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Abstract
Arsenic (As), a toxic metalloid, is finding its route to human through intake of As-contaminated water and consumption of food
grown on contaminated soil. Rice is the most As-affected crop. Present study is aimed to assess the impact of stabilized
orthosilicic acid (a proprietary formulation for plant-available silicon (Si) and earlier used as fertilizer for rice to enhance growth
and yield) in reducing the accumulation of As in rice grains. Application of arsenic in the form of arsenate (AsV) and arsenite
(AsIII) significantly affected plant growth in a dose-dependent manner. Higher doses of AsV and AsIII (50 and 25 mg L−1

respectively) significantly decreased the yield attributes leading to lower yield. A significant accumulation of As in grain was
observed in both AsV- and AsIII-exposed plants in a dose-dependent manner. Arsenic exposure also increased the level of Si in
rice grains. Application of Si, either in soil or on leaves (foliar), greatly reduced grain As accumulation (up to 67% in AsV and
78% in AsIII) and enhanced the growth and yield of plants under As stress. The level of thiols and activities of antioxidant
enzymes were also enhanced under Si application. Foliar Si application was more effective in increasing grain Si level and
reducing grain As than soil Si. The level of other trace elements was also significantly enhanced by Si application irrespective of
the presence or absence of As in comparison with control. Arsenic exposure constrained some of the trace elements, such as Zn
and Co, which were restored by Si application. Results of the present study showed that the application of currently used Si
formulation may effectively reduce grain As level even in highly As-contaminated soil and improve grain quality of rice.
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Introduction

Arsenic (As) is a class one non-threshold carcinogen and toxic
to almost all forms of life except a few bacterial species (Stolz
and Oremland 1999). Mining activities, use of arsenical pes-
ticides, and irrigation with As-contaminated groundwater are
the major sources of As in soil (Zhao et al. 2010). Use of As-
contaminated groundwater for irrigation is the primary source
of As in agriculture soil. The level of As in the paddy fields
varies from 4 to 138 mg Kg−1 in the As-contaminated regions
(Khan et al. 2010). From the contaminated soil and irrigation
water, As gets accumulated in the crops and cereal grains,
particularly in rice grains (Dwivedi et al. 2010a). It has been
well documented that Asian rice contains higher proportion of
inorganic As than US rice (Meharg et al. 2009; Zhao et al.
2010). Rice constitutes a large proportion of the dietary intake
of inorganic As in regions where rice is the staple food
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(Mondal and Polya 2008; Meharg et al. 2009). Additionally,
rice straw widely used as cattle feed also contains high levels
of As, thereby serving as an additional route of As entry into
the food chain (Panaullah et al. 2009). High level of As has
deleterious impacts on human health as well as on plant pro-
ductivity (Panaullah et al. 2009). In paddy fields, inorganic
species, viz, arsenite (AsIII) and arsenate (AsV), are more prev-
alent than the organic species, viz, methylarsonic acid
(MMA), dimethylarsinic acid (DMA), and arsanilic acid
(Zhao et al. 2010). A small amount of organic forms are pres-
ent in soil due to microbial activities and depending on the
previous use of soil. In plants, AsV is taken up by phosphate
transporters (Tripathi et al. 2007), whereas AsIII and un-
dissociated methylated As species are transported through
the nodulin 26–like intrinsic proteins (NIPs) along with other
neutral solutes like glycerol, ammonia, and silicic acid (Ma
et al. 2008; Li et al. 2009).

Silicon is essential for sustainable production of rice (Rao
et al. 2017) and can accumulate up to 15% in the stem and
leaves of rice (Ma et al. 2006). The silicon transporters, NIP
family of transporters, are highly expressed in the rice and are
therefore the major route for arsenic, in the form of AsIII, in
rice plant and grain (Ma et al. 2008). Moreover, the flooded
anaerobic conditions of paddy field are conducive to increased
availability of AsIII. These agronomic and physiological con-
ditions make rice an efficient As accumulator (Williams et al.
2007; Xu et al. 2008; Zhao et al. 2010).

Silicon improves plant growth and yield and plays an im-
portant role in alleviating various abiotic stresses including
heavy metal (Ma et al. 2006; Liu et al. 2009; Adrees et al.
2015). Si supplementation has been reported to reduce the
accumulation and toxic effect of arsenic by improving photo-
synthetic performance and antioxidant system in arsenic-
exposed plants (Tripathi et al. 2013; Silva et al. 2015;
Sanglard et al. 2016). Grain As level has also been reported
to reduce by Si supplementation (Fleck et al. 2013). Thus, in
recent years, Si management has been explored as one of the
strategies to combat arsenic menace in rice. Although there is
an abundance of Si in the earth’s crust, most of it is in insol-
uble polymeric forms which are not available for plant uptake.
Various biogenic and other sources of Si have been used for
improving rice plant tolerance and yield enhancement in As-
or Cd-contaminated soil (Liu et al. 2009; Seyfferth and
Fendorf 2012; Seyfferth et al. 2016). The different sources
of Si, however, have different effects on the accumulation of
As. For instance, use of fresh rice husk or Si gel increased soil
pore water Si and As as well but it decreased the accumulation
of As in rice straw and grain particularly inorganic As
(Seyfferth and Fendorf 2012; Fleck et al. 2013), while the
use of rice husk ash or diatomaceous earth as Si source has
either no or little effect on straw and grain As (Seyfferth and
Fendorf 2012; Seyfferth et al. 2016). The study concluded that
soil pore water Si has more effect on As accumulation than

soil pore water As and is negatively correlated with straw and
grain As. Norton et al. (2010) established a positive correla-
tion between shoot As and Si concentration. Use of water-
soluble silica (as silicic acid or sodium silicate) resulted in
different effects on rice seedling under solution culture and
pot experiments. In solution culture, a significant decrease in
As accumulation and increased plant tolerance were observed
(Tripathi et al. 2013) while during soil pot experiment an
increase in the level of As in soil solution as well as increased
phytotoxicity was observed upon Si fertilization (Lee et al.
2014; Syu et al. 2016). In this regard, foliar application of Si
has been suggested as an alternative to avoid Si-induced dis-
solution of As in soil solution. However, a mixed response to
foliar Si application has been reported.While Syu et al. (2016)
found no effect of foliar Si application on As accumulation or
plant growth, Zhang et al. (2020) reported a significant de-
crease in As accumulation. Thus, from the above, it is evident
that the source of Si and method and time of application are
crucial for the availability of Si to plants and thus for Si man-
agement strategy to minimize arsenic accumulation and tox-
icity. Monosilicic acid, also called orthosilicic acid [H4SiO4],
is the most plant-available form of Si (Lewin and Reimann
1969). However, orthosilicic acid is highly unstable and read-
ily changes to non available polymeric forms. In the current
study, we have used a stabilized orthosilicic acid formulation
as a source of Si, which has been developed as a plant growth
booster, for the alleviation of As toxicity in rice plant.We have
compared both foliar and soil applications of Si in alleviating
As toxicity in rice plant, in terms of growth and yield attrib-
uting characters, antioxidant enzymes, level of non-protein
thiols, accumulation of nutrient elements, and effect on grain
As accumulation. Since this Si formulation has been already
successfully tested to improve growth and yield of rice with-
out any harmful effect on soil health (Jawahar et al. 2015;
Neeru et al. 2016), the present study aimed at assessing if it
can be used for mitigation of As in affected areas.

Materials and methods

Experimental design and pot experiment

Rice seeds of Saryu-52 were obtained from a commercial seed
shop, Lucknow. Seeds were soaked overnight in water and sown
in a large tub (6″ × 2.5″) filled with garden soil to prepare seed-
lings for pot experiments. The pH and EC of soil were measured
in 1:2 soil solution (wt/vol) using glass electrode pH meter and
conductivity meter, respectively. The soil organic carbon was
analyzed by the Walkley-Black chromic acid wet oxidation
method (Walkley andBlack 1934). Bulk density, particle density,
sand, silt, clay, and soil texture were measured by following the
protocols given in Okalebo et al. (1993). The porosity of soil was
calculated by using the formula: porosity = (1 − bulk density/
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particle density) × 100. Exchangeable sodium, potassium, and
calcium were analyzed by flame photometer after extraction in
ammonium acetate at pH 7.0. Available nitrogen, phosphorus,
and sulfur were estimated by the method of Subbiah and Asija
(1956), Olsen et al. (1954), and Williams and Steinbergs (1962)
respectively. The selected physico-chemical properties of soil are
given in Table 1.

Twenty-day-old seedlings were transplanted to 12-L earth-
en pots containing 10 kg of garden soil. Seedlings were
transplanted as 3 plants per hill; a total of 9 seedlings were
transplanted in each pot. Pots were irrigated with tap water by
maintaining a 3-cm flooded condition and kept under natural
sunlight. Plants were fertilized by NPK (0.26 g (10:26:26) and
0.46 g urea corresponding to the 160:30:60 kg ha−1 N:P:K,
respectively) in three splits, i.e., during tillering, pre-
flowering, and post-flowering. With each fertilizer dose,
0.2 g ZnSO4.7H2O per pot (corresponding to the 40 kg Zn
ha−1) was also applied, because the level of Zn in soil was
below (< 3 mg kg−1, Table 1) the normal range (10–
250 mg kg−1). Plants were treated with various combinations
of As and Si (Supplementary Table S1). The treatments were
applied four times during the course of the experiment, viz,
3 days after transplant and during tillering (45d), pre-
flowering (75d), and post-flowering (90d). Si was applied in
the form of orthosilicic acid (OSA) either on leaves by using a
liquid formulation with 0.4% OSA (foliar Si) or in the soil by
using a granular formulation with 5% OSA (soil Si) provided
by Privi Life Sciences Pvt. Ltd. as “Silixol.” The doses of Si

were selected on the basis of previous studies using Silixol as
a rice crop booster (Jawahar et al. 2015; Neeru et al. 2016).
Both the formulations were made to 0.2% and 0.4% for foliar
Si and 0.4% and 0.8% for soil Si. Arsenic was supplied as
sodium arsenate (AsV) and sodium arsenite (AsIII) procured
from Sigma-Aldrich. The level of As in contaminated area is
significantly high (Khan et al. 2010) and application of Si
fertilizer to high As-contaminated soil resulted in increased
phytotoxicity to rice seedlings (Lee et al. 2014). Thus, the
current study was designed to analyze the long-term effect
of Si (i.e., until crop maturity) on grain As level and crop yield
in the presence of high As concentration to see the efficacy of
Si formulation for high As-contaminated areas. For this pur-
pose, two concentrations of each AsV and AsIII were selected
on the basis of the first significant adverse effect on growth
and yield parameters (10 mg L−1 AsVand AsIII) and the max-
imum level at which grain setting was observed, i.e.,
25 mg L−1 for AsIII and 50 mg L−1 for AsV. Experiments were
repeated twice in the years 2014 and 2015 between July and
November, with three replicates for each treatment.

Measurement of plant growth and yield attributing
parameters

The growth of plant in terms of plant height and number of
tillers was evaluated after 30 and 60 days of transplantation,
while the yield attributing characters such as length of panicle,
weight of panicle, number of grains per panicle, test weight

Table 1 Physico-chemical properties of the soil used for pot experiment

Physicochemical properties Level of different parameters in soil Name of elements Level of elements in soil (mg kg−1)

pH 7.61 ± 0.72 As 0.19 ± 0.03

EC (dSm−1) 0.09 ± 0.01 Si 20.4 ± 2.97

Bulk density (Mg m−3) 1.26 ± 0.21 Fe 6262 ± 507

Particle density (Mg m-3) 2.62 ± 0.18 Mn 1786.5 ± 170.94

Porosity 48.09% Zn 2.89 ± 0.26

Sand 40.8% Cu 40.25 ± 3.65

Silt 47.7% Co 14.89 ± 1.35

Clay 11.5% Ni 7.48 ± 0.77

Soil texture Loam Mo 0.50 ± 0.17

Cation exchange capacity (mili mol kg−1) 64.45 ± 5.63 Se 0.612 ± 0.08

Organic carbon (g kg−1) 1.20 ± 0.09

Available N (mg kg−1) 89.6 ± 8.50

Available P (mg kg−1) 23.06 ± 2.03

Available S (mg kg−1) 15.76 ± 1.26

Exchangeable K (mg kg−1) 297.4 ± 22.61

Exchangeable Ca (mg kg−1) 428.6 ± 32.58

Exchangeable Na (mg kg−1) 10.61 ± 1.01

All the values are mean of triplicates ± S.D.
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(wt. of 1000 seeds), and yield in terms of seed dry weight
(gram/plant) were evaluated at harvest. The height of plants
and length of panicle were measured manually by a metric
scale, and the number of tillers was counted.

Assay of antioxidant enzymes and thiols

The assay of antioxidant enzymes and thiols was performed
using leaves collected from 75-day-old plants. Five to six
mature leaves were cut from each treatment, washed with
Milli-Q water, blotted, frozen in liquid nitrogen, and used
for the study of thiols and antioxidant enzymes. The frozen
plant material (500 mg) was powdered and homogenized in
100-mM chilled potassium phosphate buffer (pH 7), contain-
ing 0.1-mM EDTA and 1% PVP (w/v) at 4 °C. Homogenate
was squeezed through four layers of cheese cloth, and the
extract was centrifuged at 10000g for 15 min at 4 °C as de-
scribed earlier (Mishra et al. 2006), except for catalase (CAT)
activity which is described below. The supernatant was used
to measure the activities of various enzymes which were
expressed as units mg−1 protein, i.e., rate substrate conversion
min−1 mg−1 protein. The protein content in the supernatant
was measured according to Lowry et al. (1951).

The activity of superoxide dismutase (SOD, EC 1.15.1.1)
was assayed following the method of Beauchamp and
Fridovich (1971) by measuring its ability to inhibit the photo-
chemical reduction of nitrobluetetrazolium (NBT). One unit
was the amount of protein required to inhibit 50% initial re-
duction of NBT under light. Ascorbate peroxidase (APX, EC
1.11.1.11) activity was measured according to the method of
Nakano and Asada (1981) by estimating the rate of ascorbate
(ASC) oxidation (€ = 2.8 mM−1 cm−1). Enzyme activity was
expressed as moles of ASC oxidized min−1 mg−1 protein.
Guaiacol peroxidase (GPX, EC 1.11.1.7) activity was assayed
according to Hemeda and Klein (1990) with slight modifica-
tions as detailed in Mishra et al. (2006). The activity of the
enzyme was measured by the increase in absorbance due to
the oxidation of guaiacol (€ = 26.6 mM−1 cm−1) at 470 nm.
Enzyme activity was expressed as micromoles guaiacol oxi-
dized min−1 mg−1 protein. For the measurement of CAT (EC
1.11.1.6) activity, extraction was done in buffer containing
Tris HCl (pH 7), 1 mM EDTA, 1 mM PMSF, and 0.3 g g−1

fw PVP. CAT activity was measured by the method of Aebi
(1974). The assay system comprised 50-mM Na2PO4 buffer
(pH 7), 20-mM H2O2 (€ = 0.04 cm2 μmole−1), and suitable
aliquot of the enzyme in a final volume of 3 mL. Decrease in
the absorbance was recorded at 240 nm. Enzyme activity was
expressed as μmoles H2O2 degradation min−1 mg−1 protein.
Activity of glutathione reductase (GR, EC 1.6.4.2) was
assayed by following the method of Smith et al. (1988). The
reaction mixture contained 1.0 mL of 0.2-M potassium phos-
phate buffer (pH 7.5) containing 1-mM EDTA, 0.5 mL 3-mM
5,50-dithiobis (2-nitrobenzoic acid) in 0.01-M phosphate

buffer (pH 7.5), 0.25 mL H2O, 0.1 mL 2-mM NADPH,
0.05 mL enzyme extract, and 0.1 mL 20-mM GSSG. The
components were added in the order as above directly to a
cuvette, and the reaction was started by the addition of
GSSG. The increase in absorbance was monitored for 5 min
at 412 nm. The rate of enzyme activity was calculated using a
standard curve prepared by known amounts of GR (Sigma,
USA). The rate of enzyme activity was expressed as μmoles
GSSG reduced min−1 mg−1 protein. Dehydroascorbate reduc-
tase (DHAR, EC 1.8.5.1) activity was assayed by the forma-
tion of ASC at 265 nm (€ = 14 mM−1 cm−1) in a reaction
mixture containing 0.1-M Na phosphate buffer (pH 6.2), 2-
mM GSH, 1-mM dehydroascorbic acid (DHA), and 100 μg
protein with enzyme extract (De Tullio et al. 1998). The rate of
non-enzymatic DHA reduction was corrected by subtracting
the values obtained in the absence of enzyme extract. The rate
of enzyme activity was expressed as μmoles DHA reduced
min−1 mg−1 protein. The level of cysteine was estimated by
the method of Gaitonde (1967), and estimation of non-protein
thiol (NPT) was done by the method of Ellman (1959).

Analysis of arsenic, silica and other trace elements
in soil and rice grain

Five hundred milligrams dried soil or 100 mg rice grain sam-
ples were finely grounded and acid digested in a microwave
digester (HNO3-H2O2, 3:1 v/v) and made to 10mL byMilli-Q
water. Element concentrations (As, Co, Cu, Fe, Mn, Mo, Ni,
Se, Zn) were analyzed using inductively coupled plasma mass
spectrometer (ICP-MS 7500ex, Agilent Technologies, Japan)
following Dwivedi et al. (2010a). Rhodium was added to all
samples as an internal standard. Multi-element calibration
standards 2A (8500–6940) and 3 (8500–6948; Agilent
Technologies, USA) were used for calibration of the instru-
ment. The analytical precision and accuracy of the ICP-MS
were maintained as per the requirements of the National
Accreditation Board for Testing and Calibration Laboratories
(NABL; CSIR-NBRI certification no. T-1381). The calibra-
tion and quality assurance for each analytical batch were en-
sured by repeated analysis (n = 5) of CRMs. Recovery of ele-
ments from the samples was found to be 98–105%. The de-
tection limit for each element was 1 μg L−1. Total Si was
estimated by the method of Ma et al. (2003) in the digested
soil and grain samples.

Statistical analysis

Analysis of variance (ANOVA), Duncan’s multiple range test
(DMRT), and correlation analysis were performed to deter-
mine the significant differences between treatments by using
SPSS 17.0 software.
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Results

Effect of silicon on growth parameters of rice plant
during arsenic stress

Growth parameters under control and during various treat-
ments of Si and As are presented in Tables 2 and 3. In
general, application of Si either in soil or foliar slightly
enhanced plant growth and number of tillers. Treatment
of As inhibited the plant height which was more significant
at higher doses, i.e., 25 mg L−1 AsIII and 50 mg L−1 AsV.
Arsenite (AsIII) at 25 mg L−1 caused an almost similar
reduction in plant height as AsV at 50 mg L−1. Arsenic
stress also had a deleterious impact on the number of til-
lers, and this could be one of the major reasons for yield
reduction. Application of Si, either foliar or in soil, to As-
stressed plants alleviated the As-induced growth inhibi-
tion. In AsV-stressed plants, both higher and lower doses
of foliar Si (Silixol Rice 0.2% and 0.4%) showed a positive
effect on plant height in comparison with respective AsV

alone treatments. The beneficial effect of foliar Si was
more significant after 60 days with higher doses of Si
(0.4%). While in case of AsIII stress, the plant height sig-
nificantly increased at both doses of Si. The number of
tillers increased with silica application in both AsV- and
AsIII-stressed plants. In general, in terms of plant growth,
both foliar and soil Si application was more effective
against AsV toxicity than AsIII. Among the Si treatments,
foliar application was more effective than soil application
in improving plant growth under As stress.

Effect of silicon on yield attributing characters of rice
plant during arsenic stress

In As-stressed plants, yield attributing characters, such as
the number of grain per panicle, weight of panicles, test
weight, and the yield, were significantly compromised in
comparison with control (Tables 4 and 5). Arsenate
caused more reduction in yield than AsIII at 10 mg L−1.
Higher doses of AsV (50 mg L−1) and AsIII (25 mg L−1)
caused up to 34% and 29% reduction in yield. Both
foliar and soil Si significantly enhanced the yield attrib-
uting characters and yield of the As-stressed plants. At
lower dose of AsV and AsIII, application of Si resulted in
20–30% higher yield in comparison with control plants
which was particularly attributed to the increase in the
number and weight of seeds. The lower dose (0.4%) of
soil Si significantly improved the yield of As-stressed
plants with up to 72% and 60% increase in the yield of
50-μM AsV and 25-μM AsIII respectively, which was
even higher than that of control plants. Higher dose of
soil Si (0.8%) increased the yield of As-stressed plants
but the effect was lower than that of 0.4% soil Si.
Contrary to this, foliar Si resulted in a continuous in-
crease in yield with an increase in Si concentration with
maximum up to 26% and 72% increase in the yield of
25-μM AsIII– and 50-μM AsV–exposed plants, respec-
tively, at 0.4% foliar Si application.

Thus, among the various treatments, 0.4% of both soil and
foliar Si showed better growth and yield response and reduced
the As-mediated toxicity.

Table 2 Growth parameters of
rice plants cv. Saryu-52 during
AsV and AsIII exposure and soil
application of Si in the form of
orthosilicic acid. Values are mean
± SD from two separate experi-
ments with three replicates.
Different letters indicate signifi-
cantly different values among
treatments (P ≤ 0.05)

Treatments Plant height Number of tillers

30 days 60 days 60 days

Control 40.00abc ± 3.51 74.89e ± 2.27 10.14ab ± 1.35

Soil Si 0.4% 43.33bcd ± 4.91 72.00cde ± 6.38 11.78b ± 3.37

Soil Si 0.8% 44.66cd ± 3.45 68.57bcde ± 8.84 10.44ab ± 1.69

AsV (10 mg L−1) 39.36abc ± 4.2 73.76de ± 4.44 9.67ab ± 0.33

AsV (10 mg L−1) + soil Si 0.4% 46.66d ± 1.07 74.89e ± 1.88 11.16ab ± 1.02

AsV (10 mg L−1) + soil Si 0.8% 45.22cd ± 1.67 64.66bc ± 1.96 11.56b ± 3.37

AsV (50 mg L−1) 35.51a ± 3.84 47.3a ± 6.69 8.00ab ± 2.40

AsV (50 mg L−1) + soil Si 0.4% 49.33d ± 3.21 52.45a ± 2.12 11.00ab ± 2.73

AsV (50 mg L−1) + soil Si 0.8% 46.76d ± 3.89 50.61a ± 3.01 9.56ab ± 1.71

AsIII (10 mg L−1) 38.08ab ± 5.21 63.76bc ± 4.27 9.33ab ± 2.84

AsIII (10 mg L−1) + soil Si 0.4% 44.00bcd ± 3.87 65.17bcd ± 6.21 11.16ab ± 1.02

AsIII (10 mg L−1) + soil Si 0.8% 47.33d ± 3.46 63.50bc ± 5.53 11.10ab ± 2.17

AsIII (25 mg L−1) 36.10a ± 2.45 52.34a ± 4.88 7.33a ± 2.97

AsIII (25 mg L−1) + soil Si 0.4% 48.00d ± 2.6 60.97b ± 6.66 9.78ab ± 0.27

AsIII (25 mg L−1) + soil Si 0.8% 49.00d ± 1.6 62.53b ± 5.05 9.01ab ± 0.30
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Effect of silicon on the accumulation of arsenic and Si
in rice grain during arsenic stress

Control plants (not treated with As or Si) exhibited a
significant amount of As in the grains, and its level de-
clined in the grains obtained from Si-treated plants. In
As-treated plants, the accumulation of As in grains in-
creased significantly in a dose-dependent manner

(Fig. 1). At equal concentration of AsV and AsIII

(10 mg L−1), accumulation of As in grains was up to
18% higher in AsIII-treated plants than that in AsV-treat-
ed plants, while the grain As was almost similar in the
plants treated with either 50 mg L−1 AsV (68.25 μg As
Kg−1) or 25 mg L−1 AsIII (66.8 μg As Kg−1) indicating
higher mobility of AsIII than AsV. Application of soil Si
increased grain Si level both in the presence or absence

Table 4 Yield attributing characters of rice plants cv. Saryu-52 during
AsV and AsIII exposure and soil application of Si in the form of
orthosilicic acid. Values are mean ± SD from two separate experiments

with three replicates. Different letters indicate significantly different
values among treatments (P ≤ 0.05)

Treatments Length of panicles Weight of panicle Number of grains/panicle Test weight (wt of 1000 grain) Yield (g/plant)

Control 18.97de ± 2.13 25.05abcd ± 1.94 108abcde ± 16.27 19.01abc ± 1.43 19.67abcde ± 2.31

Soil Si 0.4% 19.47de ± 1.95 27.63cd ± 3.54 121cde ± 12.95 21.83bcde ± 2.34 23.38de ± 5.10

Soil Si 0.8% 20.90e ± 2.56 30.19d ± 2.32 123de ± 13.27 21.62bcd ± 0.88 21.63bcde ± 6.69

AsV (10 mg L−1) 16.00abcd ± 1.6 23.98abc ± 1.31 98abcd ± 3.15 17.59ab ± 0.57 17.79abcd ± 1.90

AsV (10 mg L−1) + soil Si 0.4% 18.20cde ± 0.69 25.84abcd ± 6.60 113bcde ± 13.57 29.90g ± 0.86 24.36de ± 1.47

AsV (10 mg L−1) + soil Si 0.8% 18.13cde ± 2.79 26.51bcd ± 2.16 130e ± 11.78 28.69efg ± 2.93 26.59e ± 5.40

AsV (50 mg L−1) 12.66a ± 1.66 19.24a ± 7.37 92ab ± 3.77 16.61a ± 0.68 12.94a ± 5.43

AsV (50 mg L−1) + soil Si 0.4% 15.37abc ± 1.84 22.31abc ± 2.98 123de ± 10.74 27.05defg ± 6.67 21.36cde ± 6.43

AsV (50 mg L−1) + soil Si 0.8% 14.40ab ± 1.50 20.22ab ± 2.22 126e ± 14.57 22.76bcdef ± 3.28 18.15abcde ± 2.62

AsIII (10 mg L−1) 15.37abc ± 1.12 22.31abc ± 2.94 99abcd ± 10.64 19.62cdefg ± 5.55 19.22bcde ± 2.92

AsIII (10 mg L−1) + soil Si 0.4% 19.2de ± 1.03 26.77bcd ± 3.88 123de ± 30.14 29.68fg ± 8.13 23.66de ± 6.48

AsIII (10 mg L−1) + soil Si 0.8% 17.33bcd ± 0.3 25.12abcd ± 2.42 119cde ± 5.67 21.43bcd ± 1.02 20.25bcd ± 1.22

AsIII (25 mg L−1) 14.40ab ± 2.66 20.22ab ± 1.84 85a ± 11.50 17.53ab ± 4.78 13.97ab ± 3.81

AsIII (25 mg L−1) + soil Si 0.4% 17.4bcde ± 2.74 23.41abc ± 1.85 129e ± 13.16 26.88defg ± 4.37 22.49de ± 5.27

AsIII (25 mg L−1) + soil Si 0.8% 16.83bcd ± 0.36 21.34abc ± 3.59 96abc ± 10.34 19.34bcd ± 2.52 14.92abc ± 2.31

Table 3 Growth parameters of
rice plants cv. Saryu-52 during
AsV and AsIII exposure and foliar
application of Si in the form of
orthosilicic acid. Values are mean
± SD from two separate experi-
ments with three replicates.
Different letters indicate signifi-
cantly different values among
treatments (P ≤ 0.05)

Treatments Plant height Number of tillers

30 days 60 days 60 days

Control 40.00abc ± 3.51 74.89g ± 2.27 10.14a ± 1.35

Foliar Si 0.2% 43.67abc ± 2.15 76.78g ± 5.00 11.11a ± 4.03

Foliar Si 0.4% 46.00bc ± 3.14 75.10g ± 2.26 11.68a ± 1.20

AsV (10 mg L−1) 39.36ab ± 4.2 73.76fg ± 4.44 9.67a ± 0.33

AsV (10 mg L−1) + foliar Si 0.2% 48.33c ± 0.57 75.43g ± 2.28 10.33a ± 1.76

AsV (10 mg L−1) + foliar Si 0.4% 45.33bc ± 2.50 70.06def ± 2.76 10.11a ± 2.03

AsV (50 mg L−1) 35.51a ± 3.84 47.3a ± 6.69 8.00a ± 2.40

AsV (50 mg L−1) + foliar Si 0.2% 41.33abc ± 2.30 52.93abc ± 5.08 9.86a ± 1.58

AsV (50 mg L−1) + foliar Si 0.4% 39.33ab ± 4.04 72.33efg ± 8.04 9.37a ± 1.76

AsIII (10 mg L−1) 38.08ab ± 5.21 63.76def ± 4.27 9.33a ± 2.84

AsIII (10 mg L−1) + foliar Si 0.2% 46.33bc ± 8.44 64.73def ± 8.00 10.22a ± 3.33

AsIII (10 mg L−1) +foliar Si 0.4% 48.67c ± 6.98 62.10bcde ± 5.26 10.11a ± 2.17

AsIII (25 mg L−1) 36.10a ± 2.45 52.34ab ± 4.88 7.33a ± 2.97

AsIII (25 mg L−1) + foliar Si 0.2% 46.00bc ± 5.14 61.17bcd ± 6.68 9.56a ± 2.32

AsIII (25 mg L−1) + foliar Si 0.4% 41.33abc ± 5.84 62.50cde ± 8.40 10.56a ± 2.48
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of As in comparison with control (Fig. 2a). Interestingly,
the level of grain Si was also increased in As alone
treatments (where Si was not supplied) and the level of
grain Si was more correlated with application of As (par-
ticularly AsV) than Si in soil. In the absence of As,
during foliar Si application, the level of grain Si was
almost double in comparison with soil Si application.
However, in the presence of As, the level of grain Si
was comparable to that of soil Si application (Fig. 2b).
In contrast, the grain As level was drastically reduced by
Si application. Both foliar and soil Si were effectively
reducing grain As. During soil Si application, lower dose
(0.4%) was more effective in reducing grain arsenic ac-
cumulation than the higher dose (0.8%). The 0.4% soil
Si caused approximately 66% reduction in grain As in
both 25 mg L−1 AsIII– and 50 mg L−1 AsV–exposed
plants, while it was only 54% and 61% respectively at
0.8% soil Si application (Fig. 1a). In the case of foliar
Si, higher dose (0.4%) was more effective than lower
dose (0.2%) in reducing grain As level by 67% and
78% in 50 mg L−1 AsV and 25 mg L−1 AsIII exposure
respectively (Fig. 1b).

Effect of silicon on trace element content in rice grain
during arsenic stress

Since 0.4% dose of both foliar and soil Si was more effec-
tive in reducing grain As accumulation, the trace elements

(viz, Co, Cu, Fe, Mn, Mo, Ni, Se, and Zn) and other pa-
rameters were analyzed at this Si dose on high As concen-
trations, i.e., 50 mg L−1 AsV and 25 mg L−1 AsIII.
Treatment with either form of As significantly decreased
the level of Co, Zn, and Ni in grains, while the level of Se
and Mo significantly increased in comparison with that of
control (Fig. 3). There was no significant effect on the
levels of Fe, Mn, and Cu in the grains of AsV-treated
plants; however, in presence of AsIII, the levels of Cu and
Mn increased in comparison with those of control.
Increasing or decreasing effects on the levels of grain nu-
trient elements were more prominent with AsIII than AsV.
Application of Si, either foliar or in soil, in the presence or
absence of As, significantly increased the level of most of
the nutrients, viz, Fe, Cu, Mn, Zn, Mo, and Se in grains.
Foliar Si resulted in up to 160% and 112% increase in Fe
and up to 115% and 62% increase in Zn in comparison
with AsV alone– and AsIII alone–treated plants respective-
ly. Levels of Mn in grain increased by 43% and 147% by
AsV and AsIII respectively. Application of foliar/soil Si fur-
ther increased the level of Mn in AsV-treated plant but not
in AsIII-treated plant. Levels of Cu, Mo, and Se in grain
showed a variable response, while soil Si resulted in in-
creased levels of Cu in grain, foliar Si caused a decrease.
Arsenic treatment significantly increased the level of Se in
grains which enhanced further upon the application of Si.
Levels of Co and Ni decreased with all treatment in com-
parison with those of control.

Table 5 Yield attributing characters of rice plants cv. Saryu-52 during
AsV and AsIII exposure and foliar application of Si in the form of
orthosilicic acid. Values are mean ± SD from two separate experiments

with three replicates. Different letters indicate significantly different
values among treatments (P ≤ 0.05)

Treatments Length of
panicles

Weight of
panicle

Number of grains/
panicle

Test weight (wt of 1000 grain) Yield (g/plant)

Control 18.97cde ± 2.13 25.05abcd ± 1.94 108abcd ± 16.27 19.01abcd ± 1.43 19.67ab
cde ± 2.31

Foliar Si 0.2% 19.47de ± 1.84 27.63 cd ± 3.64 123cd ± 10.58 20.49abcd ± 0.97 20.73bcde ± 2.58

Foliar Si 0.4% 20.90e ± 1.93 30.99d± 2.35 131e ± 4.04 22.28bcd ± 1.70 22.02cde ± 2.27

AsV (10 mg L−1) 16.00abcd ± 1.6 23.98abc ± 1.31 98abc ± 3.15 17.59abc ± 0.57 17.79abcde ± 1.90

AsV (10 mg L−1) + foliar Si 0.2% 18.20bcde ± 0.69 25.84bcd ± 6.60 121cd ± 22 24.87d ± 6.70 19.83abcde ± 5.34

AsV (10 mg L−1) + foliar Si 0.4% 18.13bcde ± 2.46 26.51bcd ± 2.16 84a ± 21 15.14a ± 3.86 24.36e ± 1.47

AsV (50 mg L−1) 12.66a ± 1.66 19.24a ± 7.37 92ab ± 3.77 16.61ab ± 0.68 12.94a ± 5.43

AsV (50 mg L−1) + foliar Si 0.2% 16.86bcd ± 1.62 25.28abcd ± 2.58 111bcd ± 12 20.07abcd ± 2.16 16abc ± 1.73

AsV (50 mg L−1) + foliar Si 0.4% 14.73ab ± 2.23 25.56abcd ± 2.50 116bcd ± 3.46 20.92abcd ± 0.62 22.36cde ± 6.43

AsIII (10 mg L-1) 15.37abc ± 1.12 22.317abc ± 2.94 99abc ± 10.64 20.23abcd ± 4.65 18.61abcde ± 3.70

AsIII (10 mg L−1) + foliar Si 0.2% 17.13bcde ± 1.6 20.227ab ± 1.67 112bcd ± 6.43 23.52cd ± 1.26 24.12e ± 1.01

AsIII (10 mg L−1) + foliar Si 0.4% 17.53bcde ± 1.87 25.843bcd ± 2.47 116bcd ± 9.73 23.39cd ± 1.56 23.43de ± 1.24

AsIII (25 mg L−1) 14.40ab ± 2.66 20.22ab ± 1.84 85a ± 11.50 17.53abc ± 4.78 13.97ab ± 3.81

AsIII (25 mg L−1) + foliar Si 0.2% 18.20bcde ± 3.45 25.84bcd ± 1.23 115bcd ± 16.53 22.51bcd ± 3.14 13.16a ± 5.66

AsIII (25 mg L−1) + foliar Si 0.4% 16.87bcd ± 2.10 25.28abcd ± 1.47 115bcd ± 23.82 20.80abcd ± 4.30 16.58abcd ± 3.42
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Effect of silicon on the level of thiols and activities
of antioxidant enzymes in leaves of arsenic-stressed
plants

The level of total non-protein thiols and cysteine and activities
of various antioxidant enzymes were investigated in leaves of
plants exposed to various combinations of As and Si. The
level of cysteine increased by about 70% and 59% in the
leaves of AsV- and AsIII-treated plants respectively in compar-
ison with that of control. Application of Si further increased
the level of cysteine by about 10% in comparison with respec-
tive AsV and AsIII alone treatments (Fig. 4a). In contrast, the

level of total non-protein thiols decreased significantly in
comparison with that of control in As-treated plants (10% by
AsVand 23% by AsIII). However, application of Si resulted in
a significant increase in the level of non-protein thiols (Fig.
4b). Foliar application of Si caused more increase in non-
protein thiols (34% and 42%) than soil application (23% and
28%) in comparison with AsV and AsIII alone treatments.
Among antioxidant enzymes, the activity of SOD, GR, and
DHAR increased in comparison with that of control upon As
treatment, while the activities of APX, GPX, and CAT

Fig. 2 Effect of soil and foliar Si application on the accumulation of Si in
the grain of rice cv. Saryu-52 exposed to AsV and AsIII. a Soil Si appli-
cation and b foliar Si application. Values are mean ± SD from two sepa-
rate experiments each with three replicates. Different letters indicate sig-
nificantly different values among treatments (P ≤ 0.05)

Fig. 1 Effect of soil and foliar Si application on the accumulation of
arsenic in the grain of rice cv. Saryu-52 exposed to AsV and AsIII. a
Soil Si application and b foliar Si application. Values are mean ± SD from
two separate experiments each with three replicates. Different letters in-
dicate significantly different values among treatments (P ≤ 0.05)
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Fig. 3 Effect of soil and foliar Si
application on the level of mineral
nutrient in the grain of rice cv.
Saryu-52. Plants were treated
with 50 mg L−1 AsVor 25 mg L−1

AsIII during pot experiment.
Values are mean ± SD from two
separate experiments each with
three replicates. Different letters
indicate significantly different
values among treatments (P ≤
0.05)

Fig. 4 Effect of soil and foliar Si
application on the level of thiols in
the leaves of rice cv. Saryu-52 ex-
posed to 50 mg L−1 AsVor
25 mg L−1 AsIII. Values are mean ±
SD from two separate experiments
each with three replicates. Different
letters indicate significantly differ-
ent values among treatments (P ≤
0.05)
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decreased with more decrease by AsIII. Application of both
foliar and soil Si increased the activity of antioxidant enzymes
in comparison with respective As alone treatments or in most
cases even higher than control (Fig. 5).

Discussion

All forms of As are toxic to plants depending on their concen-
tration, availability, uptake, and transport within a plant
(Mishra et al. 2017). Inorganic AsIII and AsV are thought to
be more toxic than methylated species because of their higher
uptake rate. The toxicity of AsV is primarily attributed to its
chemical similarity with phosphate (P); thus, it exerts toxicity
by replacing P from phosphorylation reaction and interfering
with P metabolism. Arsenite, having a high affinity for thiols,
interacts with sulfhydryl groups of peptides and proteins, thus
hampering their activity. During the present study, a signifi-
cant reduction in growth, yield attributing parameters, and
yield was observed upon treatment with AsV and AsIII. The
toxicity mechanism of inorganic As is mainly attributed to
hindered pigment biosynthesis (Mishra et al. 2016) resulting
in impaired photosynthesis in plants including rice (Mishra
et al. 2014; Sanglard et al. 2016). The impaired photosynthesis

would eventually result in reduced growth and yield in rice
(Sanglard et al. 2016). In the current study, AsIII seems to be
more toxic than AsV which was evident by the reduction in
various growth and yield parameters at lower AsIII concentra-
tion, i.e., 25 mg L−1 in comparison with 50 mg L−1 AsV. This
could be attributed to the difference in the uptake and detox-
ification mechanism of the AsV and AsIII. In a paddy field
environment, AsIII has been shown to be more available than
AsV due to flooded reducing conditions and is also more effi-
ciently taken up by the rice plant through highly expressed Si
transporters (Ma et al. 2008). Furthermore, in rice plants, AsIII

has been reported to be the main species for root to shoot
transport (Ma et al. 2008). In the present study as well, the
ratio of grain to soil As was higher in the plants exposed to
AsIII than AsV indicating higher root uptake and translocation
of AsIII by rice plant in the flooded pot conditions
(Supplementary Table S2). Further treatment with either form
of As also significantly altered the mineral nutrients in grains,
such as the level of Co, Zn, and Ni decreased significantly.
The negative effect of As on the accumulation of mineral
nutrients such as Zn, Ni, and Co in rice grain at higher As
exposure has been observed in the earlier studies as well
(Dwivedi et al. 2010b). The levels of Se, Zn, and Ni have been
reported to be constrained in the rice grains grown in As-

Fig. 5 Effect of soil and foliar Si
application on the activities of
antioxidant enzymes in the leaves
of rice cv. Saryu-52 exposed to
50mg L−1 AsVor 25mg L−1 AsIII.
Values are mean ± SD from two
separate experiments each with
three replicates. Different letters
indicate significantly different
values among treatments (P ≤
0.05)
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contaminated fields of Bangladesh (Williams et al. 2009).
Constrained mineral nutrient also results in yield reduction
and poor grain quality (Williams et al. 2009). Application of
foliar and soil Si improved the growth and yield of both AsV-
and AsIII-stressed rice plants. The beneficial effect of Si on
rice plant has been well understood (Ma et al. 2006; Rao et al.
2017), and the orthosilicic acid formulation used in the present
study has already been proved to enhance growth and yield of
rice when used as a plant booster (Jawahar et al. 2015; f et al.
2016). Alleviation of As-induced toxicity by Si has been also
reported in several recent studies (Sanglard et al. 2016; Gang
et al. 2018). This is primarily attributed to the reduction in the
As uptake and translocation, and at physiological and bio-
chemical levels by improving photosynthetic performance,
stomatal conductance, mineral nutrients, and cellular redox
state of As-stressed plants (Fleck et al. 2013; Tripathi et al.
2013; Sanglard et al. 2014). In the present study, application of
Si significantly reduced the level of grain As which was more
in AsIII-treated plants than that in AsV-treated plants. Higher
reduction in grain As accumulation upon Si application in
AsIII-exposed plants might be due to antagonism during up-
take and probably also during translocation through shared
transporters. In rice plants, up to 84% of accumulated AsV

has been reported to be reduced to AsIII in roots (Mishra
et al. 2017); thus, Si application may as well suppress the As
transport and grain accumulation in AsV-exposed plants after
reduction to AsIII. Inorganic As, particularly AsIII, and
dimethylarsinic acid (DMA) are the main As species in rice
grain (Zhao et al. 2010; Fleck et al. 2013). It has been reported
that while inorganic As is readily taken up by rice roots, its
translocation to shoot is relatively low, whereas organic As
though poorly absorbed by the roots is very efficiently
exported to the shoots and also to the grains (Zhao et al.
2010; Mishra et al. 2017). Since Asian rice is dominated by
inorganic As, inhibiting As uptake by Si application may
prove to be an efficient method in reducing total grain As
concentration because the study of Fleck et al. (2013) showed
that the reduction in total grain As concentration in rice was
solely attributed to the lowered accumulation of AsIII. In a
short-term experiment, Si priming of rice seeds has been
shown to increase As tolerance in rice by lowering the expres-
sion of As(III) transportersOsLsi1,OsLsi2, andOsLsi6 (Khan
and Gupta 2018). In the present study, since the pots were
flooded up to 3 cm during the course of the experiment to
simulate paddy field conditions, partial reduction of AsV to
AsIII already in soil solution cannot be excluded leading to
lowered uptake and subsequent grain accumulation due to Si
application. In short-term experiments up to the seedling
stage, high Si application resulted in increased As accumula-
tion and phytotoxicity (Lee et al. 2014; Syu et al. 2016); in
contrast, the long-term experiment reported a significant de-
crease in grain As only at high Si fertilizer application (Wang
et al. 2016). However, in the current study, no toxic effect of Si

application on growth of plant under As stress was observed at
any time point, i.e., 30 days, 60 days, and after maturity.
Furthermore, the Si formulation (stabilized orthosilicic acid)
was more effective in reducing grain As as well with up to
66% by soil Si and 78% by foliar Si application. The higher
effectiveness of foliar Si than soil Si application may be at-
tributed to the different mechanisms involved in the two ap-
plication methods. Soil application of Si has been shown to
increase the level of Fe, As, and P along with Si concentration
in soil solution (Fleck et al. 2013). An increase in As concen-
tration in soil solution has been also observed in other studies
as a result of competitive sorption between Si and As for the
adsorption sites of soil minerals (Li et al. 2009b; Syu et al.
2016). The increased availability of As in soil solution may
facilitate As uptake. However, the observed lower grain As
upon 0.4% soil Si application in the current study and in other
studies indicates that the inhibition of As uptake by Si
outweighed the effect of an increased availability of As (Li
et al. 2009b; Fleck et al. 2013; Syu et al. 2016). The compar-
atively lower efficiency of higher soil Si (0.8%) application in
reducing grain As may be related to the higher desorption of
As. Nevertheless, it still reduced the grain As by more than
half of that of As alone treatment. In a similar way, the in-
crease in the level of Si in the grain of As alone–treated plants
may also be explained by the increased dissolution of Si by
As. In contrast to soil application, foliar application of Si ex-
cludes the possibility of As release in soil solution. In a recent
study, foliar Si application markedly reduced husk and grain
As concentration in rice (Zhang et al. 2020). Foliar application
of Si during the tillering stage resulted in an increased con-
centration of Si in root and shoot which downregulated the Si
transporters (Lsi1 and Lsi2 in roots and Lsi6 in leaves), lead-
ing to lower As uptake and transport. Furthermore, Carey et al.
(2010) showed that in rice grains inorganic As is mostly
(90%) fed through phloem transport while in husk primarily
via the xylem. Thus, apart from less root transport of As, the
downregulation of Lsi6, which transports Si in leaves and
panicles (Yamaji and Ma 2009), might lower the As concen-
tration in leaves leading to further lowering of As in grain
through phloem transport without compromising other nutri-
ents and Si content. In the current study, the level of grain Si
was almost double during foliar application than that in soil
application showing efficient Si absorption by leaves and its
transport to the grain. Further Si application, either foliar or in
soil, significantly increased the level of most of the nutrients,
viz, Fe, Cu,Mn, Zn,Mo, and Se in grains leading to improved
yield and grain quality.

In addition to lower As accumulation and improved
mineral nutrients, the redox balance (in terms of thiols
and antioxidant enzymes) during Si application may also
be a reason for improved growth and yield of rice plant
under As stress. Thiols play a pivotal role under abiotic
stress conditions by maintaining cellular redox balance
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and by deactivating the reactivity of metal, metalloid, or
other xenobiotics, thus constituting the first line of defense
under metal/metalloid stress. Antioxidant enzymes consti-
tute a secondary detoxification pathway by minimizing the
oxidative stress induced by As. Glutathione (GSH) and
phytochelatins (PCs) are the major constituents of non-
protein thiols and cysteine is the precursor to the GSH
and PCs. Glutathione is particularly important playing a
multifarious role during As stress in plants (Mishra et al.
2019). It is involved in the reduction of AsV to AsIII, and
both GSH and PCs are involved in the complexation of
AsIII, thus detoxifying its toxicity. Several AsIII-thiol com-
plexes including PCs, GSH, and cysteine has been identi-
fied in the As-exposed rice plant (Mishra et al. 2017).
Increased level of cysteine in the present study indicates
As-induced stimulation of thiol biosynthesis pathway to
meet with the increased demand of thiols under As stress.
The decrease in total non-protein thiol in the leaves under
As stress could be due to their rapid transport to roots to
meet the high demand in roots as discussed by Mishra et al.
(2017). Furthermore, deactivation of enzymes involved in
thiol biosynthesis, e.g., GSH synthetase or PC synthase, by
As may also be a reason for reduced thiols. Si application
however facilitated the synthesis of non-protein thiols in
leaves, probably by augmenting the nutrients, such as S
and N, as observed for trace elements as well as by reduc-
ing As concentration in leaves. An increase in the level of
cysteine upon Si application in rice leaves has been ob-
served earlier as well (Tripathi et al. 2013). In As-
exposed plants, the activity of SOD, GR, and DHAR in-
creased significantly. SOD is the most important enzyme
of the antioxidant system constituting the first line of de-
fense against ROS in a cell (Alscher et al. 2002). SOD
converts superoxide radical to hydrogen peroxide (H2O2),
which is then reduced to water and oxygen either by APX
in an ascorbate-glutathione cycle or by GPX and CAT in
the cytoplasm and other cellular compartments. GR and
DHAR are another important enzymic constituent of the
ascorbate-glutathione cycle that helps reduce oxidized glu-
tathione (GSSG) and dehydroascorbate to GSH and ascor-
bate, respectively, thus maintaining cellular redox balance,
crucial for protection against oxidative damage. Since thiol
also directly scavenge ROS, at high concentration, proba-
bly until a certain threshold, the consumption of thiols
drastically increases than their synthesis, leading to cellular
redox imbalance (Mishra et al. 2019). Si-mediated reduc-
tion in As accumulation lower than this threshold might be
the reason for an increase in the level of thiol, which will
improve the redox status of the cell during Si supplemen-
tation leading to enhanced growth. The observed decrease
in the activities of APX, GPX, and CAT in As-exposed
plants in comparison with that in control might also be
due to the inactivation of these enzymes by As. However,

application of both foliar and soil Si increased the activity
of antioxidant enzymes in comparison with respective As
alone treatments or in most cases even higher than control.

Thus, in the present study, the reduction in rice grain
As was found to be significantly higher by the used
stabilized Si formulation, both through foliar and soil
Si application, than those reported in earlier studies.
The level of thiols and antioxidant enzyme activities
were also enhanced upon Si application probably due
to increased mineral nutrients and decrease in As con-
centration. There was no toxic effect of Si application
on the growth of plant under As stress. Foliar applica-
tion of Si proved to be more beneficial in reducing
grain As than soil application, also the level of Si in
grain was higher during foliar application than soil ap-
plication. The absorption of Si was probably more effi-
cient through leaves increasing internal Si concentration.
This may lead to lower root uptake of Si as well as As.
Among the various treatments of Si, 0.4% of both soil
and foliar Si showed better growth and yield response
and reduced the As-mediated toxicity. The result
showed that the doses used in the current study for both
foliar and soil Si will be effective even for highly As-
contaminated soil without causing phytotoxicity or yield
reduction.

Conclusion

Application of Si in the form of OSA (either foliar or in
soil) significantly enhanced the growth and yield of rice
plants in uncontaminated (background arsenic contamina-
tion) as well as arsenic-contaminated soil. Additionally, it
improved grain quality by reducing As accumulation in
grain and enhancing nutrients elements. Foliar applica-
tion of Si was found more effective than soil application
and 0.4% of soil Si showed better growth and yield re-
sponse than 0.8%. Thus, 0.2% and 0.4% foliar Si and
0.4% soil Si, in the form of stabilized OSA which has
already been proved beneficial for the rice crop, could
also significantly mitigate arsenic stress though the opti-
mum dose of Si application in different soil types needs
to be optimized.
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