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ARTICLE INFO ABSTRACT

Influence of exogenously applied spermine (Spm) on growth and salinity stress tolerance in tomato was in-
vestigated. Salinity reduced growth, chlorophyll synthesis and mineral uptake leading to significant reduction in
photosynthesis, however Spm application proved beneficial in alleviating the decline to considerable extent.
Applied Spm improved nitrate reductase activity, §-amino levulinic acid content and gas exchange parameters
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Erotease more apparently at 100 uM than 50 uM concentrations. Spm application enhanced the accumulation of com-
ipoxygenase . . . . . - . .
Spl;m}:iie patible osmolytes including proline, glycine betaine and sugars leading to greater tissue water content and

photosynthesis. Salinity stress induced oxidative effects were mitigated by Spm treatment reflected interms of
reduced accumulation of reactive oxygen species and the activities of protease and lipoxygenase, hence leading
to membrane strengthening and protection of their function. Differential influence of exogenous Spm was evi-
dent on the functioning of antioxidant system with SOD, GR and APX activities much higher in Spm treated
seedlings than CAT and DHAR. Increased synthesis of GSH, AsA and tocopherol in Spm treated seedlings was
obvious thereby helping in maintaining the redox homeostasis and the enzymatic antioxidant functioning.
Interestingly Spm application maintained the nitric oxide levels higher than control under normal condition
while as lowered its concentrations in salinity stressed seedlings depicting existence of probable interaction.
Activities of polyamine metabolizing enzymes was up-regulated and the accumulation of secondary metabolites
including phenols and flavonoids also increased due to Spm application. Further studies are required to un-
derstand the mechanisms clearly.

Solanum lycopersicum

2017a). Salinity induces ionic and osmotic stress altering the structural
and functional stability of plants. Stress exposed plants exhibit sig-
nificantly increased accumulation of ROS resulting in alteration in the

1. Introduction

Salinity stress is considered as one of the detrimental abiotic en-

vironmental factor imparting significant decline in growth and devel-
opment of crop plants (Khan et al., 2014; Ahanger and Agarwal,
2017a). Globally significant area of agricultural land have been ren-
dered saline affected unproductive, and agricultural malpractices in-
cluding excessive use of saline waters for irrigation have further ag-
gravated the situation (Turkan and Demiral, 2009). Excess availability
of toxic salts affect cellular and whole plant functioning by influencing
uptake and assimilation of mineral ions, enzyme activity, photo-
synthetic functioning etc (Khan et al., 2014; Ahanger and Agarwal,
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functioning of organelles like chloroplast, mitochondria etc. In addition
excess ROS induce damage to proteins, nucleic acids and impair activity
of enzymes (Ahanger et al., 2017a). Stress induced enhancement in ROS
damages membrane integrity resulting in leakage of electrolytes and
alters redox homeostasis thereby causing photoinhibition (Nazar et al.,
2011). ROS triggered ion leakage activates proteases and endonucleases
causing programmed cell death (Demidchik et al., 2014). In order to
ameliorate the oxidative effects of stresses plants up-regulate the in-
digenously existing defense mechanisms. These mechanisms include
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antioxidant system, osmolyte and secondary metabolite accumulation,
and ion compartmentation (Khan et al., 2014; Ahanger et al., 2017a,
2018a). Prime functioning of antioxidants and osmolytes include ROS
elimination and osmoregulation respectively thereby contributing to
maintenance of redox homeostasis and protection of growth under
stress (Ahmad et al., 2010). Antioxidants include both enzymatic and
non-enzymatic components occurring in different cellular organelles
(Bose et al., 2014), and increased accumulation of compatible osmo-
lytes and key secondary metabolites strengthens the antioxidant system
(Hernandez et al., 2009; Ahanger et al., 2017a).

Polyamines (PAs) include low-molecular-weight compounds having
positive charge at the cellular pH and have ubiquitous role for the
growth and survival of all organisms (Alcazar et al., 2011). Putrescine,
spermidine and spermine (Spm) have been identified as the most
abundant PAs in plants that have been opined to function as plant
growth regulators and intracellular messengers, and strengthen the
stress tolerance mechanisms including antioxidants (Ahmad et al.,
2012). Protective role of PAs in photosynthesis have been reported
under salinity-alkalinity (Hu et al., 2016), salinity (Zhang et al., 2009)
and drought stress (Farooq et al., 2009). Application of PAs has been
reported to improve plant performance under stressful conditions by
stabilizing the structure and function of components of photosynthetic
apparatus like D1 protein (Hu et al., 2016). PAs may exist in free, so-
luble or insoluble form. In soluble form they remain covalently bound
with the small molecules like phenols while as in their insoluble form
remain bound to important macromolecules like nucleic acids and
proteins (Ahmad et al., 2012). Therefore in addition of stabilizing key
molecules like nucleic acids and proteins, PAs have been reported to
regulate certain key plant functions including organogenesis, floral in-
itiation and development, fruit development and ripening, and re-
sponses to environmental stresses (Bagni and Tassoni, 2001; Alcazar
et al., 2010; Ahmad et al., 2012; Li et al., 2015). Alterations in the
endogenous concentrations of PAs vary with stress type, duration and
plant species thereby imparting significant variations in the response
mechanisms initiated (Hu et al., 2012; Puyang et al., 2016). However
there is still paucity of research depicting the active involvement of PAs
in tolerance of plants to stresses like salinity.

Tomato is an important horticulture crop plant widely cultivated for
its food value. Rich in lycopene and anthocyanins tomato has medicinal
importance and is often consumed as vegetable and salad. Present study
hypothesized that exogenous Spm application can benefit tomato
seedlings by strengthening the tolerance mechanisms including anti-
oxidant system and accumulation of osmolytes and secondary meta-
bolites for improved growth and photosynthesis under salinity stress. In
order to test this hypothesis, experiments were conducted on salt
stressed tomato seedlings and possible modulations by exogenous Spm
were observed by investigating the influence on key physiological and
biochemical parameters.

2. Material and methods
2.1. Experimental design, plant material and growth conditions

Tomato (Solanum lycopersicum L., cultivar Huange 108) seeds were
surface sterilized with 0.01% HgCl,. After sterilization seeds were al-
lowed to germinate in petri plates lined with filter paper wetted with
distilled water. Ten days after germination seedlings were transferred to
bottom perforated pots filled with reconstituted soil containing soil,
compost and sand (3:1:1). The soil used was having slightly alkaline pH
(7.5) with concentration of available N, P and K as 65.98, 18.78 and
80.67 mgkg ! soil respectively. Seedlings were regularly monitored
and irrigated. Twenty days after seedling development, two seedlings
were maintained in each pot and salinity stress was started by appli-
cation of 100 mM NaCl on the alternate days. Application of spermine
(Sigma Aldrich, spermine tetrahydrochloride, 50 and 100 uM) was done
foliarly using a manual sprayer twice a week. Pots were arranged in
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complete randomized block design with five replicates for each treat-
ment and were kept in green house at the College of Life Science,
NorthWest A&F University Yangling Shaanxi China. After fourty days of
growth, seedlings were analyzed for photosynthetic parameters, oxi-
dative stress parameters, antioxidant system and osmoregulatory com-
ponents, and secondary metabolite accumulation.

2.2. §-Amino levulinic acid (ALA), total chlorophylls and carotenoid
content, and photosynthetic parameters

8-ALA content was measured according to method of Harel and
Klein (1972) as described by Dalal and Tripathy (2012). Two sets of leaf
samples (200 mg each) were taken from each treatment and one set was
incubated for 4h in 60 mM levulinic acid (LA) under light while an-
other sample set was processed immediately for ALA estimation. Ex-
traction was carried in 5 mL of 1 M sodium acetate buffer (pH 4.6) using
pre-chilled mortar and pestle. After centrifugation for 10 min at 15000g,
1 mL supernatant was mixed with 4 mL distilled water and 250 pL of
acetyl-acetone. After thorough mixing the mixture was heated in a
boiling water bath for 10 min and cooled at room temperature followed
by addition of Ehrlich's reagent (2 gm dimethyl amino benzaldehyde
(DMBA), 30 mL of glacial acetic acid, 16 mL of 70% perchloric acid and
final volume was made up to 50 mL with glacial acetic). After vortexing
samples were incubated for 10 min and read at 555nm. ALA synthe-
sized during 4 h incubation period was measured by subtracting the O h
ALA from 4h ALA content.

Total chlorophyll and carotenoids were determined in fresh leaf
tissues according to method of Arnon (1949) and absorbance of su-
pernatant was recorded at 480, 645 and 663 nm. Photosynthetic effi-
ciency, intercellular CO, concentration and transpiration rate were
measured in fully expanded leaf using portable photosynthetic appa-
ratus Li-6400 (LI-COR Inc., USA).

2.3. Determination of leaf water content, soluble sugars, free proline and
glycine betaine content

Relative water content (RWC) of leaves was determined by fol-
lowing Smart and Bingham (1974). For measurement of sugar content
dry powdered samples were extracted in ethanol and centrifuged at
5000 g for 10 min. Thereafter supernatant was reacted with anthrone
reagent and absorbance was taken at 620 nm (Fong et al., 1953; Jain
and Guruprasad, 1989). For estimation of free proline method of Bates
et al. (1973) was employed while as content of glycine betaine was
estimated following Grieve and Grattan's (1983) method.

2.4. Hydrogen peroxide, superoxide, lipid peroxidation and electrolyte
leakage

H,0, was estimated by macerating 100 mg fresh leaf tissue in 5 mL
trichloro acetic acid (0.1% TCA) and homogenate was centrifuged at
10,000 g for 10 min. Thereafter 500 pL. supernatant was mixed with
500 uL of potassium phosphate buffer (pH 7.0) and 1 mL potassium
iodide. Absorbance was taken at 390 nm (Velikova et al., 2000).

For determination O, content, 100 mg fresh tissue was macerated
in potassium phosphate buffer (65 mM, pH 7.8). After centrifugation at
5000g, supernatant was mixed with 10 mM hydroxylamine hydro-
chloride and mixture was allowed to stand for 20 min. Thereafter sul-
fanilamide and naphthylamine were added to each sample and in-
cubated at 25°C for 20 min and absorbance was recorded at 530 nm
(Yang et al., 2011) and calculations were done using standard curve of
NaNO,.

For measurement of lipid peroxidation, content of malonaldehyde
(MDA) formation was determined in accordance with the method of
Heath and Packer (1968). Briefly, 100 mg fresh tissue was extracted in
1% TCA using pestle and mortar. After centrifugation at 10,000 g for
5 min, 1.0 mL supernatant was mixed with 4 mL of 0.5% thiobarbituric



M.A. Ahanger, et al.

acid and mixture was boiled at 95 °C for 30 min. After cooling the tubes
on ice bath samples were again centrifuged for 5minat 5000 g and
optical density of supernatant was measured at 532 and 600 nm.

Electrolyte leakage (EL) was measured following method of
Dionisio-Sese and Tobita (1998). Fresh leaf discs (twenty) were im-
mersed in test tubes filled with deionized water and the electrical
conductivity (ECa) was recorded. The same samples were heated at
50 °C for 25 min in a water bath and electrical conductivity (ECb) was
measured. Thereafter the same samples were again heated at 100 °C for
10 min and again the electrical conductivity (ECc) was recorded. Per-
cent EL was calculated using following formulae:

EC, — EC
E

EL (%) = 1 X 100

c

2.5. Lipoxygenase and protease activity

For assay of LOX (EC 1.13.11.12) activity method of Doderer et al.
(1992) was followed using linoleic acid as substrate and change in
absorbance was recorded at 234 nm. For calculation of activity ex-
tinction coefficient of 25 mM ™ cm ™! was used. Assay of protease (EC
3.4.21.40) was done adopting method of Green and Neurath (1954).
Fresh plant tissue was homogenised in chilled sodium potassium buffer
(50 mM, pH 7.4) supplemented with 1% PVP using prechilled pestle
and mortar. Homogenate was centrifuged at 5000 g for 5min at 4 °C.
Supernatant (1 mL) was incubated with casein at 40 °C and amount of
tyrosine released was determined by reacting the mixture with Folin
Ciocalteu's reagent in alkaline medium. Optical density was recorded at
660 nm and activity was expressed as |ig tyrosine released mg ™' pro-
tein.

2.6. Estimation of nitric oxide

For determination of nitric oxide (NO) method described by Zhou
et al. (2005) was followed. 500 mg fresh leaf tissue was macerated in
ice-cold acetic acid buffer (50 mM, pH 3.6), containing 4% zinc diace-
tate using pestle and mortar. After centrifugation for 15 min at 11,500 g
pellet was resuspended in 1 mL extraction buffer and after centrifuga-
tion supernatants were pooled together. Supernatant was neutralised by
addition of charcoal followed by vortexing and filtration. To 1 mL fil-
trate, 1 mL Greiss reagent was added and mixture was incubated for
30 min at room temperature followed by measurement of absorbance at
540 nm. Concentration of NO was calculated from a standard curve of
sodium nitrite (NaNO,).

2.7. Determination of nitrate reductase

Activity of nitrate reductase (NR) was measured by incubating
300 mg freshly cut leaf tissue in potassium phosphate buffer (100 mM,
pH 7.5) supplemented with 200 mM KNO; and 0.5% n-propanol (v/v)
for 3h in dark at 30°C. Aliquot (1 mL) was taken and 1 mL of each
sulphanilamide (1%) and 1-nephthylethylene diamine dihydrochloride
(0.2%) was added. After 20 min absorbance was recorded at 540 nm
(Srivastava, 1974).

2.8. Assay of antioxidant enzymes

Antioxidant enzymes were extracted by macerating 1.0 gm fresh
leaf tissue in pre-chilled pestle and mortar using 100 mM phosphate
buffer (pH 7.8) supplemented with 1% polyvinyl pyrolidine, 1 mM
EDTA and 0.1 mM phenylmethylsulfonyl fluoride (PMSF). After cen-
trifugation at 12,000 g for 15 min at 4 °C supernatant was collected and
used for enzyme assay.

Superoxide dismutase (SOD, EC 1.15.1.1) activity was assayed fol-
lowing method of Bayer and Fridovich (1987) and ability of enzyme to
inhibit the photochemical reduction of nitroblue tetrazolium chloride
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was monitored at 560 nm after incubating the assay mixture for 15 min
under florescent light. For determination of catalase (EC 1.11.1.6) ac-
tivity, method of Aebi (1984) was followed and decrease in absorbance
was recorded at 240 nm for 2 min in assay mixture containing 50 mM
phosphate buffer (pH 7.0), H,O, and 100 pL enzyme extract. Activity of
ascorbate peroxidase (APX, EC 1.11.1.11) was assayed by monitoring
the disappearance of H,O, at 290 nm for 3 min according to Nakano
and Asada (1981). Glutathione reductase (GR; EC 1.6.4.2) activity was
assayed by monitoring the glutathione dependent oxidation of NADPH
as change in absorbance at 340 nm for 2min (Foyer and Halliwell,
1976). Activity of DHAR (EC: 1.8.5.1) was assayed in accordance of
Nakano and Asada (1981) and change in absorbance was recorded at
265nm for 2min in an assay mixture containing 50 mM potassium
phosphate buffer (pH 7.0), 2.5 mM GSH and 100 uM DHA. Activities of
antioxidant enzymes were expressed as EU mg ™! protein.

2.9. Estimation of ascorbate, reduced glutathione, and tocopherol

Method described by Mukherjee and Choudhuri (1983) was em-
ployed for determination of ascorbate (AsA). After extraction in 5%
TCA supernatant was mixed with dinitrophenylhydrazine (2%) and
thiourea (10%) followed by incubation in water bath for 15 min.
Thereafter samples were cooled and 5mL cooled 80% H,SO, was
added. Absorbance was recorded at 530 nm and standard curve of AsA
was used for calculation.

Reduced glutathione (GSH) was estimated in accordance with
Ellman (1959). Briefly 100 mg fresh tissue was homogenised in phos-
phate buffer (pH 8.0). After centrifugation supernatant (500 pL) was
mixed with equal volume of 5, 5-dithiobis-2-nitrobenzoic acid and
optical density was read at 412 nm. Concentration of GSH was calcu-
lated from the standard curve of GSH.

Content of tocopherol was extracted in ethanol and petroleum ether
(1.6:2) and optical density was measured at 520 nm after incubating the
supernatant with 2% of 2, 2-dipyridyl in dark (Backer et al., 1980).
Calculation was done using standard curve of tocopherol.

2.10. Determination of activities of ornithine decarboxylase (ODC),
arginine decarboxylase (ADC) and polyamine oxidase (PA)

500 mg fresh plant tissue was homogenised in potassium phosphate
buffer (100 mM, pH 8.0) containing PMSF (0.1 mM), pyridoxal phos-
phate (1 mM PLP), dithiothreitol (5 mM, DTT), 1 mM EDTA, 10 mM
ascorbic acid and 0.1% PVP. After centrifugation at 12,000g for
40 min at 4 °C supernatant was dialyzed and used for assaying the en-
zyme activity. Activities of ADC or ODC were determined according to
Zhao et al. (2003) in an assay mixture containing tris-buffer (100 mM,
pH 7.5), EDTA, pyridoxal phosphate (50 mM), DTT and 300 pL enzyme
extract. After incubation at 37 °C for 2 min, 200 pL of L-arginine (for
ADC) or 200 pL of L-ornithine (for ODC) were added and mixtures were
again incubated for 1h at 37 °C. Thereafter, 5% perchloric acid was
added and centrifuged again at 3000 g for 10 min. To 500 uL super-
natant were added 2 mM NaOH and benzoyl chloride, and mixture was
thoroughly mixed and incubated at 37 °C for 30 min. Thereafter NaCl
(2 mL) and ether (3 mL) were added and mixture was centrifuged again
at 1500 g for 5 min. After extraction with ether, evaporated ether phase
was redissolved in methanol (60%) and read at 254 nm.

For determination of PAO activity fresh leaf tissue was homogenised
in 100 mM phosphate buffer (pH 6.5) and homogenate was centrifuged
for 20 min at 10,000 gat 4°C. Reaction mixture contained 100 mM
phosphate buffer (pH 6.5), 200 uL 4-aminoantipyrine/N, N-dimethyla-
niline solution, 100 pL horseradish peroxidase and 200 pL enzyme ex-
tract. Change in optical density was monitored at 254 nm after in-
itiating reaction by adding 20 mM of each spermidine and spermine (Su
et al., 2005).
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2.11. Estimation of total phenols, flavonoids and assay of phenylalanine
ammonia lyase

Total phenol content was determined following Malick and Singh
(1980). Dry powdered (500 mg) sample was extracted in 80% ethanol.
After centrifugation at 10,000 g for 10 min supernatant was evaporated
to dryness and volume was made to 10 mL by distilled water. Known
volume of aliquot was made to 2mL followed by addition of 1N Fo-
lin—Ciocalteu reagent and 1mL NayCOs. After incubation at room
temperature absorbance was read at 650 nm and calculation was done
from the standard curve of catechol.

Content of flavonoids was estimated by following method of
Zhishen et al., 1999a. 100 mg dry plant sample was extracted in me-
thanol (3 mL) followed by centrifugation at 10000g for 10 min. There-
after, 1 mL supernatant was made to 4 mL using distilled water followed
by addition of 5% NaNO, and 10% AICl;. After 5min, 2 mL of NaOH
and 2.4mL distilled water were added. Absorbance was recorded at
510 nm and calculation was done using standard curve of catechin.

Activity of phenylalanine ammonia lyase (PAL) was assayed in ac-
cordance with Zucker (1965) and formation of trans-cinnamic acid was
measured at 290 nm.

2.12. Estimation of Na, K and N

Na and K were estimated flame photometrically described by
Ahanger et al. (2015). Micro-Kzeldahl's method suggested by Jackson
(1973) and modified by Iswaran and Marwaha (1980) was employed
for estimation of N content.

2.13. Statistical analysis

Mean ( + SE) of three replicates have been presented for each
parameters. Significance of data was tested by performing Duncan's
Multiple Range Test using One Way ANOVA and least significant dif-
ference (LSD) was calculated at p < 0.05.

3. Results

3.1. Spm application improves pigment synthesis and photosynthetic
functioning

Exogenous application of Spm at 100 uM significantly increased the
synthesis of 8-ALA, total chlorophylls and carotenoids under normal
conditions and resulted in maximal amelioration of the decline induced
by NaCl stress. Relative to control, 100 uM Spm increased 3-ALA by
16.72%, total chlorophylls by 27.42% and carotenoids by 27.85% over
the control. Relative to NaCl stressed plants, an amelioration of 35.74%
for 8-ALA, 46.10% for total chlorophylls and 40.06% for carotenoids
was observed due to application of 100 uM Spm (Fig. 1A-C). In addi-
tion, application of 100puM Spm increased the net photosynthesis
(41.66%), intercellular CO, (29.11%) and transpiration rate (32.43%)
over control more evidently than 50 uM Spm concentration. Seedlings
exposed to NaCl treatment exhibited apparent decline in the net pho-
tosynthesis (30.69%), intercellular CO, (32.76%) and transpiration rate
(40.00%) over the control, however Spm application at both con-
centrations imparted amelioration of the salinity mediated decline with
much evident effect in 100 pM Spm treated plants. Relative to NaCl
stressed plants, net photosynthesis, intercellular CO, and transpiration
rate increased by 47.76, 39.31 and 49.16% respectively in NaCl
+100 uM Spm treated plants (Fig. 2A-C).

3.2. Effect of Spm application on oxidative stress parameters under NaCl
stress

Exogenous application of Spm significantly reduced the accumula-
tion of toxic radicals including O,  and H,O,under NaCl stress
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Fig. 1. Effect of Spm (50 and 100 pM) application on (A) 8-amino levulinic acid,
(B) total chlorophyll and (C) carotenoid content in Solanum lycopersicum L.
cultivar Huange 108 subjected to salinity stress. Data is mean ( = SE) of three
replicates and different letters on bars denote significant difference at
P < 0.05.

however under normal conditions there was no significant decline in
ROS accumulation. Maximal reduction 36.40% for lipid peroxidation
and 49.36% for electrolyte leakage was observed in seedlings supplied
with 100 uM Spm over the control. Application of 50 uM Spm was not
significantly affective in reducing the oxidative stress parameters under
normal growth conditions however imparted beneficial effect when
supplied to NaCl stressed plants. Relative to NaCl stressed plants,
maximal decline of 39.74 and 32.90% in O,  and H,O, causing 45.95
and 51.70% amelioration in the lipid peroxidation and electrolyte
leakage was observed in NaCl +100 pM Spm treated plants
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Fig. 2. Effect of Spm (50 and 100 uM) application on (A) photosynthesis, (B)
intercellular CO, concentration and (C) transpiration rate in Solanum lyco-
persicum L. cultivar Huange 108 subjected to salinity stress. Data is mean
( £ SE) of three replicates and different letters on bars denote significant dif-
ference at P < 0.05.

(Fig. 3A-D).

3.3. Spm application influences the activity of protease and lipoxygenase,
and NO production

Salinity stress triggered activity of protease (39.20%) and lipox-
ygenase (37.97%) while as application of Spm (100 puM) significantly
reduced (14.83 and 25.70%) the activities over the control. Application
of Spm, at both concentrations reduced the activities of protease and
lipoxygenase when applied to NaCl stressed plants. Relative to NaCl
stressed counterparts, maximal decline in activities of protease and li-
poxygenase was 24.82 and 35.06% respectively in NaCl +100 uM Spm
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treated seedlings (Fig. 4A and B). NO production exhibited 3.2 fold
increase due to salinity stress. However application of Spm to salt
stressed plants declined the NO formation by 51.07 and 25.58% at 50
and 100 uM over the NaCl stressed counterparts. Relative to control,
Spm application increased NO production by 37.87 and 45.42% at 50
and 100 puM respectively (Fig. 4C).

3.4. Effect of Spm application on the activities of enzymatic and non-
enzymatic antioxidant

Exogenous application of Spm differentially influenced the activities
of antioxidant enzymes assayed. Under normal conditions, among the
antioxidant enzymes assayed increase in the activities due to Spm ap-
plication was much obvious in SOD, APX and GR compared to CAT and
DHAR. Salinity stress resulted in increased activities of SOD (31.74%),
CAT (38.39%), APX (30.76%), DHAR (33.98%) and GR (15.48%) over
the control plants and application of Spm (100 uM) to salt stressed
plants maximally increased the activities of antioxidant enzymes by
52.16% for SOD, 26.16% for CAT, 54.37% for APX, 14.05% for DHAR
and 41.90% for GR over the salt stressed plants (Figs. 5 and 6A-C). Salt
treatment resulted in declined AsA production while as increased the
GSH and tocopherol content over the control plants. Exogenous appli-
cation of Spm at 100 uM increased AsA (13.67%), GSH (15.82%) and
tocopherol (17.03%) content over the control, and attained maximal
amelioration of 21.61% in AsA over NaCl stressed plants and maximal
increase of 37.03% and 40.68% in GSH and tocopherol in
NaCl + 100 uM Spm over the control (Fig. 6D-F).

3.5. Spm effects accumulation of osmolytes under salinity stress and relative
water content

Application of Spm induced the accumulation of proline, glycine
betaine and sugars under normal and salinity stress conditions with
apparent enhancement at 100 uM Spm. Relative to control, increase in
proline, glycine betaine and sugar content was 44.97, 42.21 and
49.33% respectively due to 100 M Spm application. Salinity stress
imparted significant enhancement in accumulation of proline, glycine
betaine and sugar content over control and further increase of 36.46,
33.99 and 32.01% respectively due to Spm (100 uM) application was
observed over the NaCl stressed plants (Fig. 7A-C). Salinity reduced
RWC of leaf by 40.12% over the control, however was ameliorated by
30.41% in NaCl +100 uM Spm treated plants (Fig. 7D).

3.6. Effect of salinity and Spm application on secondary metabolites and
PAL activity

Salinity stress imparted increased accumulation of total phenols and
flavonoids, and the activity of PAL over the control plants. Salinity
mediated increase was further enhanced by the application of Spm at-
taining a maximal increase of 56.22% for total phenol, 36.13% for
flavonoids and 52.41% for PAL activity due NaCl +100 pM Spm
treatment over the control plants. Under normal growth conditions
100 pM Spm imparted significant effect as compared to 50 uM
(Fig. 8A-C).

3.7. Effect of Spm on NR activity and nitrogen content

Salinity stress declined the activity of NR (43.39%) and the content
of N (48.37%) significantly over the control, however Spm (100 uM)
application maximally ameliorated the decline by 42.58% (NR) and
37.28% (N) over the NaCl stressed plants. Under normal growth con-
ditions activity of NR and the content of N were increased significantly
due to application of 100 uM Spm (Fig. 9A and B).
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Fig. 3. Effect of Spm (50 and 100 uM) application on (A) superoxide, (B) hydrogen peroxide, (C) lipid peroxidation and (D) electrolyte leakage in Solanum lyco-
persicum L. cultivar Huange 108 subjected to salinity stress. Data is mean ( + SE) of three replicates and different letters on bars denote significant difference at

P < 0.05.

3.8. Effect on the activity of polyamine metabolizing enzymes

Salinity stress enhanced the activities of PA biosynthesizing en-
zymes, ADC and ODC by 30.76 and 11.55%, and catabolizing enzyme,
PAO by 13.32% over control. Exogenous application of Spm at both
concentrations increased the activities of ADC, ODC and PAO. Maximal
increase in ADC, ODC and PAO activities was 43.75, 41.13, 57.81%
with NaCl +100 uM Spm over the control (Fig. 10).

3.9. Potassium and sodium content, and plant height and dry weight

Application of Spm significantly decreased the uptake and accu-
mulation of Na while as increased the K content over the control as well
as salinity stressed plants. Content of Na was observed to increase by
66.66% in NaCl treated seedlings over control and was declined by
33.12% due to application of 100 uM Spm to NaCl stressed counterparts
(Fig. 11). K content was significantly enhanced due to Spm application
however was declined by 51.48% due to NaCl treatment over the
control (Fig. 11). Shoot length and dry weight was declined by 33.55
and 46.42% respectively due to NaCl stress over the control plants.
Exogenous application of 100 uM Spm maximally enhanced the shoot
length (23.03%) and plant dry weight (30.86%) and ameliorated the
salinity induced decline by 27.19 and 38.77% over the NaCl stressed
ones (Fig. 12).

4. Discussion

Salinity stress results in considerable damage to plant performance

and productivity. Growing research evidences are available demon-
strating the beneficial role of phytohormones supplied exogenously to
plants either foliarly, priming or through root medium resulting in
significant amelioration of deleterious effects of stress and have been
considered to show promising role in global food security (Ahanger
et al.,, 2018a,b; Ahmad et al., 2018). Therefore in present study we
investigated the involvement of foliar application of polyamine (Spm)
in alleviation of negative effects of salinity in Solanum lycopersicum L.
Salinity stress inhibits root and shoot growth by inducing osmotic and
ionic stress leading to reduced tissue water content and the mineral
uptake and assimilation (Ahmad et al., 2018). Salinity stress reduced
the uptake, accumulation and assimilation of key mineral ions in-
cluding N and K with concomitant accumulation of Na thereby leading
to significant inhibition of growth. Earlier several researchers have
demonstrated significant decline in mineral uptake and growth due to
salinity stress (Ahmad et al., 2012, 2018; Khan et al., 2014; Igbal et al.,
2015), however the role of Spm application in assuaging such deleter-
ious effects are scanty. Excess availability of toxic ions like Na alters the
functioning of transport proteins responsible for the efficient uptake of
key mineral ions like N and K thereby rendering plant tissue deficient of
these ions (Parihar et al., 2015; Ahanger et al., 2017a). Yao et al. (2008)
have demonstrated reduced growth in tomato due to declined N uptake
following NaCl mediated declined NR activity and the expression of
nitrate transport protein. Reduced accumulation of Na with increase in
beneficial ions like K and N is directly influenced by the functioning of
transport proteins like SOS, NHX etc involved in compartmentation and
exclusion of toxic ions from the cells thereby preventing the damage to
plants (Roy and Chakraborty, 2018). Polyamines affect vacuolar and
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plasma membrane H* and Ca®* pump (Pottosin and Shabala, 2014), in
addition restrict the influx of NaCl (Shabala et al., 2007). It has been
suggested that PAs provoke remodeling of the cationic and anionic
conductance at the plasma membrane thereby affecting the Ca®™ sig-
nalling (Pottosin et al., 2014). Increased K and N uptake due to Spm
application may have helped tomato plants to better endure the salinity
damage by maintaining higher enzyme activities. Increased N (Igbal
et al., 2015) and K (Ahanger and Agarwal, 2017a) uptake have been
reported to significantly influence the plant growth and stress tolerance
by up-regulating the enzyme activity, chlorophyll synthesis and re-
stricting Na uptake. Nitrate reductase catalyzes the rate limiting step in
N assimilation, and improved NR activity benefits plant metabolism by
improving the synthesis of amino acids (Ahanger et al., 2017b). Spm
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mediated enhancement in NR activity and N content may have im-
proved the synthesis of amino acids and also maintained allocation of
enough N for the synthesis of key proteins like Rubisco.

Exogenous application of Spm increased the synthesis of chlor-
ophylls and carotenoids resulting in significant improvement in pho-
tosynthesis. Salinity stress hampers the chlorophyll synthesis by de-
clining the activity of enzymes involved in chlorophyll biosynthesis and
the synthesis of intermediates (Dalal and Tripathy, 2012). Similar to
our study salinity stress has been reported to decline the synthesis of 8-
ALA in rice (Turan and Tripathy, 2015). In addition it has been reported
that stresses up-regulate chlorophyllase activity to trigger chlorophyll
degradation (Szafranska et al., 2017). Application of Spm (100 uM) may
have contributed to greater chlorophyll synthesis by improving ex-
pression of chlorophyll biosynthesizing enzymes leading to greater in-
termediate like 8-ALA synthesis. Further increased chlorophyll synth-
esis in Spm treated seedlings can be attributed to enhanced uptake of
Mg ion, a key component of chlorophyll (Puyang et al., 2016). Sup-
plementation of PAs have been demonstrated to mitigate the decline in
chlorophyll synthesis under salinity (Roychoudhury et al., 2011), sali-
nity-alkalinity (Li et al., 2015), and manganese (Hussain et al., 2019)
stress. Maintaining relatively higher internal concentrations of CO5 and
the transpiration rate due to Spm treatment depicts the stomatal reg-
ulation of photosynthesis in addition of maintenance of temperature.
Igbal et al. (2015) have also demonstrated reduced CO, and stomatal
conductance due to salinity stress. In present study photosynthetic
regulation due to Spm under salinity may be attributed to increased N,
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K uptake, 8-ALA synthesis, enhanced protection to D1 protein of PSII
and antioxidant regulation (Li et al., 2015; Hu et al., 2016). Main-
taining higher expression of PSII D1 protein coding genes influences the
de novo synthesis of D1 and ultimately the repair of PSII photo damage
(Hu et al., 2016), and which may be regulated by phytohormones in-
cluding ABA (Wang et al., 2016), PAs (Hu et al., 2016) etc. In addition it
has been reported that stomatal control mediated by PAs include NO
production (Agurla et al., 2018). In present study also we observed
increased NO production in Spm treated seedlings under normal as well
as salt stressed conditions, however was significantly lower than sali-
nity stressed plants. NO acts as signalling component in regulating the
stomatal functioning (Agurla et al., 2014). Optimal NO has been re-
ported to strengthen the salinity stress tolerance by improving cellular
mechanisms to counter oxidative damage (Neill et al., 2008; Fatma
et al., 2016).

Exogenous application of Spm affectively reduced the oxidative
damage generated by salinity stress thereby preventing damage to
membranes. Enhanced generation of ROS including H,O5 and O,~ due
to salinity stress results in greater lipoxygenase imparting direct dele-
terious effects on membrane functioning (Nahar et al., 2016). Similar to
our results increased oxidative damage due to excessive generation of
ROS has been earlier reported by several workers (Khan et al., 2014;
Fatma et al., 2016; Ahanger et al., 2018b). Reports discussing the in-
fluence of foliar Spm on ROS accumulation and activity of protease and
lipoxygenase under salinity are scanty. Increased protease (Ahanger
and Agarwal, 2017a) and lipoxygenase (Zhang et al., 2013) activity has
been reported in salt stressed wheat and rice respectively. PA treatment
through root has been demonstrated to reduce the lipoxygenase activity
considerably depicting lesser oxidative damage (Roychoudhury et al.,
2011). Salinity stress induced increased lipoxygenase activity
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Fig. 7. Effect of Spm (50 and 100 uM) on the content of (A) free proline, (B) glycine betaine, (C) sugars, and (D) relative water content in Solanum lycopersicum L.
cultivar Huange 108 subjected to salinity stress. Data is mean ( = SE) of three replicates and different letters on bars denote significant difference at P < 0.05.

influences the membrane functioning by reducing the polyunsaturated
fatty acids (Zhang et al., 2013). PAs form complex with Fe®>* and bind
with polar head groups of phospholipids thereby restricting the auto-
xidation and hence protecting membranes from oxidative effects of ROS
(Velikova et al., 2000). Reduced lipoxygenase activity under stress
conditions following exogenous treatment of PA has been considered as
important stress tolerance adaptation (Nahar et al., 2016). Spm medi-
ated decline in lipoxygenase and protease activity under salinity and
normal conditions reflects the increased protein and lipid stability.
Proteases hydrolyze peptides and cleave substrate proteins however at
their optimal functioning they have important role in bulk degradation
and signalling (Stael et al., 2019).

Accumulation of compatible osmolytes is considered as an im-
portant tolerance strategy to avert the deleterious effects of stresses
(Ahanger et al., 2014). In present study salinity stress triggered the
accumulation of osmolytes including proline, glycine betaine and so-
luble sugars. Foliar application of Spm enhanced the synthesis of os-
molytes thereby further improving their accumulation when applied to
salt stressed plants with effect much apparent in 100 uM Spm treated
seedlings. Proline, glycine betaine and sugars protect cellular structures
and functioning by maintaining the water content and scavenging ROS
(Hayat et al., 2012; Ahanger et al., 2014). PAs have been reported to
reprogram the oxidative and nitrosative status for improved salt toler-
ance in citrus plants (Tanou et al., 2014). Increased proline accumu-
lation due to PA application is directly related to the gene expression of
its biosynthesizing genes (Tanou et al., 2014). Increased proline, gly-
cine betaine and sugar accumulation due to salinity has been reported
in several crops (Khan et al., 2014; Ahanger and Agarwal, 2017a;
Ahanger et al., 2018b). Sugars act as substrates in carbon and energy

metabolism, and in polymer biosynthesis. In addition sugars show
hormone-like functions as primary messengers in signal transduction
(Rolland et al., 2002), therefore Spm mediated enhancement in their
accumulation may have coordinated the internal regulators and en-
vironmental cues governing growth and development (Sheen et al.,
1999; Smeekens, 2000; Smeekens and Hellmann, 2014). Increased ac-
cumulation of proline and glycine betaine in Spm supplemented seed-
lings may have contributed to photosynthetic regulation by protecting
the carboxylase activity besides control on the stomatal attributes.
Earlier proline, sugars (Sivakumar et al., 2000, 2002) and glycine be-
taine (Incharoensakdi et al., 1986) has been reported to protect the
carboxylase activity of Rubisco in several crop species.

Exogenous application of Spm maintained differential effect on the
activities of antioxidant enzymes assayed. The activities of SOD, APX
and GR were up-regulated more in Spm treated seedlings as compared
to control and NaCl stressed ones while as CAT and DHAR exhibited
maximal increment due to salinity stress. Exogenous Spm application
further increased the activities under salinity stress conditions. Earlier
increased activities of antioxidant enzymes due to application PAs
(spermidine) has been reported by Roychoudhury et al. (2011) and Li
et al. (2015) in rice and tomato respectively. Increased activities of
antioxidant enzymes due to exogenous application of Spm significantly
reduced the oxidative effects of ROS on membranes. SOD scavenges
superoxide radical preventing the formation of hydroxyl radicals
(Ahmad et al., 2010; Ahanger et al., 2017a). Hydrogen peroxide gen-
erated after SOD mediated superoxide detoxification or from the other
production sites is eliminated by CAT individually or APX in intriguing
AsA-GSH cycle (Ahanger et al., 2017a). Up-regulation of the enzymatic
components of AsA-GSH components due to foliar Spm application
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Fig. 8. Effect of Spm (50 and 100 uM) application on the content of (A) total
phenols, (B) flavonoids, and the activity of (C) phenylalanine ammonia lyase in
Solanum lycopersicum L. cultivar Huange 108 subjected to salinity stress. Data is
mean ( = SE) of three replicates and different letters on bars denote significant
difference at P < 0.05.

assisted the tomato plants to (a) neutralize excess HyO,, (b) maintain
the ratio of NADP/NADPH for optimal functioning of photosynthetic
electron transport subsequently preventing the generation of super-
oxide and (c) maintaining the redox homeostasis by generating GSH
and AsA content. Recently, in Brassica juncea Hussain et al. (2019) have
also demonstrated significant up-regulation of the activities of SOD,
CAT and peroxidase due to foliar application of spermidine resulting in
reduced oxidative damage to membranes by reducing the accumulation
of H,O, and O, . Plants over-expressing antioxidant genes have been
reported to exhibit increased tolerance to variety of stresses (Kornyeyev
et al., 2003; Al-Taweel et al., 2007; Prashanth et al., 2008; Kim et al.,
2008). Besides this the redox homeostasis and the antioxidant system
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Fig. 9. Effect of Spm (50 and 100 uM) application on the activity of (A) nitrate
reductase and (B) nitrogen content in Solanum lycopersicum L. cultivar Huange
108 subjected to salinity stress. Data is mean ( + SE) of three replicates and
different letters on bars denote significant difference at P < 0.05.

was strengthened by Spm application by improving the tocopherol
content in them. Tocopherols are key liposoluble redox buffers and
majorily scavenge singlet oxygen in addition of other ROS (Foyer and
Noctor, 2005; Kapoor et al., 2015) thereby protecting the major cellular
processes in plants. Redox buffers like AsA, tocopherol and GSH act as
enzyme cofactors and regulate defense, cell proliferation and death
(Tokunaga et al., 2005; Kapoor et al., 2015). Increased accumulation of
AsA and GSH prevents salinity induced oxidative effects in Triticum
aestivum significantly (Ahanger and Agarwal, 2017a).

Exogenous application of Spm resulted in significant enhancement
in the accumulation of secondary metabolites including phenols and
flavonoids. Secondary metabolites form important component of anti-
oxidant system in plants and their accumulation has been earlier re-
ported by several workers (Agati et al., 2011; Ahanger and Agarwal,
2017a, b; Astaneh et al., 2018), however reports on PAs (Spm) medi-
ated modulations in their accumulation are not available. Toxic free
radicals that are diffused from chloroplast and transported into vacuole
are believed to get neutralised by flavonoids (Fini et al., 2011) and also
lessen their generation by acting at their production sites (Agati et al.,
2012, 2013). The plant secondary metabolites have been reported to
come into function when enzymatic ROS scavenging system weakens
(Ahanger and Ahmad, 2019) and Spm induced enhancement in phenol
and flavonoids may have influenced ROS accumulation significantly
thereby preventing damage to major cellular structures and their
functioning. Flavonoids with antioxidant activity existing in chloroplast
scavenge singlet oxygen thereby preventing the photoinhibition and
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Fig. 10. Effect of Spm (50 and 100 uM) application on the activity of (A) ar-
ginine decarboxylase, (B) ornithine decarboxylase and (C) polyamine oxidase in
Solanum lycopersicum L. cultivar Huange 108 subjected to salinity stress. Data is
mean ( = SE) of three replicates and different letters on bars denote significant
difference at P < 0.05.

also stabilizing the chloroplast membranes, and also prevent ROS
generation by making complexes with Fe and Cu (Agati et al., 2012). It
has been reported that accumulation of secondary metabolites co-re-
lates with DPPH radical scavenging activity (Ahanger and Agarwal,
2017a, b). Up-regulation of the PAL activity due to salinity stress has
been demonstrated earlier by Astaneh et al. (2018). In present study
further increment in salinity induced accumulation of metabolites due
to Spm treatment depicts the further improvement in the stress with-
standing potential. Increase in phenols due to putrescine treatment has
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Fig. 11. Effect of Spm (50 and 100 uM) application on the content of (A) so-
dium and (B) potassium in Solanum lycopersicum L. cultivar Huange 108 sub-
jected to salinity stress. Data is mean ( + SE) of three replicates and different
letters on bars denote significant difference at P < 0.05.

been reported in okra (Phornvillay et al., 2019).

Salinity stress up-regulated the activities of PA metabolizing en-
zymes like ADC, ODC and PAO. Exogenous application imparted sig-
nificant effect on their activities which may have contributed to further
enhancement in PA concentrations. Increased synthesis of PAs will in-
crease their availability for conjugation with phenols and other key
macromolecules like proteins and nucleic acids (Kaur-Sawhney et al.,
2003). Exogenous application of PAs have been reported to improve the
endogenous PA concentration by up-regulating the activities of en-
zymes involved (Hu et al., 2012; Puyang et al., 2016).

5. Conclusion

Salinity stress affected growth considerably by altering the physio-
logical and biochemical parameters. Application of Spm prevented the
salinity triggered oxidative damage by up-regulating the ROS scaven-
ging mechanisms including antioxidant system and secondary meta-
bolite accumulation. At 100 UM concentrations, Spm affectively im-
proved the tissue water content, photosynthetic pigment synthesis and
photosynthesis. Increased osmolyte accumulation due to Spm may have
strengthened the ROS scavenging system, protected enzyme activity
and maintained cellular redox state besides their beneficial role in
preventing salinity induced osmotic and ionic stress. Maintenance of
nitric oxide concentrations due to Spm may have helped in integrating
the signalling events for efficient salinity tolerance, however further
studies are required in this direction.
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Fig. 12. Effect of Spm (50 and 100 uM) application on (A) shoot length and (B)
plant dry weight in Solanum lycopersicum L. cultivar Huange 108 subjected to
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