
RESEARCH ARTICLE

Silicon nutrition modulates arsenic-inflicted oxidative overload
and thiol metabolism in wheat (Triticum aestivum L.) seedlings
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Abstract
A hydroponic experiment was conducted to establish the response of exogenous silicon [Si] in alleviating arsenate [As (V)]
prompted alterations on antioxidant enzyme activities and thiol metabolism in wheat (Triticum aestivum L. cv PBW 343)
seedlings. Objective of the work was to validate the hypothesis whether silicate may alleviate arsenate-provoked oxidative stress
in wheat through diverse metabolic pathways with an endeavor to improve food safety and health. Arsenate treatment signifi-
cantly enhanced oxidative stress and was associated with modifications in non-enzymatic and enzymatic antioxidants. The
activities of arsenate reductase [AR] and the enzymes related to thiol metabolism revealed dose-dependent enhancements with
increase in arsenate along with enhanced production of phytochelatins [PCs] in the cultivar. Simultaneous supplementations of
silicate with arsenate in the nutrient formulation reduced arsenate uptake along with arsenate reductase activity and consequently
lowered arsenite [As (III)] accumulation. The antioxidative defense was upregulated and phytochelatin production was lowered
causing an appreciable revival from the arsenate-imposed consequences that eventually augmented growth.
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Introduction

The non-essential metalloid arsenic (As) is found in soil at
concentrations ranging from 0.1 to 40 mg kg−1. Escalating
arsenic concentrations in groundwater has become one of
the major environmental adversities and has accentuated per-
turbations in natural ecosystems. The carcinogenic metalloid
becomes a part of the environment through natural and anthro-
pogenic causes (Hettick et al. 2015). The Indo-Gangetic basin
is regarded as the most intensely arsenic-contaminated envi-
ronmental zone in the world where arsenic levels in water
have been documented up to 3200μg L−1 over the permissible
limit of 10 μg L−1 specified by World Health Organization

(WHO) (McCarty et al. 2011). Consumption of cereals and
vegetables grown in such metalloid-polluted soils along with
use of contaminated water forms a route for arsenic exposure
and has led to the incidence of arsenic-related disorders in
more than 3 lakhs of natives. Arsenic build-up in soil from
groundwater is alarming due to its undesirable consequences
on food safety (Mishra et al. 2014). Arsenic pollution not only
affects humans but also has severe effects on metabolic pro-
cesses of plants and influences agricultural productivity.

Arsenic uptake occurs primarily as arsenate [As (V)],
though arsenite [As (III)] is absorbed as well. Inside the plant
cell arsenate reductase (AR), mediated reduction of As (V) to
As (III) occurs. The strong propensity of As (III) to bind sulf-
hydryl (–SH) groups interferes with protein functioning, inac-
tivates essential enzymes, and inhibits cellular functions
(Sharma 2012). Arsenic toxicity induces production of reac-
tive oxygen species (ROS) during transformation from As (V)
to As (III) that results in unrestricted oxidative destruction to
the cellular machinery and damages nucleic acids, cellular
proteins causing per oxidation of membrane lipids leading to
electrolyte leakage. This eventually provokes oxidative stress
(Hasanuzzaman and Fujita 2013). To combat such undesir-
able inconveniences, plant cells are equipped with admirable
antioxidant defense mechanisms that detoxify ROS and
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defend cellular machinery. These are manifested in a broad
array of phenomena that include modifications in non-
enzymatic and enzymatic antioxidants as well as production
of thiols that have high affinity for toxic metals (Jozefczak
et al. 2012). Synthesis and production of low molecular
weight thiols and phytochelatins (PCs) help to bind As (III)
and sequester it to vacuole (Dixit et al. 2015). Another low
molecular weight tripeptide (γ-glutamylcysteine—Gly), glu-
tathione (GSH), is also a non-protein thiol, which exists abun-
dantly in plant cells and is the substrate for PC synthesis re-
quired for heavy metal detoxification (Zagorchev et al. 2013).
It participates in ROS scavenging through ascorbate-
glutathione (ASA-GSH) cycle and maintains redox homeosta-
sis in the cells. Formation of As (V) to As (III) is one of the
key steps for detoxification since As (III) can only bind to
PCs; consequently AR activity becomes crucial (Li et al.
2015).

The underappreciated quasi-essential metalloid silicon (Si),
in group IVA of the periodic table, is ubiquitous with multiple
beneficial functions and has been documented to sustain
plants in combinatorial complexities of environmental adver-
sities. The tetravalent metalloid mitigates several stresses by
external as well as internal mechanisms (Liu et al. 2017;
Pontigo et al. 2017; Sil et al. 2018, 2019a, b; Das et al.
2019; Dwivedi et al. 2020). Results obtained from our previ-
ous research affords evidences that supplemental Si has the
potentiality to efficiently repair As (V)-incited damage by el-
evating the levels of plastidial pigments along with consider-
able enhancements in photosynthetic parameters. Silicon-
mediated enhancement in polyamine production appreciably
restored ionic homeostasis that improved photosynthesis and
eventually reinstated growth under As (V) excess (Sil et al.
2019b). Silicate co-treatment with As (V) also lowered the
oxidative stress markers and improved the activities of the
respiratory cycle enzymes as well as gamma amino butyric
acid (GABA) synthesis by enhancing the availability of phos-
phorus that helped to counteract the effects of As (V) toxicity
(Sil et al. 2018). Silicate amendments further improved nitro-
gen metabolism by enhancing nitrate uptake and elevated the
activities of nitrogen-metabolizing enzymes under As (V)
stress. This, in turn, upregulated the activities of ammonia
assimilatory enzymes and enhanced amino acid and protein
contents (Sil et al. 2019a). Supplemental silicate thus appre-
ciably revived arsenate-imposed reduction in growth indicat-
ing ameliorative interaction of silicate in wheat (Sil et al. 2018,
2019a, b). Utilization of Si nanoparticles (Si-NPs) in farming
systems also has the potential to afford solutions to numerous
agricultural setbacks including pathogenicity, drought, and
productivity and consequently improve crop yield (Rastogi
et al. 2019).

Wheat is extensively cultivated in tropical and subtropical
regions under both rain-fed and irrigated agriculture.
Approximately 85% of the global population depends on this

cereal for basic calories and protein (Caverzan et al. 2016).
Heavy metal pollution in arid and semi-arid lands induces
oxidative stress in this cereal crop with severe consequences
on diverse physiological processes that include seed germina-
tion, plant growth and adversely affects crop production caus-
ing substantial yield loss ultimately affecting human health
(Rahaie et al. 2013).

The study aimed to investigate responses of different con-
centrations (25 μM, 50 μM, and 100 μM) of As (V) with or
without silicate (5 mM) in connection with some non-
enzymatic and enzymatic antioxidants [ascorbate, α-tocoph-
erol, superoxide dismutase (SOD), catalase (CAT) and cate-
chol peroxidase (CPX), ascorbate peroxidase (APX), ascor-
bate oxidase (AAO)] in wheat seedlings. Accumulations of As
and As (III) along with the activity of enzyme AR responsible
for conversion of As (V) to As (III) and the enzymes involved
in thiol metabolism were also determined together with PC
synthesis. We endeavored to explore whether Si supplemen-
tation was competent enough to lower As (V)-induced phyto-
toxicity through reduction of As (V) uptake, amelioration of
oxidative stress, regulation of ASA-GSH cycle thereby facil-
itating defense against As (V) stress in the test seedlings.

Materials and methods

Growth conditions and stress treatments

Wheat (Triticum aestivum L. cv. PBW-343) seeds were
disinfected using sodium hypochlorite (5% v/v) for 15 min
and rinsed extensively in distilled water. Around 100 seeds
for individual treatment were placed in petri dishes (ɸ 20 cm)
containing moist pre-sterilized blotting sheets for germination
in dark for 48 h at 30 ± 2 °C. Germinated seedlings were
spiked with modified Hoagland’s solution (Zhu et al. 2006)
and sodium arsenate (Na2HAsO4·7H2O; Loba-Chemie, India)
in absence or presence of sodium silicate (Na2SiO3·9H2O
Loba-Chemie, India) at 16 h photoperiod (260 μmol m−2 s−1

PFD) for 19 days. Nutrient solution supplemented individual-
ly with either Na2HAsO4·7H2O (25μM, 50μM, and 100 μM)
and Na2SiO3·9H2O (5 mM) or with Na2SiO3·9H2O (5 mM)
and Na2HAsO4·7H2O (25 μM, 50 μM, and 100 μM)were the
treatment sets while the control comprised only modified
Hoagland’s solution. Solutions were replaced every alternate
day. Thementioned concentrations of As (V) are environmen-
tally relatable and correspond to soil conditions (Choudhury
et al. 2010). Again from screening experiments with different
concentrations of sodium silicate, 5 mM silicate exhibited
maximum growth promotion when applied singly or in com-
bination with 25 μM, 50 μM, and 100 μM As (V) and was
therefore selected. Treatments with 25 μM, 50 μM, and
100 μM As (V) have been represented as 25 As (V), 50 As
(V), and 100 As (V), respectively, while the corresponding
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silicate treatments were 25 As (V) + Si, 50 As (V) + Si, and
100 As (V) + Si. The plantlets were collected after 21 days,
weighed in equivalent amounts, and kept at − 40 °C until
analyses.

Estimation of total arsenic, arsenite contents, and
determination of arsenate reductase activity

Oven-dried plant samples (2 g each) were digested in 20 ml
freshly prepared aqua regia containing 65% HNO3 and 37%
HCl (in the ratio of 1:3) followed by boiling in a water bath (at
95 °C) until the sample had completely dissolved (Ang and
Lee 2005). Each extract was then cooled and filtered and final
volumewas adjusted to 25ml with milli Q water. Total As and
As (III) contents were estimated under different conditions
using flow injection-hydride generation-atomic absorption
spectrophotometry (FI-HG-AAS) following Abdel-Lateef
et al. (2013) and Chooto et al. (2015). The atomic absorption
spectrophotometer (Spectra AA50 Varian) with hydride gen-
erator (Agilent VGA-77) was equipped with an electrically
heated quartz tube furnace having an arsenic electrodeless
discharge lamp (As-EDL) as radiation source. From an aliquot
(1 ml) of each digested sample, only As (III) content was
determined. The extract was transferred into the polypropyl-
ene auto sampler tube and then diluted to 10 ml with 10% v/v
HCl for analysis. From another 1 ml of each digested extract,
total arsenic [sum of As (V) and As (III)] content was deter-
mined. The extract was transferred to the polypropylene auto
sampler tube and pre reduced fromAs (V) to As (III) with 1ml
concentrated HCl and 1 ml of solution containing 3% (w/v)
potassium iodide (KI) and ascorbic acid. The treated sample
was kept at room temperature for 45 min and diluted to 10 ml
with 10% v/v HCl before analysis. The sample loop on the
flow injection valve with the acidified sample was switched to
the inject position where 500 μl of the sample mixed with the
stream of reductant [sodium borohydride (NaBH4) (0.3% (w/
v) in 0.05 M NaOH)] at a flow rate of 6 ml/min. The concen-
tration of HCl was maintained at 5% (v/v) at a flow rate of
10 ml/min. Reaction of NaBH4 with acidified sample gener-
ated volatile hydride, arsine (AsH3) which was carried by
argon gas into quartz cell at a flow rate of 40 ml/min where
arsine decomposed to gaseous arsenic (As) atom and was
detected. Absorbance was recorded at 193.7 nm. Standards
and blank were run similarly and compared periodically for
response consistency. Peak areas were used for quantification.

Arsenate reductase (AR) activity was determined in terms
of GR-specific NADPH oxidation in an enzymatic reaction
according to Duan et al. (2005).

Assay of non-enzymatic and enzymatic antioxidants

Ascorbate content and α-tocopherol contents were estimated
following the methodologies of Mukherjee and Chaudhuri

(1983) and Backer et al. (1980), respectively. The amount of
ascorbate and α-tocopherol present in the plant material was
computed using a standard curve with known concentrations
of ascorbic acid and DL-α tocopherol, respectively.

Procedures for enzyme extraction were performed at 4–
8 °C. One (1) gram of plant material was crushed in 5 ml of
pre-chilled 0.1 M sodium phosphate buffer (pH 7.0)
followed by its centrifugation at 12,000g for 20 min. The
supernatant was used for determining the activities of
enzymes.

Superoxide dismutase [SOD; EC 1.15.1.1] activity was
estimated following Giannopolitis and Ries (1977). Catalase
[CAT; EC 1.11.1.6] and catechol peroxidase [CPX; EC
1.11.1.7] activities were determined according to Gasper and
Laccoppe (1968) and Chance and Maehly (1955), respective-
ly, while activities of ascorbate peroxidase [APX; E.C.
1.11.1.11] and ascorbic acid oxidase [AAO; EC 1.10.3.3]
were calculated as stated by Nakano and Asada (1981) and
Olliver (1967), respectively.

Extraction and estimation of thiol compounds and
assays of glutathione-metabolizing enzymes

Cysteine content and total glutathione (GSH) content were
estimated following Gaitonde (1967) and Sedlak and
Lindsay (1968), respectively.

Glutathione reductase [GR; EC1.6.4.2] activity was esti-
mated as stated by Smith et al. (1988). The activities of glu-
tathione peroxidase [GPx; EC1.11.1.9] and glutathione-S-
transferase [GST; EC2.5.1.18] were measured in accordance
with Elia et al. (2003) and Ando et al. (1988), respectively.

Extraction and analysis of phytochelatins

For extraction of phytochelatins, root and shoot samples were
washed carefully with deionized water and frozen in liquid
nitrogen and preserved at − 80 °C until sample preparation.
Phytochelatin analysis was performed following Sneller et al.
(2000).Water RF-551 fluorescence detector was used to mon-
itor fluorescence at emission and excitation wavelengths
470 nm and 380 nm, respectively, for a period of 60 min.
The phytochelatin contents were determined from the peak
heights of respective chromatograms of derivatized samples
with respect to the standard.

Protein estimation

Protein content was determined following Lowry et al. (1951),
by employing bovine serum albumin (BSA, Sigma) as
standard.
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Statistical analyses

The experiments were executed in a completely randomized
design (CRD) thrice having two replications in each treat-
ment; each set composed of a single petri plate with 100 seeds
on an average. Data were computed using one-way analysis of
variance (ANOVA) followed by balanced ANOVA to com-
pare the significance among concentrations of arsenic in pres-
ence and/or absence of silicon independently. Significant dif-
ferences between themeans for every assay were compared by
Fisher’s least significant difference (LSD) method at p ≤ 0.05.
Regression analysis was performed with Minitab 18 software
to examine the effects of arsenic and silicon. Multivariate
scatter plots to establish correlations between different param-
eters were determined using SPSS software (version 22).

Results

Influence on total arsenic, arsenite content, and
arsenate reductase activity

Significant (p ≤ 0.05) dose-dependant enhancements in total
As and As (III) contents were observed with As (V) imposi-
tion under 25 As (V), 50 As (V), and 100 As (V) treatments in

both root and shoot (Fig. 1a and b). Such variations were also
significant (p ≤ 0.05) among the doses of As (V) administered.
Total As and As (III) content in root was more than shoot.
Silicon supplementation in As (V) containing media reduced
the stated contents in both root as well as shoot. Results of
balanced ANOVA from both the parameters also demonstrat-
ed significant (p ≤ 0.05) interaction between As (V) and sili-
cate. Total As contents under doses of As (V) and silicate can
be explicated by regression equations Yr = 40.4 + 1.094 As −
3.60 Si (R2 = 68.09%) and Ys = 2.802 + 0.1148 As − 0.725 Si
(R2 = 80.31%), respectively. Similarly, the equations Yr =
19.72 + 0.4131 As − 3.046 Si (R2 = 69.60%) and Ys =
1.445 + 0.05535 As − 0.4207 Si, (R2 = 84.58%) explained
the variations in As (III) content in root and shoot under dif-
ferent doses of As (V) and silicate, respectively. Thus, total As
and As (III) contents were positively correlated with As (V)
treatments and enhanced with As (V) treatments. Silicate sup-
plementation on the contrary was negatively correlated with
As (V) and decreased total As content.

The activity of AR increased by about 248%, 303%, and
323% in root and by about 42%, 143%, and 163% in shoot in
response to 25 As (V), 50 As (V), and 100 As (V) treatments
over control, respectively, and was significant according to
Fisher’s LSD method at p ≤ 0.05 over control (Fig. 1c). The
increase in AR activity was narrowed down with supplemen-
tal silicate in comparison with sole As (V) treatments

Fig. 1 Influence of arsenate and/
or silicate on a total arsenic
content, b arsenite content, c
arsenate reductase activity, and d
scatter plot representing the
relationship between total arsenic
content, arsenite content, and
arsenate reductase activity of 21-
day-old wheat (cv PBW 343)
seedlings. Each data point depicts
the mean ± SE obtained from
three independent experiments
with two replications for an indi-
vidual treatment (n = 6).
Asterisk indicates significant
difference between the treatments
according to Fisher’s LSD
method at p ≤ 0.05 in comparison
with control
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depicting significant (p ≤ 0.05) increments by about 156%,
178%, and 212% in root under 25 As (V) + Si, 50 As (V) +
Si, and 100 As (V) + Si treatments, respectively, over control.
The enzyme activity in shoot enhanced insignificantly by
about 9% under 25 As (V) + Si treatment and significantly
(p ≤ 0.05) by about 37% and 124% under 50 As (V) + Si and
100 As (V) + Si treatments over control. Results from bal-
anced ANOVA illustrated significant (p ≤ 0.05) variations
among different doses of As (V) and significant (p ≤ 0.05)
arsenate-silicate interaction. Regression equations Yr =
361.3 + 3.886 As − 27.26 Si (R2 = 67.07%) and Ys = 196.0 +
2.389 As − 14.31 Si (R2 = 84.14%) explained the variations in
activity of AR in root and shoot under doses of As (V) and
silicate, respectively. Positive relationship with As (V) treat-
ment and enzyme activity depicted arsenate-induced increase
in enzymatic activity in the test seedlings but negative rela-
tionship with silicate demonstrated reduction in enzyme activ-
ity with silicate supplementation (Fig. 1d).

Influence on non-enzymatic and enzymatic
antioxidants

Increasing concentrations of As (V) treatment registered a
decline in ascorbate contents that exhibited significant (p ≤
0.05) variations among doses of As (V) administered
(Table 1). Such decline was significant by about 40%, 45%,
and 50% in root under the mentioned doses of As (V) treat-
ments compliant with Fisher’s LSD method at p ≤ 0.05 over
control. In shoot, however, an insignificant decline of about
8% and 16% was evident under 25 As (V) and 50 As (V)
treatments while the decline of about 36% under 100 As (V)
was considered significant (p ≤ 0.05) with respect to control.
Co-application of silicate along with As (V) narrowed the
decline in ascorbate contents by about 20%, 25%, and 35%
in root under 25As (V) + Si, 50As (V) + Si, and 100 As (V) +

Si treatments, respectively, over control showing significant
(p ≤ 0.05) change only under 100 As (V) + Si treatment.
Comparable doses in shoot narrowed down the said decline
by 4%, 12%, and 20% as well. Ascorbate contents under con-
centrations of As (V) and silicate in root and shoot can be put
forward by the regression equations Yr = 5.319 − 0.02289
As + 0.161 Si (R2 = 38.90%) and Ys = 7.868 − 0.02211 As +
0.0870 Si (R2 = 36.49%), respectively. The negative correla-
tion of ascorbate with As (V) led to a decline in ascorbate
content under different doses of As (V) while positive corre-
lation with silicate enhanced ascorbate content in the
seedlings.

α-Tocopherol contents enhanced with increase in As (V)
concentrations by about 11%, 18%, and 28% in root and by
about 5%, 7%, and 22% in shoot under 25 As (V), 50 As (V),
and 100 As (V) treatments, respectively, over control
(Table 1). Further enhancements in α-tocopherol contents by
about 19%, 33%, and 41% occurred in root under 25 As (V) +
Si, 50 As (V) + Si, and 100 As (V) + Si treatments, respective-
ly, depicting significant (p ≤ 0.05) variations under 50 As
(V) + Si and 100 As (V) + Si treatments. In shoot, likewise,
an enhancement of about 13%, 21%, and 36% was recorded
but difference only under 100 As (V) + Si treatment was sta-
tistically significant (p ≤ 0.05) according to Fisher’s LSD
method. Regression equations Yr = 16.126 + 0.0484 As +
0.336 Si (R2 = 38.81%) and Ys = 17.065 + 0.0488 As + 0.330
Si (R2 = 44.08%) represented the correlation between α-
tocopherol contents of root and shoot with doses of As (V)
and silicate, respectively. Enhancements in α-tocopherol con-
tents were positively correlated with both As (V) and silicate
treatments but arsenate-silicate treatments enhanced the con-
tent to a greater extent in comparison with the corresponding
As (V) treatments.

Superoxide dismutase (SOD) activity registered an in-
creasing trend in both root as well as shoot and indicated

Table 1 Influence of arsenate
and/or silicate on ascorbate and
α-tocopherol contents in root and
shoot of 21-day-old wheat (cv
PBW 343) seedlings

Treatment Ascorbate [μg g−1 fw] α-Tocopherol [μg g−1 fw]

Root Shoot Root Shoot

Control 6.5 ± 0.763 8.11 ± 0.516 16.0 ± 1.60 17.7 ± 1.34

25 As (V) 3.91 ± 0.738* 7.47 ± 0.757 17.78 ± 1.54 18.5 ± 1.77

50 As (V) 3.59 ± 0.815* 6.82 ± 0.820 18.9 ± 1.74 19.0 ± 1.30

100 As (V) 3.27 ± 0.692* 5.2 ± 0.611* 20.4 ± 1.70 21.6 ± 1.44

Si (5 mM) 6.17 ± 0.521 7.92 ± 0.979 17.0 ± 1.30 18.0 ± 1.22

25 As (V) + Si 5.2 ± 0.764 7.78 ± 0.953 19.0 ± 2.08 20.0 ± 1.60

50 As (V) + Si 4.88 ± 0.764 7.14 ± 0.801 21.2 ± 1.89* 21.4 ± 1.88

100 As (V) + Si 4.23 ± 0.642* 6.5 ± 0.529 22.5 ± 1.74* 24.0 ± 1.67*

Each data point depicts the mean ± SE obtained from three independent experiments with two replications for an
individual treatment (n = 6)

Asterisk indicates significant difference between the treatments according to Fisher’s LSD method at p ≤ 0.05 in
comparison to control
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significant (p ≤ 0.05) variations under different As (V) re-
gimes (Fig. 2a). The enzymatic activity enhanced by
about 10%, 14%, and 16% in root in response to 25 As
(V), 50 As (V), and 100 As (V) treatments, respectively,
over control. Correspondingly, the increment was by
about 7%, 16%, and 24% in shoot under similar treat-
ments and changes at 50 As (V) and 100 As (V) treat-
ments were statistically significant (p ≤ 0.05) over control.
Inclusion of silicate in As (V) containing media further
increased SOD activity by about 15%, 21%, 23% and
11%, 22%, 25% in root and shoot, respectively, where

changes under 50 As (V) + Si and 100 As (V) + Si treat-
ments were regarded significant (p ≤ 0.05) with respect to
control (Fig. 2a). Variations in activity of SOD under
different doses of As (V) and silicate can be explained
by the equations Yr = 0.07214 + 0.000138 As + 0.000515
Si (R2 = 31.27%) and Ys = 0.05513 + 0.000146 As +
0.000150 Si (R2 = 59.80%) for root and shoot, respective-
ly. Both As (V) as well as silicate were positively corre-
lated with SOD activity and enhanced enzyme activity but
silicate induced an enhancement to a greater extent in
comparison with As (V) treatment in the test cultivar.

Fig. 2 Influence of arsenate and/or silicate on the activities of a superox-
ide dismutase, b catalase, c catechol peroxidase, d ascorbate peroxidase,
and e ascorbate oxidase in root and shoot of 21-day-old wheat (cv PBW
343) seedlings. Each data point depicts the mean ± SE obtained from

three independent experiments with two replications for an individual
treatment (n = 6). Asterisk indicates significant difference between the
treatments according to Fisher’s LSD method at p ≤ 0.05 in comparison
with control

45214 Environ Sci Pollut Res (2020) 27:45209–45224



A gradual decline in catalase (CAT) activity was noted
with significant (p ≤ 0.05) variations among As (V) treatments
(Fig. 2b). CAT activity declined by about 23%, 36%, 75% in
root under 25 As (V), 50 As (V), and 100 As (V) treatments,
respectively, where only 100 As (V) concentration was statis-
tically significant (p ≤ 0.05) over control. Likewise in shoot,
CAT activity declined insignificantly by about 15% under 25
As (V) treatment and significantly (p ≤ 0.05) by about 30%
and 48% under 50 As (V) and 100 As (V) treatments, respec-
tively, with respect to control. Incorporation of silicate with
equivalent concentrations of As (V) narrowed down the de-
cline in enzyme activity by 3% and 17% on an average, in root
and shoot, respectively, with respect to control and was great-
er than As (V) treatment alone (Fig. 2b). The said decline in
enzyme activity was only significant (p ≤ 0.05) at 100 As
(V) + Si treatment over control. Activity of CAT in root and
shoot under As (V) and silicate treatments can be put forward
by regression equations Yr = 39.61 − 0.2928 As + 1.722 Si
(R2 = 69.75%) and Ys = 51.12 − 0.2729 As + 1.253 Si (R2 =
65.34%), respectively. The negative relationship of CAT ac-
tivity with As (V) treatment paralleled with the decrease in
enzyme activity with As (V) treatment whereas silicate was
positively correlated with the enzyme activity and reversed the
trend.

Catechol peroxidase (CPX) activity in the test cultivar de-
clined significantly (p ≤ 0.05) by about 30%, 38%, and 45% in
root and by about 21%, 38%, and 40% in shoot under 25 As
(V), 50 As (V), and 100 As (V) treatments, respectively, over
control and demonstrated significant (p ≤ 0.05) variations
among levels of As (V) (Fig. 2c). Incorporation of silicate
under different As (V) regimes, in contrast, narrowed down
the decrease in enzyme activity significantly (p ≤ 0.05) in both
root as well as shoot. The enzyme activity declined by about
23%, 33%, and 40% in root and by about 19%, 31%, and 36%
in shoot under 25 As (V) + Si, 50 As (V) + Si, and 100 As
(V) + Si treatments, respectively, over control. However, with
exogenous silicate, the enzyme activity was enhanced in com-
parison with individual As (V) treatments (Fig. 2c). CPX ac-
tivity in root and shoot under As (V) and silicate treatments
can be explained by equations Yr = 0.5508 − 0.002760 As +
0.01050 Si (R2 = 64.04%) and Ys = 0.3920 − 0.001760 As +
0.00600 Si (R2 = 61.94%), respectively. Negative correlation
of CPX activity with As (V) decreased the activity of the
enzyme under As (V) exposure whereas positive correlation
with silicate application enhanced enzyme activity in the
seedlings.

In root, the activity of ascorbate peroxidase (APX) in-
creased significantly (p ≤ 0.05) by about 60%, 64%, and
70% in response to 25 As (V), 50 As (V), and 100 As (V)
treatments, respectively, over control (Fig. 2d). In shoot, how-
ever, the activity increased by about 16%, 17%, and 31% in
response to identical treatments. Increments in enzyme activ-
ity also divulged significant (p ≤ 0.05) variations among As

(V) treatments. Under 25 As (V) + Si, 50 As (V) + Si, and 100
As (V) + Si treatments, the enzyme activity in root further
increased significantly (p ≤ 0.05) by about 80%, 103%, and
138%, respectively, over control. Again, in shoot, the activity
increased insignificantly by about 21% and 25% under 25 As
(V) + Si and 50 As (V) + Si treatments while increment of
about 37% under 100 As (V) + Si treatment was considered
significantly different at 5% probability level from control.
The relationship between APX activity in root and shoot in
response to concentrations of As (V) and silicate can be de-
scribed by the equations Yr = 0.04592 + 0.000310 As +
0.003225 Si (R2 = 73.56%) and Ys = 0.01965 + 0.000055
As + 0.000210 Si (R2 = 35.28%), respectively. Positive corre-
lation of APX activity with both As (V) and silicate indicated
enhancement in enzyme activity with both As (V) and silicate
treatment. This enhancement was, however, to a greater extent
with silicate application than As (V).

Ascorbate oxidase (AAO) activity of the seedlings depicted
dose-dependant increments with As (V) treatment and indicat-
ed significant (p ≤ 0.05) variations among the treatments (Fig.
2e). The enzyme activity in root enhanced significantly (p ≤
0.05) by about 18%, 27%, 45% under 25 As (V), 50 As (V),
and 100 As (V) treatments, but in shoot, the enhancement was
by about 6%, 22%, and 61%, respectively, under analogous
doses where increments under 50 As (V) and 100 As (V)
treatments were regarded statistically significant (p ≤ 0.05) in
comparison with control. The enzyme activity further escalat-
ed significantly (p ≤ 0.05) by about 32%, 73%, 123% in root
and by about 17%, 39%, 72% in shoot, respectively, under 25
As (V) + Si, 50 As (V) + Si, and 100 As (V) + Si treatments,
respectively, over control (Fig. 2e). Differences in AAO ac-
tivity in root and shoot under concentrations of As (V) and
silicate can be elucidated by equations Yr = 0.1930 + 0.001760
As + 0.01600 Si (R2 = 83.46%) and Ys = 0.16100 + 0.001349
As + 0.00200 Si (R2 = 89.21%), respectively. Both As (V) as
well as silicate treatments were positively correlated with the
enzyme activity and enhanced the same but silicate induced
enhancement in the said activity to a greater extent compared
with As (V) treatment.

Influence on thiol compounds and activities of
glutathione-metabolizing enzymes

Cysteine content in root increased by about 10%, 22%, and
31% under 25 As (V), 50 As (V), and 100 As (V) treatments,
respectively, where changes under 50 As (V) and 100 As (V)
treatments were considered significantly different according
to Fisher’s LSD method at 5% probability level from control.
In shoot, however, significant (p ≤ 0.05) increments of about
33%, 42%, and 50% were registered under 25 As (V), 50 As
(V), and 100 As (V) treatments, respectively, over control
(Table 2). The stated increments in both root as well as shoot,
however, revealed significant (p ≤ 0.05) differences amongAs
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(V) levels. Cysteine content further increased by about 15%,
27%, and 32% in root, under 25 As (V) + Si, 50 As (V) + Si,
and 100 As (V) + Si treatments where increments under 50 As
(V) + Si and 100 As (V) + Si treatments were statistically sig-
nificant (p ≤ 0.05) with respect to control. Likewise, in shoot
increments of about 48%, 54% and 58% were statistically
significant (p ≤ 0.05) under identical doses of As (V) and sil-
icate over control. Changes in cysteine content of root and
shoot under As (V) and silicate treatments can be clarified
by regression equations Yr = 134.32 + 0.3697 As + 1.150 Si
(R2 = 64.00%) and Ys = 103.30 + 0.3417 As + 2.60 Si (R2 =
55.40%), respectively.

Glutathione content in the test seedlings increased signifi-
cantly (p ≤ 0.05) by about 27%, 77%, and 86% in root under
25As (V), 50 As (V), and 100 As (V) treatments, respectively.
In shoot, increments of about 18%, 42%, and 85% were reg-
istered under comparable concentrations, respectively, and in-
crements at 50 As (V) and 100 As (V) arsenate treatments
were significant (p ≤ 0.05) (Table 2). Glutathione content fur-
ther increased significantly (p ≤ 0.05) by about 47%, 96%, and
109% in root at 25 As (V) + Si, 50 As (V) + Si, and 100 As
(V) + Si concentrations with respect to control. Conversely, in
shoot, the contents increased by about 31%, 66%, and 102%
under the same treatments where variations among As (V)
levels were statistically significant (p ≤ 0.05). The variations
in glutathione content of root and shoot under As (V) and
silicate treatments can be put to the regression equations
Yr = 76.43 + 0.6953 As + 2.35 Si (R2 = 77.84%) and Ys =
45.90 + 0.4446 As + 1.400 Si (R2 = 77.90%). Cysteine and
glutathione were both positively correlated with As (V) as
well as silicate and enhanced these contents but As (V)-in-
duced increment was lesser compared with that of silicate
supplementation.

Glutathione reductase (GR) activity was upregulated under
As (V) treatments and exhibited significant (p ≤ 0.05) varia-
tions among the As (V) treatments (Fig. 3a). The enzyme

activity enhanced by about 4%, 15%, and 24% in root at 25
As (V), 50 As (V), and 100 As (V) treatments, respectively,
over control. In shoot, the enzyme activity enhanced by 3%,
12%, and 45% under the similar concentrations and activity
under 100 As (V) treatment was statistically significant (p ≤
0.05). Exogenous silicate combined with identical As (V)
treatments further increased the enzyme activity in compari-
son with the solely As (V)-treated sets by about 23%, 43%,
72% in root and 33%, 62%, 65% in shoot, respectively, where
activities under 50 As (V) + Si and 100 As (V) + Si concen-
trations were considered significantly different at 5% proba-
bility level from control. Changes in GR activity under differ-
ent doses of As (V) and silicate in root and shoot can be
explained by the regression equations Yr = 46.90 + 0.2543
As + 2.587 Si (R2 = 59.47%) and Ys = 47.53 + 0.2798 As +
2.675 Si (R2 = 62.24%), respectively. Positive correlation
among As (V) as well as silicate treatment with GR activity
enhanced the enzyme activity. However, this increment was
greater with silicate treatment than As (V) in the test seedlings.

A gradual decline in glutathione peroxidase (GPx) activity
was noted under different As (V) treatments that was signifi-
cant (p ≤ 0.05) among the As (V) concentrations (Fig. 3b).
GPx activity declined by about 24%, 32%, 40% in root and
16%, 25%, 46% in shoot at 25 As (V), 50 As (V), and 100 As
(V) treatments, respectively, where activities under 50 As (V)
and 100 As (V) treatments were statistically significant (p ≤
0.05) with respect to control. On the contrary, the decrease in
enzyme activity was narrowed in comparison with the As (V)-
treated sets and was about 16%, 27%, 32% in root and 12%,
14%, 20% in shoot at 25 As (V) + Si, 50 As (V) + Si, and 100
As (V) + Si concentrations, respectively, over control.
Decrease in enzyme activity in root was also significant (p ≤
0.05) under 50 As (V) + Si and 100 As (V) + Si treatments
compared with control. Variations in GPx activity in response
to As (V) and silicate treatments in root and shoot can be
denoted by regression equations Yr = 51.24 − 0.1617 As +

Table 2 Influence of arsenate
and/or silicate on cysteine and
glutathione contents in root and
shoot of 21-day-old wheat (cv
PBW 343) seedlings

Treatment Cysteine [nmol g−1 fw] Glutathione [μmol g−1 fw]

Root Shoot Root Shoot

Control 130 ± 7.77 90 ± 10.41 72.4 ± 6.94 48 ± 5.859

25 As (V) 143 ± 7.94 120 ± 4.93* 92 ± 4.619* 56.4 ± 6.64

50 As (V) 159 ± 7.37* 128 ± 4.93* 128 ± 7.00* 68 ± 6.24*

100 As (V) 170 ± 6.43* 135 ± 6.43* 135 ± 6.65* 89 ± 6.66*

Si (5 mM) 138 ± 6.24 110 ± 10.07 75 ± 3.79 50 ± 3.21

25 As (V) + Si 150 ± 6.66 134 ± 4.58* 107 ± 3.88* 62.8 ± 7.22

50 As (V) + Si 165 ± 4.36* 139 ± 4.58* 142 ± 5.85* 79.6 ± 5.81*

100 As (V) + Si 172 ± 7.23* 142 ± 6.43* 151 ± 7.93* 97 ± 6.66*

Each data point depicts the mean ± SE obtained from three independent experiments with two replications for an
individual treatment (n = 6)

Asterisk indicates significant difference between the treatments according to Fisher’s LSD method at p ≤ 0.05 in
comparison to control
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0.198 Si (R2 = 37.49%) and Ys = 70.28 − 0.2161 As + 1.237 Si
(R2 = 46.27%), respectively. Negative correlation of GPx ac-
tivity with As (V) treatment led to a decline in the said activity
with As (V) treatment. On the contrary, silicate treatment
lowered enzyme activity and was positively correlated with
silicate.

Activity of glutathione-S-transferase (GST) increased by
about 21%, 58%, and 68% in root under 25 As (V), 50 As
(V), and 100 As (V) treatments, respectively, and changes
under 50 As (V) and 100 As (V) treatments were significant
(p ≤ 0.05) over control. The enzyme activity equally increased
in shoot by about 46%, 86%, and 156% over control and was
statistically significant (p ≤ 0.05) under similar treatments
(Fig. 3c). ANOVA analysis also disclosed significant (p ≤
0.05) differences among various levels of As (V). Co-
treatments of As (V) and silicate, however, narrowed down
the increase in GST activity in comparison with the individual
As (V) treatments and was about 14%, 46%, and 65% in root
showing significant (p ≤ 0.05) changes under 50 As (V) + Si
and 100 As (V) + Si concentrations. In shoot, however, incre-
ment of about 58%, 74%, and 98%was registered under 25As
(V) + Si, 50 As (V) + Si, and 100 As (V) + Si concentrations,
respectively, and revealed significant (p ≤ 0.05) change under
50 As (V) + Si and 100 As (V) + Si treatments. Alterations in
GST activity of root and shoot under As (V) and silicate can
be presented by the regression equations Yr = 64.40 + 0.3978
As − 0.555 Si (R2 = 72.62%) and Ys = 47.67 + 0.6001 As −
1.056 Si (R2 = 87.49%), respectively. The activity of GST
was positively correlated with As (V) treatment and enhanced
enzyme activity; contrarily, negative correlation with silicate
supplementation decreased GST activity in the test cultivar.

Influence on phytochelatin contents

To characterize the thiols induced by As (V) imposition in
the test cultivar, PC standards were utilized for HPLC anal-
ysis (Supplementary Fig. 3). The HPLC profiles of thiols
in the control and As (V)-treated samples revealed low
intensity thiol and mono bromobimane (mBBr) peaks in
control (root and shoot) along with monothiol cysteine
(Cys) and glutathione (GSH). However, in As (V)-treated
samples, thiol peaks for PC2 and PC4 were noted besides
Cys and GSH with retention time (RT) ranging between 16
and 33 min, respectively. The peak with retention time
(RT) around 15 min was identified as PC2 and the second
peak which eluted after PC2 with RT around 32 min was
identified as PC4 with respect to the standard. The PC3
peak at 19 min was not observed in the test cultivar
(Supplementary Fig. 4). The contents of PC2 and PC4
were determined from the peak heights of respective chro-
matograms of derivatized samples with respect to the stan-
dard. Arsenate-treated roots showed PC2 and PC4 in abun-
dance compared with that of shoots. PC2 contents signifi-
cantly (p ≤ 0.05) increased by about 249%, 275%, and
333% in root and by about 217%, 272%, and 327% in
shoot under 25 As (V), 50 As (V), and 100 As (V) treat-
ments, respectively, compared with control. PC4 contents
also increased by about 87%, 98%, and 108% in root and
by about 22%, 58%, and 94% in shoot under identical
treatments over control (Fig. 4). In silicate-supplemented
seedlings, the contents of both PC2 and PC4 decreased
than the corresponding As (V)-treated sets. The PC2 con-
tents significantly (p ≤ 0.05) increased by about 32%,

Fig. 3 Influence of arsenate and/
or silicate on a glutathione
reductase, b glutathione
peroxidase, c glutathione-S-
transferase activities in root and
shoot of 21-day-old wheat (cv
PBW 343) seedlings. Each data
point depicts the mean ± SE
obtained from three independent
experiments with two replications
for an individual treatment (n =
6). Asterisk indicates significant
difference between the treatments
according to Fisher’s LSD
method at p ≤ 0.05 in comparison
to control
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141%, and 317% in root and by about 56%, 176%, and
297% in shoot under 25 As (V) + Si, 50 As (V) + Si, and
100 As (V) + Si concentrations. Likewise, PC4 contents
also increased by about 12%, 58%, and 104% in root,
where changes under 50 As (V) + Si and 100 As (V) + Si
treatments were statistically significant at 5% probability
level over control. In shoot, equally, PC4 contents en-
hanced by about 10%, 12%, and 14% under similar con-
centrations. Balanced ANOVA indicated significant (p ≤
0.05) differences among As (V) doses as well as significant
arsenate-silicate interaction in both PC2 and PC4 contents
of root and shoot. Regression equations Yr = 0.3618 +
0.005878 As − 0.03325 Si (R2 = 81.49%) and Ys =
0.3401 + 0.005962 As − 0.02850 Si (R2 = 86.12%) repre-
sented the relation between As (V) and silicate treatment
with PC2 contents in both root and shoot, respectively,
while the equations Yr = 1.1233 + 0.00871 As − 0.0515 Si
(R2 = 77.28%) and Ys = 0.9964 + 0.005050 As − 0.0652 Si
(R2 = 76.76%) depicted the relationship between As (V)
and silicate treatment with PC4 contents in both root and
shoot, respectively. Positive correlation of As (V) with
both PC2 and PC4 implied an elevation of PC2 and PC4
content with As (V) treatment in the test cultivar while the
negative correlation with silicate reversed the trend.

Discussion

Arsenic toxicity has emerged a severe crisis affecting crop
productivity worldwide. The present study was designed to
substantiate the hypothesis that silicate amendments at perti-
nent concentrations might mitigate As (V)-induced perturba-
tions in the test seedlings.

Influence on total arsenic, arsenite, and arsenate
reductase activity

Arsenic accumulation, translocation, and compartmentaliza-
tion represent decisive parameters in As tolerance. The total
As and As (III) contents in root were more compared with
shoot and were dependant on the concentration of As (V) in
the growth media (Fig. 1a and b). Although As (V) is rapidly
reduced to As (III) following its uptake, the present study
registered greater content of arsenate [total As–As (III)] in
comparison with that of As (III) and is in agreement to the
study conducted by Abedin et al. (2002). A probable reason
for this decrease might be the efflux of As (III) via aquaporin
channels (Shi et al. 2015). The activity of AR also coordinated
with As (III) contents (Fig. 1c). Total As content was positive-
ly correlated with As (III) (R2 = 0.945) and AR activity (R2 =
0.811) (Fig. 1d). Retention of As in root is considered to occur
as a result of reduction of As (V) to As (III) by AR and its
consequent immobilization in vacuole and forms an impera-
tive strategy for As detoxification. Since As (III) can only bind
to PCs to form As (III)-PC complexes that are sequestered to
vacuoles, consequently the activity of AR becomes crucial for
As tolerance in plants (Li et al. 2015). Si-induced decrease in
total As and As (III) contents was noted in both roots and
shoots of As+Si-treated seedlings along with increments in
Si contents (Supplementary Table 1). Such Si-stimulated re-
duction in total As and As (III) has been attributed to the
decreased uptake of As in lettuce as Si modified the functional
groups of the cell wall and promoted tighter binding of As.
These structural alterations in the cell wall blocked
apoplasmic transport of As (Greger et al. 2015). Reduction
in transport from root to shoot is thus one of the plausible
mechanisms by which Si ameliorates As (V)-imposed toxici-
ty. Silicate interacts with As (V) at the high-affinity phosphate

Fig. 4 Influence of arsenate and/
or silicate on PC2 and PC4
contents in root and shoot of 21-
day-old wheat (cv PBW 343)
seedlings. Each data point depicts
the mean ± SE obtained from
three independent experiments
with two replications for an
individual treatment (n = 6).
Asterisk indicates significant
difference between the treatments
according to Fisher’s LSD
method at p ≤ 0.05 in comparison
to control
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transporters and the presence of Si has been documented to
stimulate uptake and mobilization of phosphate which re-
stricts As entry (Moreno-Jiménez et al. 2012; Kostic et al.
2017). Decrease in As contents due to Si supplementation
further downregulated AR activity and decreased As (III) con-
tents in comparison with sole As (V)-treated sets.

Influence on non-enzymatic and enzymatic
antioxidants

Arsenate potentiated oxidative injuries disrupted the antioxi-
dative defense system by overproducing ROS and triggered
multifarious biochemical responses that altered non-
enzymatic as well as enzymatic antioxidants in the test culti-
var. These perturbations exacerbated cellular damage and
inhibited growth (Supplementary Fig. 1). The lipid-soluble
antioxidant, tocopherol, reduces lipid peroxy radical generat-
ed during oxidative stress to tocopheroxyl radical and stabi-
lizes cellular membranes (Szarka et al. 2012). Enhancement in
α-tocopherol contents under As (V) stress could be due to its
scavenging ability to counteract the toxic effects of potential
ROS and prevent membrane damage. Recent report suggests
activation of gene expression responsible for tocopherol syn-
thesis in plants during oxidative stress (Singh et al. 2016).
Ascorbate, the water-soluble antioxidant, is also a potent
ROS scavenger that protects membranes by scavenging super-
oxide (O2

−), hydroxyl radical (OH−), and regenerates α-
tocopherol via the ascorbate-glutathione cycle. Decrease in
ascorbate contents in our study might be due to an enhance-
ment in APX activity which consumed ascorbate subsequent-
ly lowering its content. Reduced level of ascorbate under As
(V) stress has been previously documented (Kumar et al.
2013; Singh et al. 2016). Dual application of silicate and ar-
senate contrarily enhanced the ascorbate pool and stimulated
defense by quenching the tocopherol radical along with ROS
and lowered oxidative load in the test cultivar. This further
enhanced α-tocopherol contents that possibly counteracted
lipid peroxidation (MDA contents) by quenching reactive ox-
idative anions and helped to stabilize membrane integrity in
the Si-supplemented seedlings (Table 1; Supplementary
Table 2).

Antioxidative enzymes play imperative role in oxidative
stress management. Superoxide dismutase (SOD), catalase
(CAT), catechol peroxidase (CPX), ascorbate peroxidase
(APX), and ascorbic acid oxidase (AAO) are considered to
be the major enzymes involved in antioxidative defense.
Arsenate imposition in the present study altered the activities
of antioxidant enzymes in a differential manner (Fig. 2a–e).
Substantial increments in SOD, APX, and AAO activities
were accompanied by decline in CAT and CPX activities.
SOD, regarded as the major O2

·− scavenger, constitutes a
frontline in defense against ROS produced during environ-
mental stress. Arsenate-incited enhancement in SOD activity

in the present study coincides with the study conducted in
Oryza sativa under As (V) stress (Choudhury et al. 2011).
Excess H2O2 generated due to SOD activity is reduced to
water and molecular oxygen by CAT and CPX at different
locations in the cell. A linear decline in the activities of these
enzymes depicted inferior ability in protecting the cell against
H2O2 detoxification. Additionally, escalation in SOD activity
might have resulted in rapid dismutation of highly reactive
O2

− radical to H2O2 causing its accumulation (Fig. 2a–c;
Supplementary Table 2). Alteration in activities of CAT and
CPX under As (V) stress in the test cultivar could be due to
high H2O2 levels that might have possibly inactivated the
enzymes. Furthermore, enhanced AAO and APX activities
in the test cultivar were incapable to quench ROS due to low
availability of its co-factor, reduced ascorbate. Our study is in
conformity with the study conducted inOryza sativa under As
stress (Rahman et al. 2015). Contrastingly, silicate supple-
mentation along with As (V) efficiently activated the plant
defense by augmenting the activities of ROS scavenging an-
tioxidant enzymes viz., SOD, CAT, CPX, APX, and AAO in
the test cultivar and protected the cells from oxidative injuries
(Fig. 2a–e). This was apparent from the positive correlations
between silicon application and the activities of the antioxi-
dant enzymes in both roots and shoots that led to a noticeable
decl ine in H2O2 contents and improved growth
(Supplementary Table 2). Such enhancements in the activities
of antioxidant enzymes by silicon application have also been
documented in rice (Dwivedi et al. 2020).

Influence on components of ascorbate-glutathione
cycle

Cysteine acts as a source of reduced sulfur and is the precursor
of S-containing compounds, such as amino acids, vitamins,
Fe-S cluster, reduced glutathione (GSH), and thiol-containing
proteins that play vital role in detoxification of As (V) toxicity
(Khan and Gupta 2018). A sufficient amount of cysteine helps
to maintain the optimum level of GSH (Bashir et al. 2015).
Induction of cysteine in the test cultivar also corresponds to
enhancements in GSH and PCs that help in the detoxification
process. Comparable results have been attained in Oryza
sativa under As (V) stress where increase in cysteine content
also enhancedGSH synthesis (Tripathi et al. 2013; Singh et al.
2016). Heavy metals have been documented to enhance the
sulfur reduction pathway including the activity of its enzymes
viz., ATP sulfurylase, APS reductase, serine acetyl transfer-
ase, and cysteine synthase which increases accumulation of
cysteine (Rausch and Wachter 2005).

The tripeptide glutathione in reduced form acts as an anti-
oxidant that directly reduces ROS generated during stress and
is employed as a stress marker. Arsenate-accrued enhance-
ment in GSH contents in our study could be ascribed to the
increased requirement of sulfur for biosynthesis of
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antioxidants under stressful conditions (Gill et al. 2013).
Enhanced GSH content in the arsenate As (V)-exposed plants
is due to the upregulation in transcription of γ-glutamyl cys-
teine synthetase and glutathione synthetase genes that in-
creases GSH biosynthesis (Xiang and Oliver 1998). This is
of pivotal importance, since GSH is required for PC synthesis
which facilitates the detoxification of xenobiotics and heavy
metals by forming PC-metal complexes (Sharma 2012).
Furthermore, GSH acts as reductant for AR-catalyzed reduc-
tion of As (V) to As (III), which is also a prerequisite for the
complex formation (Rosen 2002; Dhankher 2005).
Simultaneous supplementations of silicate along with respec-
tive doses of As (V)-induced cysteine to a greater extent in
both root and shoot and were well coordinated with elevated
GSH contents in the test cultivar (Table 2). Similar studies on
silicon induced intensification of non-protein thiols and GSH
also coincided with the study conducted in two rice cultivars:
Triguna and IET-4786 under As exposure (Tripathi et al.
2013).

Glutathione reductase (GR), a flavo-protein oxidoreductase
localized predominantly in chloroplasts, catalyzes the conver-
sion of oxidized glutathione (GSSG) to GSH and is necessary
for functioning of ascorbate-glutathione (ASA-GSH) cycle as
well as for PC synthesis (Cobbett and Goldsbrough 2002). It
sustains the reduced status of GSH by maintaining the ratio of
GSH/GSSG and consequently functions in defense against
ROS (Rao and Reddy 2008). Upregulation of GR activity in
the test cultivar under As (V) imposition is concurrent to the
study conducted in Phaseolus aureus (Singh et al. 2007).
Elevated GR activity also increased GSH contents in the test
seedlings (Fig. 3a; Table 2). As-inflicted oxidative stress has
been documented to induce increments in GR activity which
is vital for detoxification of ROS and PC synthesis (Sharma
2012). Silicon supplementation on the other hand, further up-
regulated GR activity, enhanced GSH contents thereby anti-
oxidant capacity of the As (V)-stressed seedlings that possibly
improved defense against oxidative stress. Silicon induced
increase in GR activity during As stress in rice cultivars;
Triguna and IET-4786 has been ascribed to the induction of
GR isozymes (Tripathi et al. 2013).

Glutathione peroxidases (GPxs) are a large family of di-
verse isozymes that scavenge H2O2 by utilizing GSH to form
GSSG and protect cells from oxidative stress. Decline in GPx
activity in the present study points to H2O2 accumulation in-
dicating ineffective detoxification and enhanced vulnerability
to ROS-induced damages. On the other hand, Si-induced up-
regulation in GPx activity lowered H2O2 and mitigated the
As-provoked effects in the test cultivar (Fig. 3b;
Supplementary Table 2).

Glutathione-S-transferases (GST) catalyze the conjugation
of electrophilic xenobiotic substrates with GSH and facilitate
their sequestration to the vacuoles by removing genotoxic
compounds that can react or damage DNA, RNA and proteins

thus defend the cell against oxidative damage (Jozefczak et al.
2012). Arsenate-induced enhancement in GST activity in the
test seedlings is parallel to that reported in rice (Singh et al.
2016). Such augmentation of GST activity might stimulate
free metal binding and renders detoxification of As (III)-PC
complexes to the vacuoles. Silicon fertilization, on the con-
trary, down-regulated GST activity with respect to the only As
(V)-treated seedlings probably because it reduced the entry of
As, diminished the buildup of cytotoxic compounds, and
thereby lowered generation of ROS as evidenced by decline
in H2O2 contents in the present scenario that decreased PC
product ion in the test cul t ivar (Figs . 3c and 4;
Supplementary Table 2).

Influence on phytochelatins

Phytochelatins synthesized in the cytosol are metal-binding
peptides with cysteine thiol groups that chelate heavy metals
to form phytochelatin-metal complexes and sequester these to
vacuoles. The imperative role of PCs in detoxification of As
has been documented (Solanki and Dhankhar 2011). Present
study revealed substantial enhancements in the levels of both
PC2 and PC4 under As (V) imposition and is well coordinated
with enhanced GSH production (Fig. 4). On the contrary, PC3
was not obtained in the test cultivar. As documented earlier,
dominance of dithiol complexes with As(III)-(PC2) due to the
formation of ring structures causes differential stability for the
synthesis of As-PC complexes with longer chains (Schulz
et al. 2008). The presence of PC4, however, indicates its syn-
thesis from its substrate, PC3, and chances might be that PC3
had been utilized during PC4 synthesis and could not be de-
tected in the chromatograms. Comparable observation in
Cuscuta reflexa initiated the synthesis of PC3 and PC4 under
high and low concentrations of cadmium, respectively, while
its substrate PC2 could not be detected (Srivastava et al.
2004). Our results are in contrast with Shi et al. (2017) that
documented only the presence PC2 in wheat subjected to ar-
senate stress with no traces of PC3 or PC4. Such differential
distribution of PCs may therefore be concentration dependant
or species specific. Positive correlations of As content with
GSH (R2 = 0.536) and PCs [PC2, R2 = 0.852, PC4, R2 =
0.798] enhanced GSH and PC production in the test cultivar
that ultimately decreased growth (R2 = 0.802) (Fig. 5). Similar
increase in GSH and PC has also been reported in rice under
As stress (Kumar et al. 2014). Arsenate exposure induced
production of thiols to a greater extent in root compared with
that of shoot under identical treatments indicating superior
detoxification potential in roots that further reduced mobility
of As to shoot. Formation of As (III)-PC complexes in root
possibly restricted root to shoot translocation of As thereby
lowering risk of food-chain contamination. Our results are
consistent to that obtained in rice cultivars where enhanced
complexation of As in root induced PC synthesis in response
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to free metal ions in the cytoplasm (Batista et al. 2014).
However, Si-induced drop in PCs possibly occurred due to
decreased As (V) uptake that lowered As availability and re-
duced oxidative stress suggesting the alleviation of Si-
mediated As toxicity due to inhibition of As uptake rather than
PC accumulation (Fig. 5). Such silicon-elicited decline in PC
synthesis probably lowered utilization of GSH pool for PC
production and elevated production of cysteine as well as

GSH. However, in spite of decreased As (V) uptake, translo-
cation and improved compartmentation along with enhanced
antioxidant capacity, silicon supplementation still failed to
restore the PC level comparable with the control probably
due to the severity of stress involved.

Taken together, As (V) treatment upregulated the activity
of AR and led to As (III) production that persuaded generation
of ROS in the test cultivar. ROS-incited oxidative damages

Fig. 5 Scatter plot representing
the relationship between total
arsenic, glutathione,
phytochelatin (PC2 and PC4)
contents and growth under
arsenate and silicate treatments

Fig. 6 Schematic representation
of silicon-mediated modulation of
antioxidative defense and thiol
metabolism [abbreviations used:
SOD: superoxide dismutase,
CAT; catalase, CYS: cysteine,
APX: ascorbate peroxidase,
MDHAR: mono dehydro ascor-
bate reductase, DHAR:
dehydroascorbate reductase, GR:
glutathione reductase, ASA:
ascorbate, GSH: reduced gluta-
thione, GSSG: oxidized glutathi-
one, AR: arsenate reductase, PC:
phytochelatin, GST: glutathione-
S-transferase, As (V): arsenate,
As(III): arsenite]
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activated the stress-induced responses and altered the non-
enzymatic and enzymatic (SOD, CAT, CPX, APX, AAO)
anti-oxidative defense mechanisms. This coordinately affect-
ed the ASA-GSH cycle and activities of GPx and GST along
with thiol metabolism that enhanced PC production (Fig. 6).
Silicon co-treatments, however, reduced endogenous As con-
tents and directly lowered the stress-related parameters
(MDA, proline, and H2O2). Supplemental Si further facilitated
alleviation of As (V) toxicity by activating the non-enzymatic
and enzymatic defense cascade along with ASA–GSH cycle
that efficiently lowered H2O2 and helped to regenerate antiox-
idant metabolites α-tocopherol, ASA, GSH in the test seed-
lings. Silicate amendments also lowered PC accumulation by
lowering As (III) availability in the test seedlings.
Supplementation of silicon, thus, undeniably remitted the det-
rimental effects of arsenate incited stress to an appreciable
extent and was actively involved in counteracting ROS lead-
ing to improved growth.

Conclusion

Silicon supplementation was therefore competent enough in
lowering As contents and induced an upsurge in the antioxi-
dative defense as well as ASA–GSH cycle that alleviated the
negative effects of reactive oxygen species and helped to com-
bat the arsenic-imposed consequences reinstating growth.
Results from our study offer insight to the plausible efficacy
of silicate nutrition in mitigation of arsenic stress in wheat
seedlings that could form a strategy for maintaining the crop
productivity and minimize arsenic health risk among the con-
sumers. However, our work was conducted under controlled
laboratory conditions, but in the field scenario, stresses are
collective and complex depending on several factors that are
interdependent and deserve further studies before recommen-
dation to cultivators. Field trials are, therefore, of utmost im-
portance to validate the precise extent of Si fertilization that
could be employed to expunge arsenate toxicity to some ex-
tent that might have encouraging implications in agro biolog-
ical systems.
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