stress and non-stress
conditions, while NaCl decreased the levels of both pigments.
The combined application of NO and SP was more effective
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Fig. 7. Effect of nitric oxide and spermidine on the activity of (A) catalase and peroxidase and (B) superoxide dismutase, glutathione
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in increasing the accumulation of both pigments in seedlings
than individual treatments under non-stress conditions. Under
salt stress, the application of NO and SP together was also
more effective at enhancing the accumulation of both pigments
compared to individual treatments, thereby enhancing plant
tolerance to salt stress. The inclusion of cPTIO with NO+SP
decreased the levels of both pigments, confirming the cumulative
roles of NO and SP in salt stress tolerance. These results
confirm the findings of Khan et al. (2012) and Siddiqui et al.
(2013). NO regulates iron homeostasis and induces internal
iron transport, leading to the synthesis of photosynthetic pigments
and chloroplast development (Graziano and Lamattina 2005;
Liu et al., 2007) and improving the photosynthetic char-
acteristics of plants (Wu et al., 2013). SP plays a key role in
chlorophyll accumulation and photosystem II activity, and it
protects chloroplasts and protein D1 (an important component
of photosystem II) under stress conditions. SP treatment is
highly efficient in restoring photochemical efficiency (Fv/Fm),
thereby increasing salt stress tolerance in tomato seedlings
(Shu et al., 2012; Hu et al., 2015).

Pro is an important compatible solute that adjusts cellular
osmolarity under stress. In the present study, NaCl treatment
enhanced Pro accumulation in tomato seedlings, whereas
the application of NO and/or SP increased it even further
compared to the control (Fig. 3C). The application of NO
with SP increased Pro biosynthesis, perhaps due to the role
of NO in regulating the expression of P5CSI, a Pro bio-
synthetic gene. The NO and SP biosynthesis pathways have
a common precursor, i.e., arginine, via nitric oxide synthase
and arginase, respectively (Verslues and Sharma, 2010). Pro
is involved in the scavenging of free radicals in addition to
protecting enzymes (Siddiqui et al., 2012; Fu et al., 2014).
Pro provides energy and N to plants for their consumption

upon exposure to salinity stress, resulting in improved
tolerance via increasing plant growth (Figs. 1 and 2).

MDA, H,0,, O,", and EL are biomarkers for oxidative
damage in plants under various environmental conditions. In
the present study, analysis of ROS, MDA and EL in leaf
extracts and ROS in leaf as well as root tissues in vivo by
microscopy revealed high levels of ROS generation induced
by salt stress (Figs. 4A, B and C and 5A and B). Siddiqui et
al. (2009; 2012) also observed increased levels of MDA,
H,0,, O;" and EL in plants under NaCl stress. NaCl-induced
overproduction of ROS, such as H,O, and O,", triggers the
accumulation of MDA, which causes membrane lipid pero-
xidation in plants. However, the application of NO and SP
together inhibited oxidative damage by suppressing the for-
mation of ROS and MDA, as well as EL, which we also
observed in the leaves and roots of tomato seedlings via
microscopy (Figs. SA and B, and 6A). PAs, including SP,
are ubiquitous nitrogen compounds that play multiple roles
both directly and indirectly in protection against membrane
damage, as they interact with various macromolecules and
membranes, and they also form a complex with Fe" and
phospholipids (Nahar et al., 2016; Imai et al., 2004). Both
NO and SP have multifunctional properties and are involved
in the tolerance of plants to stress (Siddiqui et al., 2017;
Nahar et al., 2016; Imai et al., 2004).

As shown in Figure 6B, NO and SP treatment, both
separately and in combination, enhanced the accumulation
of NO in the roots of tomato seedlings under both stress and
non-stress conditions. When we applied cPTIO, a NO scav-
enger, together with NO + SP, NO formation was reduced in
the roots of tomato seedlings, while in the absence of
cPTIO, both NO + SP triggered the production of NO, sug-
gesting that the enhanced salt stress tolerance induced by
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NO might be linked to the coordinated roles of both NO and
SP in tomato plants. NO itself acts as an antioxidant and
scavenges ROS (Figs. 4C, 5A and B, and 6A), resulting in
reduced lipid peroxidation (Fig. 4B). This substantiates the
findings of Nahar et al. (2016) using mung bean treated with
putrescine and NO under cadmium stress, Li et al. (2014)
using ginger treated with SP + NO under cold stress and
Arasimowicz-Jelonek et al. (2009) using cucumber treated
with PAs and NO under drought stress.

As shown in Figure 7A and B, a maximum increase in
antioxidant enzyme (CAT, POD, SOD, GR and APX) activity
was detected in tomato seedlings treated with NO + SP under
both stress and non-stress conditions. These results are in
agreement with the findings of Khan et al. (2012). The
tolerance of plants to stress depends on ROS scavenging
performed by antioxidant enzymes. We found that the changes
in antioxidant enzyme activity under stress were significantly
greater in the presence of NO and SP versus the control. To
validate these results, we included cPTIO, a NO scavenger,
which resulted in a noticeable decrease in enzyme activity.
Thus, we postulate that both NO and SP have beneficial
effects by enhancing antioxidant enzyme activity and func-
tioning in defense against ROS by removing H,O, and O,
(Figs. 4C, 5A and B, and 6A).

Our results indicate that NO and SP increase salt stress
tolerance in tomato plants, as revealed by improved growth
and photosynthetic pigment contents, by regulating the
levels of Pro, a compatible solute. The inclusion of cPTIO
confirmed the functional commonality and coordination of
the roles NO and SP. The combined application of NO and
SP improve the resistance of tomato plants to salt stress by
limiting ROS formation and mitigating lipid peroxidation.
ROS scavenging and the inhibition of membrane damage
might be due to the increased antioxidant enzyme activity
and Pro levels in tomato seedlings treated with NO and SP
under salt stress. However, since the potential relationship
between PAs and NO has not been confirmed at both the
molecular and physiological levels, it is important to further
investigate the functional relationship between PAs and NO.
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