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Exogenous silicon alters ascorbate-glutathione cycle in two salt-stressed
indica rice cultivars (MTU 1010 and Nonabokra)
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Abstract
Silicon is widely available in soil and is known to mitigate both biotic and abiotic stress in plants. Very low doses of silicon are
becoming increasingly essential in rice for biofortification and preventing water loss. Soil salinity is a matter of grave concern in
various parts of the world, and silicon is a suitable candidate to mitigate salinity-induced stress of important plants in affected
areas. The present study investigates the protective capability of exogenously applied silicon in ameliorating NaCl-induced
toxicity in two rice (Oryza sativa L.) cultivars, the salt-sensitive MTU 1010, and salt-tolerant Nonabokra. Rice seedlings were
treated with three doses of NaCl (25, 50, and 100 mM), initially alone and subsequently in combination with 2 mM sodium
silicate (Na2SiO3, 9H2O). After 21 days, these plants were examined to determine levels of reduced glutathione, ascorbic acid,
cysteine, and activities of different enzymes involved in the ascorbate-glutathione cycle, viz., glutathione reductase (GR),
ascorbate peroxidase (APX), glutathione peroxidase (GPx), and glutathione S-transferase (GST). Though ROS levels increased
in both the cultivars with increasing NaCl concentrations, cv. MTU 1010 accumulated comparatively higher amounts. A
differential response of NaCl-induced toxicity on the two cultivars was observed with respect to the various enzymatic and
non-enzymatic antioxidants. APX and GST activities, as well as, cysteine contents, increased concomitantly with salt concen-
trations, whereas GR activity declined at increasing salt concentrations, in both cultivars. Activity of GPx increased in cv.
Nonabokra but declined in cv. MTU 1010, under similar NaCl concentrations. Reduced glutathione (GSH) contents decreased
in both cultivars, whereas ascorbate contents declined in only the sensitive cultivar. Application of silicon, along with NaCl, in the
test seedlings of both the cultivars, reduced ROS accumulation and boosted antioxidant defense mechanism, through enhancing
ascorbate and GSH levels, and activities of ascorbate-glutathione cycle enzymes as well. However, amelioration of salt-induced
damages in the sensitive cv. MTU 1010 was more pronounced upon silicon administration, than the tolerant cv. Nonabokra.
Thus, cv. MTU 1010 was found to be more responsive to applied silicon. Hence, this study was instrumental in realizing a
successful strategy in silicon-mediated amelioration of salinity stress in plants.
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Introduction

Salinity is an important abiotic stress that typically affects crop
and forage production in the arid and semi-arid regions of the
world (Munns and Gilliham 2015). According to a recent
report 6% (approx.) of total land on earth (Tang et al., 2015),
tantamounting to 20% of the arable regions, is affected by
salinity (Rasool et al. 2013). In face of the specter of declining
crop productivity and rapid urbanization, it has now become
imperative to reclaim salinity affected areas, especially the
coastal areas, for agriculture (Karan and Subudhi 2012).
Plants growing in saline conditions accumulate high amounts
of Na+ in their tissues and exhibit characteristic symptoms of
Na+ toxicity that diminishes nutrient absorption and induces
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oxidative damage, thus affecting plant physiology and fertility
(Zhu et al. 2017).

The cereal, rice (Oryza sativa L.), is the primary source of
calorie for approximately three billion people globally (Ullah
et al. 2017). Countries of SE Asia are traditionally the largest
producers, as well as consumers of rice (Cuong et al. 2017).
India has the largest rice growing area in the world (44.0Mha)
and is the second largest producer after China (Anonymous
2016). A glycophyte, rice, is very sensitive to salinity, partic-
ularly at seedling stage (Lutts et al. 1995). In fact, salinity is
one of the primary problems which affect rice production
along the coastal regions of India (Gupta and Abrol 1990).

Rice grown in saline soil is plagued by inhibition of ger-
mination, malformed leaves, reduction in dry mass, and infer-
tility (Folkard and Marco, 2001). These negative effects of
salinity can be minimized with reclamation, watering, and
drainage, but the cost of management and technology driving
such endeavors is prohibitive (Murtaza et al. 2009). Declining
profitability in agriculture and limited usage of advanced ag-
ricultural equipment by farmers has refocused global attention
on the necessity of enhancing rice production per unit area
with reduced toxic effect to the soil and environment.

Increased production of ROS at molecular level character-
izes biochemical perturbations in plants during stress. In fact,
enhanced ROS is one of the most common consequences in
plants subjected to salinity and varies widely with the duration
and degree of stress imposition, and the types of crop as well
(Hasanuzzaman et al. 2011). To encounter the destructive effect
of ROS, plants build up multiple anti-oxidant-based defense
systems, one of which is the ascorbate-glutathione (AsA-
GSH) cycle, composed of enzymatic [glutathione reductase
(GR), ascorbate peroxidase (APX), monodehydroascorbate re-
ductase (MDHAR), and dehydroascorbate reductase (DHAR)]
and non-enzymatic components (훼-tocopherol, non-protein
amino acids, ascorbic acid (AsA), glutathione (GSH), alkaloids,
and phenolic compounds), as well as other enzymes, like su-
peroxide dismutase (SOD), catalase (CAT), glutathione perox-
idase (GPX), and glutathione S-transferase (GST) (Fig. 1). All
these components act in a harmonious symphony to detoxify
ROS and confer protection against oxidative damage
(Hasanuzzaman et al. 2011, 2012). Glutathione is a well-
known low molecular weight thiol, which under unstressed
conditions is present in its reduced form (GSH) and a small
amount of its oxidized form (GSSG) (Noctor et al. 2002).
Cysteine-rich GSH plays the role of storehouse of reduced
sulfur in the cell and also act as substrate for glutathione S-
transferases (GST) that removes various toxic compounds,
interacting with ROS on one hand and the stable oxidized form
of ascorbate on the other, which it reduces to ascorbate (Noctor
et al. 2002). GSH in plant cells is synthesized via a two-step
process: L-glutamate reacting with L-cysteine to produce γ-
glutamylcysteine in the presence of the enzyme γ-
glutamylcysteine synthetase, followed by glycine being added

by help of the enzyme glutathione synthetase. Glutathione re-
ductase (GR) converts GSSG to its reduced form GSH and
thereby helps in maintaining the reduced state of GSH
(Murgia et al. 2004), while GST, APX, and GPX link peroxide
reduction to GSH oxidation. Increased availability of H2O2 and
cellular glutathione status are thus closely related, synchronized
with the ascorbate content too. The ascorbate-glutathione cycle
thus connects H2O2 reduction to NAD(P)H oxidation via ascor-
bate and glutathione pools, and analysis of key components of
this pathway can be used as reliable stress markers in plants
(Noctor et al., 2012, b).

One of the cost-effective ways being explored is chemical
modification of the saline soil by the use of silicon (Si). It is
reported that silicon-enriched fertilizers not only sustain rice
production but also decrease emission of the greenhouse gas
methane during rice cultivation (Ali 2013). Silicon, though
second most abundant element, is termed as quasi-essential
for plants (Epstein and Bloom 2005; Coskun et al. 2016).
Though not absolutely essential for plant survival, Si highly
improves metabolic, biochemical, and physiological function-
ing of plants. Beneficial role of silicon has been exploited in
many experimentally and economically important plants as
well like rice, tomato, sorghum, cucumber, wheat, among
others (Coskun et al. 2016; Li et al. 2015; Amani et al.
2017; Wang et al. 2015; Ibrahim 2016). Role of silicon appli-
cation in salinity amelioration is well documented (Liang et al.
2007). Silicon helps a salt-stressed plant in a cascade of events
starting from cessation of bypass flow of Na+ uptake by cre-
ating a mechanistic barrier, blockage of transpiration by de-
positing on cell walls (Gong et al. 2005; Wang et al. 2015),
increase in total leaf water content to check hyper-osmotic
changes (Romero-Aranda et al. 2006), increase in antioxidant
enzyme activities (major enzymes namely SOD, GPX, APX,
CAT), all of which are responsible for warding off increase in
salinity-related ROS quantity (Zhu et al. 2004) or H+-ATPase
activity accretion in the cell cytosol (Wang et al. 2015). It has
recently come to light that silicon alleviates the hyperosmotic
response thus controlling osmotic stress (Munns and Tester
2008; Romero-Aranda et al. 2006), mainly by controlling sto-
matal movements and aquaporin-mediated root conductance
(Liu et al. 2015) and by accumulating osmolytes like poly-
amines (Wang et al. 2015). Aquaporins, which belong to the
ancient family of major intrinsic proteins (MIP) (Maurel et al.
2015), are primarily responsible for specialized water trans-
port (Zhang et al. 2016). They are the chief intra-cellular min-
eral transporters (Maurel et al. 2009; Rios et al. 2017). Silicon
uptake too is highly regularized by aquaporins, while they
transpass from the apoplastic to the symplastic network
(Rios et al. 2017). Due to its non-corrosive and non-
dissociative nature, silicon over-accumulation does not dam-
age plants and silicate fertilizers can contribute in developing
ecologically sustainable green agriculture. Both silicate and
nano-silicate additives have positive results against salinity-
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induced drought in many plant species (Haghighi and
Pessarakli 2013); however, here, sodium silicate was chosen
because of its wide availability and cheap price. Recent stud-
ies have confirmed the role of silicon in ameliorating harmful
effects of salt stress in many economically important crops,
and not only that, silicon has been reported to mitigate heavy
metal toxicity in various plants as well (Singh et al. 2011;
Tripathi et al., 2015a, b, Tripathi et al., 2016a, b).

To bolster rice plants in saline conditions, it is important to
understand the gamut of physio-biochemical changes that the
exposed plants undergo, by comparing response of a salt-
tolerant and a salt-sensitive cultivar. The authors have earlier
reported that there are certain physiological consequences of
salt-stress in MTU1010, a salt-sensitive cultivar of rice, and
the possibility of salt stress modulation by silicon administra-
tion (Das et al. 2016). The present work was designed to
elucidate upon the effect of salinity on the ascorbate-
glutathione cycle, a very important mechanism for ROS de-
toxification, as a comparative study in two rice cultivars, the
salt-sensitiveMTU 1010 and salt-tolerant Nonabokra.We also
intended to explore the efficacy of using silicon for ameliorat-
ing the adverse effects of salinity and understand the possible
mechanisms involved in silicon-induced augmentation of salt
tolerance. This strategy may be employed in mitigation of salt
stress in rice plants growing in saline-prone regions.

Material and methods

Plant material, culture method, concentration of Si,
and salinity treatment

Seeds of two low land rice (Oryza sativa L.) cultivars, MTU
1010 and Nonabokra, used in this study were obtained from the

State Rice Research Station, Chinsurah, Hooghly,West Bengal,
and were surface sterilized with 5% (v/v) sodium hypochlorite,
and then washed thoroughly with water. About 50 seeds for
each treatment were spread over in petri dishes (φ 10 cm) lined
with filter papers. The seeds were kept in dark and humid
conditions for 48 h in a germinator at 30 ± 2 °C. Then, the
germinating seeds were exposed to 25, 50, and 100 mM con-
centration of sodium chloride (NaCl: Merck, India) solutions
(w/v) with or without 2 mM sodium meta-silicate (Na2O3Si,
9H2O: Loba-chemie, India) solution (w/v) and exposed to
16 h photoperiod (260 μmol m−2 s−1 PFD) for 21 days in
the presence of modified Hoagland solution (Rafi and
Epstein, 1999, b), which was renewed every alternate day.
Two millimolar concentration of Si was chosen for amelio-
ration because this dose showed better performance under
NaCl stress which was selected after multiple trial studies
considering membrane lipid peroxidation reported previous-
ly (Das et al. 2016). Throughout this period, pH of the
nutrient solution was adjusted in the range of 5.5–6.0 using
0.1 M HCl to reduce polymerization of silicates. The plants
were harvested after 21 days of the treatment, washed with
distilled water to remove any residues, stored separately
into shoot and root at − 80 °C.

Detection of intracellular ROS with fluorescent dye

Salinity inspired intracellular ROS formation in root and
shoot of control, and treated samples was studied qual-
itatively by 2′,7′-dichloroflourescein acetate. Tissue was
treated with 0.25 μM DCFH-DA (Sigma-Aldrich) solu-
tion (Faisal et al. 2013) in PBS and inspected under
Laser Scanning Confocal Microscope (LSCM-
Olympus, 1X CLSM 81). Software version: Flouview
FVV 1000, 495-530 filter.

Fig. 1 Diagrammatic representation of ascorbate-glutathione cycle
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Estimation of cysteine

Cysteine, an important alleviator of oxidative stress (Genisel
et al. 2015), was estimated in 0.5 g of samples which were
homogenized in 5% (v/v) chilled perchloric acid (PCA) and
centrifuged at 10,000×g for 10 min at 4 °C. The absorbance of
the supernatant was taken using acid-ninhydrin reagent at
560 nm following the protocol of Gaitonde (1967) with min-
ute modifications.

Estimation of ascorbate content

Ascorbate contents were measured according to Mukherjee
and Choudhuri 1983). Root and shoot samples were homog-
enized in 6.0 ml ice-cold 6% TCA and homogenates centri-
fuged at 11,500g for 15 min at 4 °C. Reaction mixture
consisting 4 ml of supernatant, 2 ml of 0.2% DNPH (2′,4′-
dinitrophenylhydrazine) in 0.5 N HCl, and 0.01 ml 10% thio-
urea in 70% ethanol was kept in boiling water bath for 15 min
and cooled, and 5 ml concentrated H2SO4 was added.
Absorbance of the mixture was monitored at 530 nm. A stan-
dard curve was prepared using known concentrations of ascor-
bic acid. Ascorbate contents were expressed as microgram
ascorbate per gram FW.

Estimation of GSH content and enzyme activities

a. Total glutathione content from root and shoot samples of
21-day-old rice seedlings was extracted in 5% (m/v)
su l fosa l i cy l i c ac id (SSA) con ta in ing 1 mM
ethylenediamine-tetraacetic acid disodium salt
(Na2EDTA) and centrifuged at 10,000g for 20 min.
Total thiols were measured in a 100 mM phosphate buffer
(pH 7.5) containing 1 mM Na2EDTA, 6 U cm−3 GR,
10 mM 5,5′-dithiobis-(2-nitrobenzoic acid) (DTNB), and
0.16 mg cm−3 NADPH. Absorbance was recorded at
412 nm (Sedlak and Lindsay 1968) using a spectropho-
tometer (Hitachi 2000, Tokyo, Japan).

b. Further, root and shoot samples were extracted using in
100 mM phosphate buffer (pH 7.5) containing 0.5 mM
Na2EDTA and centrifuged at 15,000g and 4 °C for
20 min. GR (EC 1.6.4.2) activity was assayed in a
100 mM phosphate buffer (pH 7.5) containing 0.5 mM
Na2EDTA, 0.75 mM DTNB, 0.1 mM NADPH, and
1 mM oxidized glutathione (Smith et al. 1988). The reac-
tion mixture was incubated at 35 °C; meanwhile, absor-
bance at 412 nm was measured for up to 5 min. The
activity was calculated using the coefficient of absorbance
(ε) of 6.22 mM−1 cm−1.

c. For GPx (EC 1.11.1.9) estimation, 100 mg tissue was
extracted in 220 mM Tris-HCl buffer (pH 7.4) containing

250 mM sucrose, 50 mM potassium chloride, 1 mMmag-
nesium chloride, 160 mM β-mercaptoethanol, and
0.57 mM phenylmethanesulfonyl fluoride. The GPx ac-
tivity was assayed in a 20 mM sodium acetate buffer
(pH 5) with 30 mM H2O2, and 2 mM guaiacol added just
prior to estimation. Absorbance at 470 nm was recorded,
and the activity was calculated using ε = 26.6 mM−1 cm−1

(Ranieri et al. 2001).

d. For GSTassay, root and shoot samples were extracted in a
100 mM Tris-HCl buffer (pH 7.5) containing 2 mM
Na2EDTA, 14 mM β-mercaptoethanol, and 7.5% (m/v)
polyvinylpyrrolidone (PVP). After centrifugation at
15,000g for 15 min, the activity of GST (EC 2.5.1.18)
was measured in a 100 mM phosphate buffer (pH 6.5),
5 mM GSH, and 1 mM 1-chloro-2,4-dinitrobenzene mix-
ture based on absorbance at 340 nm. The activity of GST
was calculated using ε = 9.6 mM−1 cm−1 (Ando et al.
1988). Protein content was estimated from assay samples
according to Lowry et al. 1951).

e. APX activity was assayed according to Nakano and
Asada 1981). Root and shoot samples were homogenized
in 0.1 M sodium phosphate buffer (pH 7.0) containing
10% PVP, centrifuged at 12,000g for 20 min, and super-
natant was used to assay the enzyme activity. Reaction
mixture consisted of 0.1 M sodium phosphate buffer
(pH 7.0), 0.5 mM ascorbic acid, 0.1 mM H2O, 0.1 mM
EDTA, and enzyme extract. The change in absorbance at
290 nm was recorded for every 30 s for 180 s. APX
activity was calculated using extinction coefficient of
2.8 mM−1 cm−1 for ascorbate oxidized at 290 nm and
expressed as micromole ascorbic acid decomposed per
microgram protein per minute.

f. Monochlorobimane is a dye that becomes fluorescent
only on conjugation with lower group thiols especially re-
duced glutathione catalyzed by glutathione S-transferase
forming a monochlorobimane-GSH adduct (Kamencic et al.
2000). Qualitative estimation of reduced glutathione was done
by using the protocol of Muller et al. (1999) by immersing
root tips in 0.25 μM solution of monochlorobimane in PBS
for 30 min and documenting them under Laser Scanning
Confocal Microscope (LSCM- Olympus, 1X CLSM 81).
Software version: Flouview FVV 1000, 394-430 filter.

Statistical analysis

The experiments were carried out in a completely randomized
design (CRD) with three replicates, each replica comprising a
single petri dish containing an average of 50 seeds.

The statistical analyses were carried out in MINITAB envi-
ronment (MINITAB ver.18). Data were presented as mean ±
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standard error. The results were subjected to one-way analysis
of variance (ANOVA). The level of significancewas established
at P ≤ 0.05 at every instance for all the biochemical assays,
throughout the study. In case a significant interaction was found
among the factors (varieties × dosage), such instances were
compared by Tukey’s test (Manna and Bandyopadhyay 2017).

Results

Si reduced ROS accumulation under NaCl stress

Roots of plantlets of both the cultivars were stained with 2′,7′-
dichlorodihydrofluorescein diacetate (H2DCFDA) that binds to
ROS (predominantly H2O2). It was observed that a higher in-
tensity of green fluorescence was produced in roots of both the
cultivars under salt stress (Figs. 2 and 3). Intensity of fluores-
cence increased with increasing concentration of NaCl, from 25
to 100 mM. Basal level of green fluorescence and concomitant-
ly ROS too was found to be higher in cv. Nonabokra in com-
parison to cv. MTU 1010. Silicon application decreased green
fluorescence and the production of ROS as well in both the
cultivars which was evident from the lesser intensity of green
fluorescence in silicon supplemented roots of both cultivars.

Si retrieved GSH levels under NaCl stress

Increasing NaCl concentrations precipitated decrease of the
GSH contents in both the cultivars. Roots of plantlets belonging
to the susceptible cv. MTU 1010 showed a decrease of GSH
contents by ~ 16 and 20%, respectively, when exposed to 25
and 50 mM NaCl, and a significant (P ≤ 0.05) decrease of 43%
under 100 mMNaCl treatment over water control. In the shoots
of these plantlets, the decrease of GSH components registered
was 14% under 25 mM NaCl treatment, whereas the GSH
levels decreased significantly (P ≤ 0.05) by ~ 25 and 29% under
50 and 100 mM NaCl concentrations, respectively, when com-
pared to untreated control (Fig. 4a). In the roots of plantlets
belonging to the salt tolerant cv. Nonabokra, GSH levels de-
creased slightly by ~ 8 and 12% under 25 and 50 mM NaCl
treatments, respectively, and a significant (P ≤ 0.05) decrease of
31% in GSH contents under 100 mM NaCl treatment was re-
corded when compared to water control. Similarly, in shoots of
the cv. Nonabokra seedlings exposed to NaCl, GSH levels de-
creased by about 11, 17, and 21% under 25, 50, and 100 mM of
NaCl treatments, respectively, over water control (Fig. 4b).

During joint application of NaCl in concentrations mentioned
above along with 2 mM silicate, the magnitude of decrease in
GSH level in roots of exposed plantlets of cv. MTU 1010 was

a

fe

c

d

b

Fig. 2 H2DCFDA staining images of ROS accumulation in roots of cv. MTU 1010. a Control. b 25 mM NaCl. c 100 mM NaCl. d 2 mM silicon. e
25 mM NaCl + 2 mM Si. f 100 mM NaCl + 2 mM Si
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much less (by about 9, 13, and 27%, respectively, over water
control), whereas in their shoots, the magnitude of decrease was
also reduced by only 6, 19, and 26%, respectively, over water
control. Similarly, in plantlets of cv. Nonabokra exposed to both
NaCl and Si, the level of reduction inGSHcontentswas narrowed
down both in roots and shoots, declining by only 4, 8, and 26% in
roots and 5, 14, and 18% in shoots, when compared to water
control, under the three doses of salt stress, respectively.

Whenmonochlorobimane staining was used to monitor the
root GSH level, it was observed that under NaCl stress, GSH
content was prominently decreased. GSH levels were signifi-
cantly restored in the salt-stressed plants of both the cultivars
that had been co-treated with Si (Figs. 5 and 6).

Regression analysis results (Supplementary Tables 1 and 2)
showed negative correlation of GSH content with NaCl concentra-
tion, whereas a positive correlation was found between application
of silicon and increment in GSH contents even on salt exposure.

Ascorbate content increased upon Si application
under NaCl stress

When the level of ascorbate was quantified under increasing con-
centrations of NaCl, a differential response was observed among
the two cultivars. In roots of the susceptible cv. MTU 1010, treat-
ment with 25 and 50mMNaCl led to an insignificant decrease of

ascorbate by ~ 17 and 35% and significant (P ≤ 0.05) decrease by
~ 51%when exposed to 100mMNaCl concentration, respective-
ly, over water control. Similarly, shoots of cv.MTU1010 plantlets
when exposed to 25, 50, and 100 mM NaCl showed decreased
ascorbate contents by ~ 15, 25, and 35%, compared to untreated
control (Fig. 4c). In contrast, in plantlets of cv. Nonabokra, ascor-
bate content increased consistently at all doses of NaCl treatment.
Roots from plantlets of cv. Nonabokra, 25, 50, and 100mMNaCl
treatments induced an increase by about 12, 33, and 52% of
ascorbate content, compared to water control. In their shoots,
ascorbate tends to increase linearly with salt concentration from
about 3, 11, and 21% under 25, 50, and 100 mM NaCl concen-
trations, respectively, over water control (Fig. 4d).

Silicon administration along with NaCl altered the ascorbate
content in both roots and shoots of the two cultivars of rice
seedlings. In plantlets of the cv.MTU 1010, decrement in ascor-
bate content was narrowed down to ~ 5, 24, and 42% decrease
roots and ~ 9, 21, and 27% decrease in shoots, under 25, 50, and
100 mM NaCl treatments, compared to water control. In plant-
lets of cv. Nonabokra, silicon supplementation further increased
ascorbate contents from only salt-treated seedlings. In roots,
ascorbate contents were elevated from 12 to 21% under
25 mM, from 33 to 41% in 50 mM NaCl and from 52 to 58%
in 100 mMNaCl. In shoot, the increment escalated from 3 to 8,
11 to 14, and 21 to 25% under similar treatments.

a

fd

cb

e

Fig. 3 H2DCFDA staining images of ROS accumulation in roots of cv. Nonabokra. a Control. b 25 mM NaCl. c 100 mM NaCl. d 2 mM silicon. e
25 mM NaCl + 2 mM Si. f 100 mM NaCl + 2 mM Si
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Fig. 4 Effect of silicon (2 mM) and NaCl stress (25, 50, and 100 mM) on
GSH (a cv. MTU1010; b cv. Nonabokra) and ascorbate content (c cv.
MTU1010; d cv. Nonabokra) in root and shoot of 21 days old rice

seedlings. Vertical bars represent the standard error (n = 3). Different let-
ters at the same time point represent significant differences (P ≤ 0.05)
between the treatments

a b c

d e f

Fig. 5 Monochlorobimane staining images of reduced glutathione content in roots of cv. MTU 1010 (a control; b 25 mM NaCl; c 100 mM NaCl; d
2 mM silicon; e 25 mM NaCl + 2 mM Si; f 100 mM NaCl + 2 mM Si)
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Regression equation indicated that in both the cultivars,
ascorbate content was positively correlated with silicon, but
negatively correlated with NaCl concentrations in the case of
cv. MTU 1010 only (Supplementary Tables. 1 and 2).

Reduced cysteine accumulation due to Si under NaCl
stress

Cysteine is an essential amino acid of glutathione (GSH), and
therefore, glutathione level is dependent on the supply of cyste-
ine. In our experiment, both the rice cultivars showed enhanced
cysteine accumulation under salt stress. Roots of plantlets of cv.
MTU 1010 exhibited 20, 25, and 37% elevation in cysteine
contents, while the shoots recorded increments of 12, 23, and
39% over water control under 25, 50, and 100 mM NaCl treat-
ment, respectively, where changes in 100 mM concentration
were statistically significant (P ≤ 0.05) in both root and shoots
(Fig. 7a). In the plantlets of cv. Nonabokra, elevation in cysteine
contents was about 4, 9, and 22% in root samples followed by 9,
14, and 18% elevation in the shoot under above mentioned
doses, respectively (Fig. 7b).

Co-application of Si and NaCl reduced the accumulation of
cysteine in both the cultivars compared to the NaCl-treated
seedlings. In the roots of cv. MTU 1010 seedlings, elevation

in cysteine levels was recorded to be 9, 21, and 28% lower due
to silicon treatment, while in shoot, the percentage of increase
was reduced to 8, 13, and 33%. In cv. Nonabokra seedlings,
increment in cysteine contents was also decreased and it was
only 3, 7, and 20; and 3, 12, and 16% over control in roots and
shoots, respectively.

Supplementary Tables 1 and 2 show the correlation coeffi-
cients between cysteine content of the roots and shoots of rice
seedlings of both cultivars treated with NaCl and Si. The re-
sults indicated that the cysteine level was positively correlated
with the NaCl concentration and negatively correlated with Si.

Si enhanced activity of GR under NaCl stress

Decrease in glutathione reductase activity was recorded under
NaCl stress in roots and shoots of both the cultivars compared to
water control. Seedlings of cv. MTU 1010 showed maximum
decrease in the GR enzyme activity, whereas cv. Nonabokra
showed the minimum. In the roots of cv. MTU 1010 seedlings,
exposure to 25 and 50 mM NaCl led to a decrease of about 12
and 16% fromwater control, whereas 100 mMNaCl treatments
led to a significant (P ≤ 0.05) decrease of about 40% that was
recorded from water control. In the shoots of cv. MTU 1010
seedlings, exposure to 25, 50, and 100mMNaCl concentrations

a b

d

c

e f

Fig. 6 Monochlorobimane staining images of reduced glutathione content in roots of cv. Nonabokra (a control; b 25 mM NaCl; c 100 mM NaCl; d
2 mM silicon; e 25 mM NaCl + 2 mM Si; f 100 mM NaCl + 2 mM Si)
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registered a significant (P ≤ 0.05) decrease in enzyme activity
which was about 12, 19, and 26% compared to water control
(Fig. 8a). In the roots of cv. Nonabokra, an insignificant de-
crease of 9 and 14% in GR activity was recorded in 25 and
50 mM NaCl treatments, respectively, whereas a significant
decrease (P ≤ 0.05) of about 32% was documented in GR

activity upon 100 mM NaCl treatment over water control. In
the shoots of cv. Nonabokra seedlings, the activity of GR de-
creased by 9, 14, and 16% under the said doses of NaCl treat-
ments, respectively, compared to untreated control (Fig. 8b).

Addition of silicon with salt resulted in the retrieval of GR
activity in the both cultivars of rice. In cv. MTU 1010 seedlings,

Fig. 8 Effect of silicon (2 mM) and NaCl stress (25, 50, and 100 mM) on
GR activity (a cv. MTU1010; b cv. Nonabokra) and APX activity (c cv.
MTU1010; d cv. Nonabokra) in root and shoot of 21-day-old rice

seedlings. Vertical bars represent the standard error (n = 3). Different let-
ters at the same time point represent significant differences (P ≤ 0.05)
between the treatments

Fig. 7 Effect of silicon (2 mM) and NaCl stress (25, 50, and 100 mM) on
cysteine content (a cv. MTU1010; b cv. Nonabokra) in root and shoot of
21 days old rice seedlings. Vertical bars represent the standard error (n =

3). Different letters at the same time point represent significant differences
(P ≤ 0.05) between the treatments
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salt-induced suppression of GR activity was reduced to 9, 11,
and 24% in root and 8, 14, and 21% in shoot compared to control
in 25, 50, and 100 mM NaCl treatments supplemented with
silicon. Similarly, in cv. Nonabokra, downregulation of GR ac-
tivity was checked partially and it was only 7, 8, and 27% lower
in root and 3, 11, and 14% lower in shoot over untreated control.

Supplementary Tables 1 and 2 show the correlation coeffi-
cients between GR activity of the roots and shoots of rice
seedlings of both cultivars treated with NaCl and Si. The re-
sults indicated that GR activity was negatively correlated with
the NaCl concentration and positively correlated with Si.

APX activity increased on Si application under NaCl
stress

It was observed that APX activity increased in the test seed-
lings irrespective of cultivars under all concentrations of salt
treatments. However, when seedlings were grown under NaCl
stress with Si supplementation, enzyme activity was further
elevated. In the roots of cv. MTU 1010, APX activity showed
an insignificant increase of about 17% in 25 mM NaCl and
2 mM Si, and significant increase (P ≤ 0.05) of about 52 and
76% in 50 and 100 mM NaCl treatments, respectively, over
water control. Similarly, in the shoots of cv. MTU 1010, APX
activity showed an increase of about 27, 69, and 80% under
25, 50, and 100 mMNaCl treatments, respectively, over water
control (Fig. 8c) where changes in 50 and 100 mM concen-
trations were statistically significant.

But, APX activity was further elevated to 45, 74, and 89% in
roots and 57, 89, and 101% in shoots when Siwas applied to salt-
treated plants of MTU 1010 cultivar. In the roots of cv.
Nonabokra, APX activity registered an insignificant increase of
about only 10 and 28% in 25 and 50 mM NaCl treatment and
significant (P ≤ 0.05) increase of about 41% in 100 mM NaCl
treatments, respectively, when compared to water control.
Similarly, in the shoots of the cv. Nonabokra, APX activity
showed an insignificant increase of about only 6% in 25 mM
and significant one (P ≤ 0.05) of about 37 and 54% in 50 and
100 mM NaCl treatments, respectively, over water control (Fig.
8d). Again, the increment percentagewas escalated to 15, 38, and
53% in root and 23, 52, and 69% in shoots under 25, 50, and
100mMNaCl-treated seedlings, respectively, with added silicon.

The regression analysis results indicated that both the NaCl
and Si concentrations were positively correlated with APX
activity (Supplementary Tables 1 and 2).

Si induced increase in GPx levels under NaCl stress

Glutathione peroxidase activity showed differential responses in
the two rice cultivars under salt stress. Salt treatment of three
doses (25, 50, and 100 mM) alone showed 9, 23, and 38%
decline in glutathione peroxidase activity in roots, while the
shoots recorded a decrease of about 8, 25, and 34% over water

control (Fig. 9a), where values in 100 mMNaCl treatment were
statistically significant (P ≤ 0.05) both for root and shoot.

However, when seedlings were grown under salinity stress
with Si supplementation, the reduction percentage of enzyme
activity in root and shoot were 3, 15, and 29, and 4, 15, and
27%, respectively, compared to control. In cv. Nonabokra,
GPx activity tended to increase linearly with the increasing
NaCl concentrations. In roots, 25, 50, and 100 mM NaCl
treatments registered an insignificant promotion of enzyme
activity which was about 13, 23, and 32% over water control.
Whereas in shoots of the same cultivar, 25, 50, and 100 mM
NaCl led to an insignificant increase of GPx by about 9, 17,
and 27% over untreated control (Fig. 9b). But, the promotion
percentage was further escalated to 17, 28, and 41% in root
and 13, 22, and 35% in shoot under similar doses of NaCl
treatment supplied with additional silicon.

Positive correlation was found between GPx activity and Si
application in both cultivars under salt stress (Supplementary
Tables. 1 and 2).

GST activity decreased on Si application

Roots of cv. MTU 1010 exhibited 9, 24, and 37% elevation in
glutathione S-transferase activity, while the shoots recorded an
increment of 8, 22, and 33% over water control under 25, 50,
and 100 mM NaCl treatment, respectively, where promotion
in 50 and 100 mM concentrations was statistically significant
(P ≤ 0.05) in both root and shoots (Fig. 9c).

In NaCl and Si co-treated seedlings, the rate of increase in
the enzyme activity was narrowed down and was about 4, 16,
and 27, and 4, 14, and 26% higher in root and shoot, respec-
tively, over untreated water control. In cv. Nonabokra root, the
elevation in enzyme activity was 12, 29, and 38%, while in
shoot, the increase in GST activity was 11, 24, and 36% over
control under the same concentrations of NaCl treatment (Fig.
9d), only 100 mM NaCl treatment being statistically signifi-
cant (P ≤ 0.05). But, the elevation percentage was reduced to
6, 21, and 35, and 7, 21, and 33% in root and shoot when Si
was applied to salt-treated plants of Nonabokra cultivar.

Supplementary Tables 1 and 2 show the correlation coeffi-
cients between the GST activity of the roots and shoots of rice
seedlings treated with NaCl and Si. The results indicated that the
Si concentration was negatively correlated with GST activity.

Discussion

The role of silicon in improving the inductive and facultative
attributes of a plant has become well documented in recent
times. Enhancement of growth, better yield, and quality has
prompted the use silicon as a cheap and effective fertilizer.
Wide availability, non-reactive nature, low cost, and being
environmentally safe with no build up in the eco system make
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silicon choicest among other chemically synthesized fertil-
izers. However, soluble, absorbable forms of Si are scarce
(Epstein 1994) with silicic acid, Si(OH4) being the only ab-
sorbable source of silicon for most plants (Ma and Yamaji
2006; Rios et al. 2017). Not only that, the role of exogenous
silicon in priming a plant for inadvertent stress response is a
topic of much enthusiasm (Ahmed et al. 2016). It has already
been shown that silicon application improves photosynthetic
output, nitrogen fixation, and so on (Coskun et al. 2016). The
effect of silicon in alleviating both biotic and abiotic stress is
also well-known (Meharg and Meharg 2015). Interaction be-
tween silicon and rice is a classic example where silicon enters
the tissue and helps in bypassing the impending hyper-
osmotic shock and helps in getting rid of contents of unwanted
ions. Silicon detains ROS-induced lipid peroxidation to main-
tain membrane integrity too. Most of these qualities of silicon
are selective and only activates in case of abiotic, biotic stress,
or in case of herbivory (Van Bockhaven et al. 2012).

Salt stress exerts its negative impact on plants by creating
ionic imbalance and inducing over oxidation state in the ex-
posed tissues. Phenotypic complications including rapid loss
in dry weight, reduced length of root and shoot, and deformed
setting of seeds are well-known markers of high saline growth
conditions (Yan et al. 2013; Nxele et al. 2017). Rapid

accumulation of high concentration of salts in these tissues be-
yond a threshold limit alters the inherent genetic plasticity of the
plant species, which are manifested as specific stress-induced
responses, in this case those related to salt tolerance. The spec-
trum of such responses varies highly among different plant spe-
cies, due to which are defined as salt sensitive (glycophyte) or
tolerant (halophyte) (Roy and Wu 2002). An upsurge in the
reactive oxygen species is a major physico-chemical indicator
of salinity stress, and immediately after ROS induction, compo-
nents of the antioxidant defense system act to protect the plant
from oxidative damage by scavenging ROS. According to
Noctor and Foyer (1998), ascorbate-glutathione cycle has been
deduced to be themost important intra-cellular antioxidant path-
way for ROS scavenging, and studies conducted on the pertur-
bations of physiological and biochemical parameters in rice
plants exposed to increased salinity have confirmed that exper-
iments where salt stress was induced by the application of var-
ious doses of NaCl under laboratory conditions could simulate
the field conditions and are widely considered to be acceptable
alternatives for assessing the performance of plants subjected to
salt stress in field conditions (Ghosh et al. 2011).

Salt stresses affect plants in mainly two pathways: osmotic
stress and ionic stress (Wang et al. 2015). Excess Na+ and Cl−

ions cause osmotic stress in the plant, whereas their hyper

Fig. 9 Effect of silicon (2 mM) and NaCl stress (25, 50, and 100 mM) on
GPx activity (a cv. MTU1010; b cv. Nonabokra) and GST activity (c cv.
MTU1010; d cv. Nonabokra) in root and shoot of 21-day-old rice

seedlings. Vertical bars represent the standard error (n = 3). Different let-
ters at the same time point represent significant differences (P ≤ 0.05)
between the treatments
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accumulation leads to degeneration in metabolic status. The
plant under salt stress engages various methodologies to seg-
regate excess Na+ into vacuoles and reduce transpiration and
other water loss (Mäser et al. 2002). However, frequently ever
increasing ion fluxes induce massive damage to the salt rav-
aged plants. Mechanistically speaking, hyperosmotic and ion-
ic Na+ switches present in a plant, comprised of the two com-
ponent salinity indicator and litigator response cascades, are
necessary for this response (Blumwald 2000), though molec-
ular characterization of such control mechanism has been elu-
sive till date. Ca2+ channels orchestrate a very vital role in the
hyperosmotic component (Harmon et al. 2000). Root cytosol-
ic Ca2+ channels of Arabidopsis were found to be activated
soon after ionic disharmony, thus increasing cytosolic Ca2+

(Munns and Tester 2008), giving insight into the intricate
physiological reactions that take place in the inter/
intracellular environment (Tester and Davenport 2003).
Salinity-induced ROS-mediated calcium signaling too has a
similar effect, downregulating kinases, thus degrading gene
regulation and protein synthesis (Deinlein et al. 2014).
Common stress mitigating transcription factors are functional
in case of salinity stress too; genes for ion uptake and
osmolyte synthesis are upregulated through these transcription
factors (Geng et al. 2013). Mitigation of salinity stress leads to
higher accumulation of many of these osmolytes viz. proline,
glycine betaine, mannitol, and sorbitol (Agarwal et al., 2013).
Hormonal regulation too comes into foreplay for mitigation
mainly by changes in geotropism. Interplay of hormones like
ABA and AUX (Duan et al. 2013; Galvan-Ampudia et al.
2013) take part in halotropism (Deinlein et al. 2014), but in
the course of action, root growth is hampered and growth is
subdued. Membrane transporters like K+ are most vital in
maintaining a healthy Na+ flux and maintain the K+/Na+

steady state in case of salt stress (Schoeder et al. 2013).
Osmolytes particularly polyamines and proline have benefi-
cial roles in salt stress response (Verslues et al. 2006), proline
is synthesized rapidly on detection of hyperosmotic response
(Szabados and Savoure 2010) and acts as ROS scavenger
bringing in stabilization of membrane potential and protein
function in the face of high salt intensity (Ashraf and Foolad
2007; Verbruggen and Hermans 2008). In fact, salinity affects
photosynthetic output quite adversely, and deterioration in
photosynthetic pigments and electron transport chain is direct-
ly correlated to increase in salinity beyond amendments
(Parida et al. 2004; Sun et al. 2016; Mbarki et al. 2018) and
fortifies the mechanical strength of the cell wall by silification,
by binding with hemicellulose, thus creating a barrier against
further damage (Hossain et al. 2002). Silicon also blocks by-
pass transpirational flow to check osmotic stress (Gong et al.
2005). Further, indirect proton pump activation (Liang et al.
2007) and polyamine production alleviates salinity-stressed
cells (Berberich et al. 2015), whereas by deteriorating lipid
peroxidation, Si helps in maintaining membrane integrity

(Khoshgoftarmanesh et al. 2014). The spike in antioxidant
machineries on silicon application benefits the cell in stress
mitigation too. However, all these mechanisms are specifical-
ly tested on particular model systems, universality of which
remains to be checked (Coskun et al. 2016).

Rice is a well-known glycophyte or salt-sensitive species.
However, local cultivars which exhibit varying degrees of salt
tolerance are known (Reddy et al. 2017). Except salt-tolerant
rice cultivars, salt-sensitive rice cultivars showed remarkable
morphological as well as biochemical alterations even under
mild salt stress (in our study, it is 25 mM NaCl). In our previ-
ous study (Das et al. 2016), we have focused on regulation of
growth, antioxidants, and sugar metabolism in rice cv. MTU
1010 only subjected to salt stress and its partial amelioration
with the application of silicon. But, in the present study, we
have focused on comparative analyses of two rice cultivars,
viz. MTU 1010 and Nonabokra under salt stress and also their
response towards applied silicon. Moreover, the parameters
which we have studied here are totally different from the pre-
vious one, giving emphasis on ascorbate-glutathione cycle
and ROS scavenging. The present work is a continuation of
the previous study indeed, but in a more elaborative manner.

The present study was designed to assess silicon-induced
amelioration of salinity damage in rice plants exposed to three
doses of NaCl, viz. 25, 50, and 100 mM, to mimic the actual
field conditions ranging from low saline soil to high salt-
affected soils. In the present investigation, we initially exam-
ined performance of two rice cultivars, one of which
MTU1010 is a salt susceptible cultivar and the other
Nonabokra is a salt-tolerant cultivar, with respect to the gluta-
thione cycle. The second and most important part of the work
was to study whether the salt-induced physiological perturba-
tions could be relieved form salt-induced injury by exogenous
silicon application. This work also gave interesting insights
into the comparative assessment of physiology of salt-induced
stress in the two cultivars. While standardizing the experi-
ments, we have observed that 2 mM Si had the most remark-
able effect on counteracting salt-induced damage in rice plants
of both cultivars. We have grown rice seedlings in soil-less
culture with Hoagland’s nutrient medium supplied with three
doses of NaCl, viz. 25, 50, and 100 mM with or without Si.
These concentrations actually mimic the low, medium, and
high salinity in field condition. From our obtained results, it
is evident that silicon application is useful in partial ameliora-
tion of salt-induced damages of all the three doses, but the
level of promotion was more vigorous under 50 and
100 mM concentrations of NaCl compared to 25 mM NaCl
treatment which was very mild to induce any significant stress
responses (Supplementary Fig. 1 and Supplementary Table 3).

Histochemical detection of hydrogen peroxide by
H2DCFDA dye showed that the salt-tolerant cv. Nonabokra
maintained a higher basal level of H2O2 in both roots and
shoots when compared to the salt-sensitive cv. MTU 1010.
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H2O2 plays the role of secondary messenger which in turn
activates different stress-mediated signaling pathways at ge-
netic and physiological levels (Salwa et al. 2015). From the
present study, it could be inferred that higher basal level of
H2O2 in the roots and shoots of cv. Nonabokra primes it for
adaptation to salinity, by constitutive activation of various
stress-mediated signaling pathways. Interestingly, at
100 mMNaCl treatment, the level of increase in H2O2 content
was much greater in the roots and shoots of cv. MTU 1010, as
compared to those of cv. Nonabokra. It can be argued that
since the salt-sensitive cv.MTU1010 seedlings had undergone
higher ROS-induced damage than seedlings of cv.
Nonabokra, at high salt stress, they accumulated high levels
of ROS, such as H2O2, under the same doses of salinity.
Application of exogenous silicon decreased this accumulation
of ROS in both the cultivars in all the salt concentrations
tested, which were evident from the staining images. Higher
constitutive level of ROS in the salt-tolerant cultivar compared
to the sensitive one of rice was previously observed through
H2DCFDA dye staining (Kaur et al. 2016). Silicon was found
to lower the production of H2O2 in water-stressed tomato
plants (Shi et al., 2016).

Interestingly, the basal level of GSH and ascorbate was
found to be significantly higher in roots and shoots of the
seedlings of cv. Nonabokra than in cv. MTU 1010. It is known
that under adverse environmental conditions, GSH levels get
depleted in sensitive genotypes and increase in tolerant geno-
types, as was observed of mung bean (Tausz et al. 2004). In
our study, however, the GSH content considerably decreased
in roots and shoots of both the cultivars on salt exposure. The
magnitude of depletion of GSH was more in the seedlings of
cv. MTU 1010 than in cv. Nonabokra. In our study, it was
observed that increasing salt stress decreased the ascorbate
content in cv. MTU 1010, whereas ascorbate content in-
creased in cv. Nonabokra under the same conditions.
Increased ascorbate content recorded under salinity stress in
cv. Nonabokra could possibly be attributed efficient recycling
via the Asada–Halliwell–Foyer pathway and/or its inherent
enhanced biosynthesis in the salt-tolerant cultivar.
Application of exogenous silicon increased ascorbate and
GSH levels in both the cultivars in the presence of the salt
too. Other workers reported an elevation of GSH and ascor-
bate level in water-stressed tomato supplemented with silicon
(Shi et al., 2016) that supports observations from our study.
Enhancement of these non-enzymatic antioxidants due to ad-
dition of silicon contributed in alleviating salt-induced toxicity
in rice seedlings.

Formation of cysteine is a central step required for incor-
poration of reduced sulfur into organic compounds such as
GSH (Noctor and Foyer 1998). In our study, the cysteine
content in the roots and shoots of the seedlings of two rice
cultivars increased under NaCl stress when compared to their
control sets. This increment was higher in seedlings of cv.

MTU 1010 than in those of cv. Nonabokra. Higher cysteine
content in both the cultivars, especially in the salt-sensitive cv.
MTU 1010, upon NaCl stress, may be explained as a conse-
quence of the reduction in formation of GSH under salt stress.
It was mentioned earlier that exposure to salt stress decreased
GSH contents in seedlings of both the rice cultivars, hence net
cysteine availability increased. Interestingly, Si addition in the
presence of enhanced salts decreased cysteine content in both
the cultivars when compared to the salt-stressed seedlings for
all the concentrations tested. This result was concomitant with
the increase in GSH content of the seedlings under silicon
supplementation and hence may be a consequence of more
of the endogenous cysteine pool being utilized for increased
biosynthesis of thiol-related compounds, like glutathione.
Increased glutathione may subsequently be involved in main-
taining cellular redox homeostasis by quenching of ROS.

Glutathione alternates between reduced (GSH) and oxi-
dized (GSSG) forms, with the help of GR activity at the cost
of NADPH (Noctor et al., 2012, b). Values of GR activity
we r e f ound t o b e 10 and 7 . 4 1 nmo l NADPH
oxidized min−1 mg−1 protein in root and shoot of control seed-
lings of cv. Nonabokra, whereas in the control seedlings of cv.
MTU 1010, these values were 8.05 and 5.11 nmol NADPH
oxidized min−1 mg−1 protein in root and shoot, respectively.
Our study revealed that GR activity diminished in both the
cultivars with a greater magnitude of decrease observed in the
seedlings of the salt-sensitive cv. MTU 1010 and probably
indicated its lesser efficacy in continuing active ascorbate glu-
tathione cycle under salt stress. Reduction in GR activity was
reported previously in the roots of salt-stressed mung bean
seedlings (Saha et al. 2015). Silicon augmentation elevated
the GR activity irrespective of cultivars which may enhance
the rate of oxidation of NADPH to NADP+, resulting in in-
creased availability of NADP+ to capture electrons generated
from photosynthetic electron transport chain and converted
back to its reduced form NADPH that finally carries electrons
to the Calvin cycle. Moreover, elevation of GR activity under
silicon application could be implicated in sustaining the redox
status of rice seedlings possibly by regeneration of GSH from
GSSG that in fact could be corroborated with increased GSH
levels in the silicon supplemented seedlings as mentioned ear-
lier. Upregulation of GR activity thus enhanced the an-
tioxidant capacity of the salt-stressed seedlings by main-
taining sufficient GSH pools, thereby improving their
tolerance to salt stress. Similar increment of GR activity
upon silicon application in drought-stressed wheat was
reported earlier (Gong et al., 2005).

Due to high affinity for H2O2, ascorbate peroxidase (APX)
scavenges it in a reaction that utilizes ascorbate as an electron
donor (Sharma and Dubey 2004). From the present study, it
was clear that seedlings of cv. Nonabokra had much higher
basal APX level compared to those of cv. MTU 1010. In the
water control seedlings of cv. Nonabokra, APX activity was
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found to be 32.3 and 28.7 μmol min−1 mg−1 protein in root
and shoot, respectively, while in the case of water control
seedlings of cv. MTU 1010, these values were 23.4 and
17.6 μmol min−1 mg−1 protein in root and shoot, respectively.
Enhancement of APX activity due to salinity was reported
earlier in wheat (Esfandiari and Gohari 2017) and in tomato
(Gharsallah et al. 2016). Addition of Si further increased the
APX activity in both the cultivars suggesting that under salin-
ity and under a combination of salinity and Si, APX impart
tolerance by detoxifying H2O2 in rice seedlings.

Glutathione peroxidase (GPx), another important H2O2

scavenging enzyme of ascorbate-glutathione cycle, is local-
ized in different cellular organelles like mitochondria, perox-
isome, and chloroplast. Due to its stronger affinity for its sub-
strate H2O2, it donates an e- to H2O2 and helps in its degrada-
tion, thus protecting against stress (Brigelius-Floh’e and
Floh’e 2003). In the present study, differential expression pat-
tern of enzyme activity was noted between the two cultivars
under salinity. Salt-tolerant cultivar Nonabokra showed upreg-
ulation of GPx activity at all doses of NaCl, whereas in the
sensitive cultivar MTU 1010, GPx activity declined. Increase
in the enzyme activity in the tolerant cultivar is probably due
to inherently enhanced synthesis of antioxidant enzymes and
ensures effective ROS scavenging at all doses of NaCl. On the
other hand, decline in the enzyme activity in the sensitive one
indicates inefficient ROS detoxification process in the plant
making it vulnerable to ROS-induced damages. However,
silicon-supplemented seedlings of both the cultivars
showed upregulation of the GPx enzyme activity com-
pared to salinity-stressed seedlings alone, level of incre-
ment being lower in the tolerant cultivar Nonabokra.
Hence, we can hypothesize that the Si-induced increase
in GPx activity in the stressed seedlings is useful in mit-
igating the excess accumulation of H2O2. Silicon-induced

increase in GPX activity in salt-stressed cucumber was
reported earlier (Khoshgoftarmanesh et al. 2014).

Glutathione S-transferase (GST) is an enzyme group that
removes different genotoxic and cytotoxic compounds by
GSH conjugation (Cummins et al. 2011). Increment in GST
activity in cv. Nonabokra under salt stress as observed in the
present study supports an earlier report that drought-tolerant
rice genotypes showed higher GST activity compared to the
sensitive ones under water stress (Pyngrope et al. 2013). Such
a difference in enzyme activity can be explained by the upreg-
ulation of the antioxidant defense system in salt-tolerant cv.
Nonabokra against salinity-induced oxidative damages. NaCl-
stressed seedlings supplemented with exogenous Si belonging
to both the cultivars showed a decrease in GST activity when
compared to only NaCl-treated seedlings indicating that addi-
tion of Si helps in reduced accumulation of genotoxic and
cytotoxic compounds. Hence, to detoxify lesser amount of
accumulated genotoxic compounds eventually, GST activity
was decreased in both the cultivars.

It is clear that the damaging effect of salt stress was more
drastic in sensitive cv. MTU 1010 compared to tolerant cv.
Nonabokra. Silicon nutrition had partially ameliorated this
damage in both the cultivars which is evident from our results
(Supplementary Fig. 1 and Supplementary Table 3). But, it is
also noteworthy that the percentage of amelioration, i.e., the
changes between only NaCl-treated and NaCl+Si-treated
plants of every dose was found to be more prominent in cv.
MTU 1010 rather than cv. Nonabokra. So, we have concluded
that silicon has more pronouncedly ameliorated the adverse
effects of salt stress in cv. MTU 1010 rather than cv.
Nonabokra.

In general, NaCl stress is harmful to plants, especially
glycophytes like rice, as it induces oxidative stress, and toler-
ance to such stress depends upon the regulation of enzymatic

Fig. 10 Schematic representation
of silicon-induced alteration of
AsA-GSH cycle in rice seedlings
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as well as non-enzymatic anti-oxidation cascade. Decrease of
or insufficient activity of the antioxidative system under salin-
ity indicates sensitivity of the particular variety towards salt
stress. From our studies, it is clear that under salt stress, cv.
Nonabokra undeniably proved its potential to tolerate salinity-
induced oxidative stress with its efficient upregulation of the
antioxidant machinery, specifically the ascorbate-glutathione
cycle. On the other hand, cv. MTU 1010 was evidently more
sensitive under similar conditions showing less efficient strat-
egies related to the ascorbate-glutathione cycle. Moreover,
exogenous application of silicon was proved to be its benefi-
cial for both the varieties by inducing enzymatic as well as
non-enzymatic anti-oxidation cascade. This apparently proves
the plausibility of utilizing Si to reduce the accumulation of
ROS and ameliorating the inevitable damage of salinity to rice
plant at cellular levels (Fig. 10). Studies conducted in labora-
tory, inducing a short-term but strong salt stress condition by
using various doses on NaCl, enable a larger number of culti-
vars to be screened within a limited period of time, which
helps to reduce time as well as develop a more cost-effective
alternative to expensive field trials. Nevertheless, a short time
NaCl exposure under laboratory conditions to rice plants may
not decipher the actual scenario in reality for the plants which
were subjected to long-term salt stress in field condition, and
the composite effects of various metals in field conditions
must be satisfied as well. Still, our study on the comparison
of physiological responses of antioxidation pathway between
two rice cultivars under salt stress would help in deciphering
the underlying mechanisms of salt tolerance in rice. Although
salt tolerance nature of a genotype is not always correlated to
its capacity of detoxifying ROS, still many comparative stud-
ies based on salt-sensitive and salt-tolerant genotypes have
revealed a positive relation between elevation of antioxidant
enzymes activities and salt tolerance (Sekmen et al. 2007).
This work may eventually help us in setting selection criteria
for rice varieties under salinity or other abiotic factors which
induce oxidative stress. More research is needed on the long-
term effect of silicon on salt-stressed rice plants before making
it as a large-scale agricultural benefit. We intend to do such
research in field condition in the near future.

Conclusion

The effect of s i l icon on ant ioxidant machinery,
osmoprotectants or as regulators of physiological process un-
der salinity, was documented previously in other articles but
here studied in two contrasting rice cultivars differing in their
salt tolerance mechanism. In conclusion, the present study
reveals that Si treatment had the desired effect on mitigation
of the negative effects of salinity on rice. The sensitive cultivar
MTU 1010 was evident as more respondent to exogenous
silicon than the tolerant cultivar Nonabokra. It can also be

concluded that enhancement of AsA-GSH pathway by exog-
enous silicon even in the sensitive cultivar is an impressive
point, and these results deserve further researches on protec-
tive role of silicon on salinity-induced signaling cascades.
Since the response of Si-augmented plants in the field condi-
tion is different from that in laboratory, extensive field exper-
iments must be carried out before setting any recommenda-
tions for farmers.
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