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Abstract

This experiments was conducted to investigate the role of silicon (Si, 75, 100 mg. L sodium silicate) and selenium (Se, 4, 6
mg. L sodium selenate) in ameliorating the salinity (75 mM NaCl and 75 mM NaHCOs) causing strong detrimental effects
on mineral ions uptake and the oxidative damage in cucumber (Cucumis sativus L.) plants. Salinity and alkalinity stresses
reduced macro and micro elements content which were significantly improved by Si and Se supplementation. Furthermore,
peroxide hydrogen was more in salinity- alkalinity stressed plants without Si and Se as compared to those supplemented with
Si and Se. Si protected cucumber plants from NaCl induced oxidative damage by improving the activity of antioxidant
enzymes (glutathione reductase, guaiacol peroxidase, ascorbate peroxidase). More importantly Si and Se supplementation
improved the accumulation of P, Mg, Ca, Fe, Zn, Mn and Cu. In conclusion, Si and Se mitigate the negative effects of NaCl
and NaHCOz in cucumber plants by modifying nutrient uptake and up-regulating antioxidant system.
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Introduction

The normal growth patterns of plants are often
encountered by a wide range of environmental stresses
resulting in challenge to the sustainable agricultural
system. Among the abiotic stresses, salinity and
alkalinity have been considered as the major factors
leading to damage plant metabolism and inferior yield
(Akladious and Mohamed, 2018). Plants exposed to salt
and alkalinity stresses caused strong detrimental effects
on plant biomass (Basyuni et al., 2019), physiology
(Butcher et al., 2016), mineral ions uptake (Naher and
Alam, 2010; Ahmad et al., 2016) and destroy PSII
reactions (Yan et al., 2018). Apart from the restrictions
in the uptake of essential mineral nutrients and the
disruptions in key physiological processes, the
production of reactive oxygen species (ROS) is an
important indicator for plants under salinity-alkalinity
stress conditions (Noctor et al., 2014; Algarawi et al.,
2014). High levels of ROS sternly hinder cell
membranes and influence photosynthetic pigments,
membrane lipids, proteins and DNA (Hashem et al.,
2015; Li et al., 2017; Cao et al., 2018; Abdel Latef et
al., 2016). To prevent salt-induced damages, plants
utilize a multifaceted and strong antioxidant defense
system  where non-enzymatic and enzymatic

components perform their function in sensing and
elimination/detoxification of excess ROS. The
nonenzymatic component include Ascorbic acid (AsA),
glutathione (GSH), phenolics, alkaloids, tocopherols,
and free amino acids (Roychoudhury and Banerjee,
2015). Superoxide dismutase (SOD), catalase (CAT),
ascorbate peroxidase (APX), glutathione reductase
(GR), glutathione peroxidase (GPX), and guaiacol
peroxidase (GUPX) represent enzymatic participant of
this machinery (Hasanuzzaman et al., 2014; Pedranzani
et al., 2016).

Various methods are being utilized to mitigate the
toxicity of abiotic stresses and the utilization of various
micronutrients either as fertilizer or foliar spray is one
of these approaches to confront abiotic stresses (Abbas
et al., 2015; Negm and Eltarabily, 2017; Tei et al.,
2017). Selenium (Se) and silicon (Si) are beneficial
elements for higher plants (Swain and Rout, 2017).
These elements have been recently used in ameliorating
the toxic effects of salinity and alkalinity stresses
(Habibi, 2017; Sattar et al., 2017). Foliar selenium and
silicon in combination or alone advanced transpiration
rate, water relations, photosynthetic attributes,
chlorophyll contents, and the growth of plants under
stressed conditions (Sattar et al., 2017). Dual
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application of Se and Si alleviated the adverse effects of
NaCl on the annual herb, Anethum graveolens (Shekari
et al., 2015). Addition of 1.5 mM NazSiO4 and 5 uM of
selenate enhanced the K*: Na* ratio and the activities of
antioxidant enzymes in the stressed plants (Banerjee and
Roychoudhury, 2018).

Numerous researches indicated that the presence of
Si in the growth medium can provide partial protection
from the effects of salinity stress in barley (Hordeum
vulgare L.) (He et al., 2020), spihnach (Spinacia
oleracea L.), tomato (Solanum lycopersicum L.) (Gunes
et al., 2007), Zea mays (Moussa, 2006), wheat (Triticum
aestivum L.) (Tuna et al., 2008), grapevine rootstock
(Vitis vinifera L.) (Liu et al., 2015) and cucumber
(Cucumis sativus L.) (Zhu et al., 2004). Moreover, it has
also been found that Si nutrition is necessary to balance
plant nutrient deficiencies such as iron (Pavlovic et al.,
2013). However, Si application under high salinity
stress induces resistance in plants against oxidative
injury (Kusvuran et al., 2016) by suppressing ROS
generation, regulating antioxidant enzyme activities
(particularly, catalase and ascorbate peroxidase
activities) and by decreasing the contents of
malondialdehyde and H,O, (Kamran et al., 2019).

Previous studies have reported the ameliorating
effects of Se against some abiotic stresses such as
drought (Schiavon et al., 2017), salinity (Habibi, 2017;
Sattar et al., 2017), high temperature (Balal et al.,
2016), as well as oxidative damage (Balakhnina and
Nadezhkina, 2017). Hence, most of the positive effects
of Se have been related to decrease in oxidative stress
by enhancing the activity of antioxidants (Balakhnina
and Nadezhkina, 2017). Mozafariyan et al. (2016)
showed that the exogenous application of Se at very low
concentrations (5 or 10 pM) could alleviate the
deleterious effects of 25 mM and 50 mM NaCl stress on
tomato plants.

Cucumber [Cucumis sativus (L.)] is a highly
substantial commercial horticultural commodity, but its
growth and productivity are highly susceptible to
different abiotic factors like drought, salt stress and
alkalinity stress during both vegetative and reproductive
growth stages (Balal et al., 2016). Recently, many
studies have reported the role of Si and Se in the
alleviation of salt-induced phytotoxicity in various plant
species such as tomato (Haghighi and Pessarakli, 2013;
Mozafariyan et al., 2016), cucumber (Zhu et al., 2020),
and rice (Yan et al., 2020). Meanwhile, their roles and
responsible mechanisms in alleviating salt and alkalinity
stresses in cucumber plants under hydroponic conditions
are rarely reported in the literature. Therefore, the aim
of this investigation was to assess the potential of Se
and Si to ameliorate the adverse effect of salinity and
alkalinity damages on mineral nutrients and enzymatic
activities in cucumber plant.

Materials and methods
Plant material and experimental design: This
experiment investigated the response of cucumber cv.

Nagen plants to the effects of two beneficial elements
(Se and Si) and salinity and alkalinity stress levels in the
nutrient solutions. Cucumber seeds were grown in a
transplant tray containing coco peat and peat moss
(70+30% v). The plants were grown in a greenhouse of
Zarghan city with maximum, minimum and average
temperatures of 43, -4, 25 °C respectively, an average
rainfall of 107.7 mm and 1528 m above mean sea level
(AMSL) during the spring and summer, 2018. The
hydroponic system includes separate tanks with a
Hoagland’s nutrient solutions (Hoagland and Arnon,
1950) in each tank. After 14 days of cultivation, five
transplants of “Nagen” cucumber were sown in pots
filled with coco peat and perlite (70% + 30% V).
Afterwards, the plants were regularly fed with
Hoagland's nutrient solution through the nozzles into the
pots for two weeks. Subsequently, the treatments were
applied in each tank in addition to Hoagland's nutrient
solution. The experiment treatments consisted of control
(without sodium chloride and sodium bicarbonate), 75
mM sodium chloride as salinity stress and 75 mM
sodium bicarbonate as sodic-alkalinity stress, and
simultaneous application of selenium at concentrations
of 0, 4 and 6 mg. L of sodium selenate and silicon at
concentrations of 75 and 100 mg. L* of sodium silicate.
All sub branches and fruits were thinned up to 30 to 50
cm (node 2) above the cultivation bed to improve
vegetative growth and improving plant vigor. Plant
responses were evaluated 60 days after the salinity and
alkalinity stress treatments. Leaf samples were
randomly taken from each plant and were immediately
placed inside an aluminum foil and frozen in liquid
nitrogen and then placed in a -80 °C refrigerator for
further analysis.

Determination of H:20. Content: Hydrogen
peroxide content in leaves was determined according to
Loreto and Velikova (2001) with some modifications.
Leaf tissues (0.3 g) were homogenized in an ice bath
with 3 mL of 0.1% (w/v) trichloroacetic acid (TCA).
The homogenate was centrifuged at 10,0009 for 10 min
and 0.75 mL of the supernatant was added to 0.75 mL
of 10 mm potassium phosphate buffer (pH 7.0) and 1.5
mL of 1 m KI. The absorbance of the supernatant was
measured at 390 nm. The content of H,O, was
calculated by comparison with a standard calibration
curve previously made by using different concentrations
of H,0..

Determination of ascorbate peroxidase activity:
The reaction mixture for the peroxidase contained 50
mM potassium phosphate, pH 7.0, 0.5 mM ascorbate,
0.1 mM hydrogen peroxide and 50 pM ascorbate in a
total volume of 1 ml and 0.1 mL plant extract. The
reaction was started by adding the enzyme or hydrogen
peroxide, and the absorbance was recorded 10 to 30 sec
after this addition at 265 nm (Garcia-Limones et al.,
2002).

Guaiacol peroxidase activity: Guaiacol peroxidase
was assayed according to the method developed by
Dazy et al. (2008). The reaction mixture consisted of
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100 pL plant extract, 100 pL guaiacol (22 mM), 100 pL
H202 (100 mM) and completed to 1 mL final volume
with 125 mM potassium phosphate buffer (pH 7.0). The
increase in absorbance was measured spectro
photometrically at 470 nm (e = 26.6 mM cm?).

Glutathione reductase activity: Glutathione
reductase activity was assayed by monitoring
glutathione- dependent oxidation of NADPH in 0.15
mM NADPH, 3 mM MgCl;, 0.5 mM oxidized
glutathione, and 50 mM Tris-HCI (pH 7.5). The
absorbance was measured spectrophotometrically at 340
nm (Schaedle and Bassham, 1977); units were
expressed as U/mg protein. min.

Mineral analysis: Concentrations of inorganic ions
were determined in 1.0 g of oven dried leaf samples.
The samples were ashed at 550 °C and digested in
hydrochloric acid (Munns et al., 2010). Phosphorus (P)
was analyzed spectrophotometrically (Shimadzu UV
240, Japan) (Pratt and Chapman, 1982). The
concentrations of calcium (Ca), iron (Fe), zinc (Zn),
magnesium (Mg) and manganese (Mn) ions were
determined by atomic absorption spectroscopy (GBC
1.33, Avanta, Australia).

Statistical analysis: The experiment was a
completely randomized design factorial experiment in
four replications. Data were subjected to analyses of
variance (ANOVA) and the means were separated by
Duncan's multiple range test multiple at P < 0.05. Data
analysis were performed by SAS, v 9.2 software.

Results

According to the results of data analysis of variance, the
effects of salinity and alkalinity stresses and selenium
and silicon elements on all of the studied traits were
statistically significant and also the effects of salinity
and alkalinity stresses as well as selenium and silicon
interactions were significant at P <0.01 (Table 1).

Peroxide hydrogen: The results revealed that
peroxide hydrogen concentration was increased in
cucumber leaves under salinity and alkalinity stresses.
The lowest content of peroxide hydrogen was recorded
in the control treatment and peroxide hydrogen
concentration was remarkably decreased by addition of
selenium and silicon under salinity and alkalinity
stresses (Fig. 1).

Ascorbate peroxidase activity: The effects of
application of selenium and silicon treatments on
ascorbate peroxidase activity of cucumber plants grown
in salinity and alkalinity stress conditions are shown in
Fig. 2. Ascorbate peroxidase activity in leaves of NaCl
stressed plants significantly enhanced with the
application of sodium silicate and sodium selenate. The
highest enzyme activity was recorded in 100 mg. L
sodium silicate under 75 mM NaCl condition.
Meanwhile application of sodium silicate and sodium
selenate increased this enzyme activity of cucumber
plants under 75 mM alkalinity stress. Whilst, under non-
stress conditions, the ascorbate peroxidase activity was
declined in leaves of the control plants compared with

stressed plants.

Guaiacol peroxidase activity: Guaiacol peroxidase
activity increased with either Si or Se in salinity and
alkalinity stressed plants; the highest increase was
observed in the 100 mg L sodium silicate at the 75
mM NaCl. Both sodium silicate and sodium selenate
improved the guaiacol peroxidase activity in the 75 mM
NaHCOs; treatment. Also, both levels of sodium silicate
and sodium selenate improved the guaiacol peroxidase
activity in the 75 mM NaCl treatment (Fig. 3).

Glutathione reductase: Sodium silicate and sodium
selenate significantly increased glutathione reductase
activity under control and both alkalinity and salinity
stress conditions, whilst, the effects of beneficial
elements under stressed conditions were more
remarkable. 100 mg L sodium silicate had the greatest
effect on increasing glutathione reductase activity in the
75mM NaCl treatment and 75 mM NaHCO;3 as well
(Fig. 4).

Mineral elements: Phosphorous concentration in
cucumber plants changed with sodium silicate and
sodium selenate application. Sodium silicate and
sodium selenate increased phosphorous content in non-
stressed and salinity and alkalinity stress conditions;
However, the highest amount of P was in 100 mgL*
sodium silicate treatment under non-stressed conditions
(Table 2).

Sodium silicate and sodium selenate improved Mg
content in both stressed plants and non- stress plants.
The highest concentration of Mg was seen under non-
stressed conditions, when 100 mg L sodium silicate
was applied. Sodium silicate and sodium selenate
improved Mg content in the 75 mM NaHCO3 and NaCl
treatments, while no application of both sodium silicate
and sodium selenate decreased it in 75 mM NaHCOs;
and NaCl treatment (Table 2).

Sodium silicate and sodium selenate significantly
increased Ca content under both alkalinity and saline
conditions. 75 mgL? sodium silicate had the greatest
effect on increasing Ca content in the 75mM NacCl
treatment in comparison with 75 mM NaHCO3
(Table 2).

Table 3 presents the effects of salinity and alkalinity
stress and different concentrations of beneficial
elements on Mn, Fe, Zn, and Cu concentrations in leaf
of cucumber plants. Stress conditions reduced the
concentrations of Mn, Fe, Zn and Cu compared with
non- stressed conditions.

As shown in Table 3, sodium silicate and sodium
selenate improved Fe concentration in stressed plants,
while the highest content was seen in no salinity or
alkalinity stress conditions when 100 mgL? sodium
silicate was applied.

Zn content improved with sodium silicate and
sodium selenate applications in plants grown in
alkalinity or salinity medium, with more significant
efficiency in cucumber plants grown in salinity medium
in comparison to that in alkalinity medium. The highest
Zn concentration was recorded in non-stressed
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Table 1. Analysis variance of some properties of cucumber plants under salinity and alkalinity stresses

Mean of Square

[}
DF g5 £8> s> 58
S X 3 283 23 =8
ource s 2 S¥& T XE = S P Mg Ca Cu Mn Zn Fe
g2 238 338 RS
<3 [=% o=
Salinity (A) 2 109.00* 1481* 1466.00** 241.00** 8.48"* 0.009** 2.5* 30.25* 698.6* 3019.0* 7991.0*
Beneficial
4 41.00* 268" 607.00** 71.20* 0.93* 0.96" 65.39" 14.02** 244.8* 301.00* 938.00**
Elements (B)
A*B 8 9.16" 126** 145.00** 21.50* 0.12* 41.01* 21.67* 27.96* 372.6** 28.01* 166.00**
Error 45 0.28 42 4.12 0.60 0.006 0.01 0.61 6.9 218.5 1.5 18.61
C.V 3.8 23 3.6 2.9 2.71 12.19 23 16.66 14.1 2.5 2.5
* P <0.05, *** P <0.001
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Fig. 1. Effects of application of sodium selenate and sodium silicate on peroxide hydrogen of cucumber plants grown in
salinity and alkalinity stress conditions. Bars with different letters are significantly different according to the Duncan’s
multiple range test at P < 0.05.
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Fig. 2. Effects of application of sodium selenate and sodium silicate on ascorbate peroxidase activity of cucumber plants
grown in salinity and alkalinity stress conditions. Bars with different letters are significantly different according to the
Duncan multiple range test at P < 0.05.
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Fig. 3. Effects of foliar application of selenium and silicon on guaiacol peroxidase activity of cucumber plants grown in
salinity or alkalinity stress conditions. Bars with different letters are significantly different according to according to the

Duncan multiple range test at P < 0.05.
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Fig. 4. Effects of application of sodium selenate and sodium silicate on glutathione reductase activity of cucumber plants
grown in salinity and alkalinity stress conditions. Bars with different letters are significantly different according to the

Duncan multiple range test at P < 0.05

conditions when 100 mgL* sodium silicate was applied.
The results revealed that salinity stress decreased Mn
and Cu concentrations in cucumber plants and the
lowest contents of Mn and Cu were recorded in the 75
mM NaHCOs; treatment (Table 3). Under both stress
conditions, sodium selenate and sodium silicate foliar
applications remarkably increased Mn and Cu
concentrations in cucumber leaves.

Discussion

Increased salinity in the growth medium has resulted in
the decrease of plant growth features, physiological
properties, and biochemical attributes, which eventually
restricted the yield of crop plants (Kamran et al., 2019).
Another cause of the growth inhibition under abiotic
stresses was changes in the plants” mineral composition.
At the same time, silicon and selenate applications

drastically mitigated the negative effect of salinity and
alkalinity due to their beneficial roles in balancing
morpho-physiological characteristics, mineral nutrition
and antioxidant defense mechanism (Khorasaninejad et
al., 2020; Balakhnina and Nadezhkina, 2017).

Si-treated cucumber plants maintained high P and Fe
levels even under salinity and alkalinity stress
conditions which was in line with Farshidi et al. (2012)
findings on canola plants. Hussein and Abou-Baker
(2014) indicated that higher accumulation of P, K, Ca,
and Mg in stressed Moringa oleifera compared to the
non-treated stressed plants was induced by Si
application. This experiment, an increment in Mn, Zn,
and Fe contents in plant leaves under Se treatment could
also be the reason for the improvement of
photosynthetic apparatus and avoidance of chlorophyll
degradation (Carvalho et al., 2014).
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Table 2. Effect of combined different concentrations of sodium silicate, sodium selenate and salinity and alkalinity stress on

macro elements content in cucumber leaf.

Salinity stress Beneficial elements  mg/L P Mg Ca
0 2.91¢t 0.59 2.88h
Sodium selenate 4 3.054 0.90f 3.14f
Control 6 3.25¢ 1.21d 3.64¢
Sodium silicate 5 3.53° 1.4l 4.26"
100 3.992 1.748 4,472
0 1.72! 0.48kK 2.66
. Sodium selenate 4 1.791 0.73i 2.969
75 mM Sodium 6 2.06 1.03 3.39¢
ehioride Sodium silicate s 2.28 123 3.74°
100 2.38 1.57° 3.51d
0 2.45 0.49k 1.62!
i h h k
75 Mm Sodium Sodium selenate 4 2.56 0.80 2,11
bicarbonate 6 2.609 0.889 2.48
Sodium silicate 5 2.760 0.98° 2.939
100 2.80¢f 1.15° 3.29¢

tMean values followed by the same letters in each column are not significantly different at the 5% level (Duncan’s multiple

range test).

Table 3. Effect of combined different concentrations of sodium silicate, sodium selenate and salinity and alkalinity stress on

micro elements in cucumber leaf.

Salinity stress

Beneficial elements  mg/L

Fe Cu Mn Zn

Sodium selenate

186.9¢ 17.239 78.269 54.60%
189« 19.98f 80.30" 55.90¢

Control 192.6 23739 8938  58.20°
- 198.0°  29.73°  108.94°  61.30°

Sodium silicate 100  206.0°  3496° 118.01*°  66.30°

13891  1549"  73.05"  46.00"

25 mM Sodi Sodium selenate 154.51 17.049 79.32f 47.06"
mhl ri‘é um 156.9"  19.05f  88.95¢ 49509
chioride Sodium sificate 162.9° 24829 93829  51.36"
100 17016  27.96°  97.77°  53.60¢

153.8 13577 6623 2313

25 Mm Sodium Sodium selenate 166.0f 18.889 77.859 33.50%

169.2¢ 21.31° 80.62f 35.05%

bicarbonate
Sodium silicate

100

172.0¢% 27.88° 90.48¢ 38.86/
166.01 32.70° 89.88° 4350

tMean values followed by the same letters in each column are not significantly different at the 5% level (Duncan’s multiple

range test).

While salinity and alkalinity stresses induced oxidative
stress and increased the levels of H»O,, addition of
sodium selenate and sodium silicate decreased the
harmful effects of stresses. Our findings were consistent
with other researches that decreased generation of H,O,
under selenate supplementations has been confirmed
(Hawrylak-Nowak, 2013). It has been well accepted that
lower concentrations of selenate that cannot work as a
pro-oxidant to induce oxidative stress help to protect
plants from ROS-stimulated oxidative damage (Kamran
et al., 2019). In general., selenate could protect the
metabolism and cellular functioning by up-regulating
the ROS detoxifying pathways and the osmoregulatory
mechanisms and silicate can develop antioxidant
machinery by acting as a scavenger against H,O, and
O guaranteed ROS balance at the cellular level, which
improved membrane stability and permeability (Kim et
al., 2017; Parveen et al., 2020).

As salinity and alkalinity stresses induced oxidative
stress, an increase in the activity of antioxidant enzymes

including APX, GPX, and GuPX in the leaves of
cucumber plants by application of the beneficial
elements was observed. Research has shown that 75
mM salinity and alkalinity stresses induced oxidative
stress due to the accumulation of ROS, which in turn
induced free radicals that could not be controlled in
damaging cell components and, eventually leading to
cell death. Enhancement of H,O, and other antioxidant
enzymes have been reported for different plant species
under salinity stress (Kamran et al., 2019). Some
elements such as Si and Se can act as the mediated
improvement in the alleviation of ROS effect, improve
the activities of oxidative enzymes resulting in
increased antioxidative capacity in plants and survived
them under abiotic stresses (Kamran et al., 2019).

The neutralizing of H,O, and lipid peroxide (MDA)
into water and lipid alcohol is carried out by two
substantial enzymes including glutathione peroxidase
and glutathione reductase (Farooq et al., 2015).
Glutathione reductase is considered to be an important
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enzyme, which is strongly activated by Se in different
plants under salinity stress (Kamran et al., 2019). In the
presence of Se, glutathione peroxidase suppresses H20-
and then APX, CAT, and GR remove the leftover of
H202. In line with our results, an increase in activity of
glutathione reductase lowered the levels of H,O, but
improved the growth of rapeseed (Brassica napus L.),
rice (Oryza sativa L.) and tomato (Solanum
lycopersicum L.) plants by overcoming ROS-stimulated
oxidative damage under salinity stress (Hasanuzzaman
etal., 2011; Kamran et al., 2019).

Our results of increased activity of antioxidant
enzymes by Silicon supplementation support the
findings of Habibi and Hajiboland (2013) for Pistacia
vera, Shekari et al. (2015) for Anethum graveolens and
Abdel Latef and Tran (2016) for maize. Silicon
stimulated the activity of GR and APX to prevent
damage to photosynthetic apparatus by maintaining the
optimal concentration of NADP for keeping the
uniformity in electron flow resulted in hindering the
generation of toxic superoxide radical (Abd_Allah et
al., 2015). Furthermore, it was stated that the access of
proteases to internal membrane proteins as well as
destruction and disturbance of cell membranes were
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