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Abstract

Arsenic, a toxic element has been infiltrating the food chain, raising the food safety and security issues. Due to phytotoxicity,
mobility and availability of specific transporters for arsenic translocation, it is considered as serious agronomic threat to rice
crop. To limit the detrimental effect of this arsenic stress, soil amendment with beneficial substances such as silicon can be
helpful in acquiring arsenic tolerance by activating defense mechanism and subsequently improve seedlings vigor. However,
its exact mechanism through which it enhances arsenic tolerance is not fully understood. The present study aims to evaluate
the potential of exogenous application of silicon to alleviate toxic effects of arsenic stress and the associated morphological,
biochemical and physiological mechanism in rice seedlings. In this study, rice seedlings of non-aromatic variety (IR-6) and
aromatic variety (Super basmati) were grown in hydroponic system for 28 days. For arsenic stress, 25 uM and 50 uM sodium
arsenite were applied along with 1 mM silicic acid (Treatment groups: AsO, As25, As50, As25+ Si and As50+ Si). Results
indicated that silicon application significantly decreased oxidative stress markers including hydrogen peroxide levels by
34.78%, lipid peroxidation by 20.06% consequently, decrease in relative membrane permeability by 37.79% at 25 uM arse-
nic stress in Super basmati as compared to IR-6. Furthermore, silicon application under 25 pM arsenic stress also activated
enzymatic antioxidant defense system by elevating the activity of superoxide dismutase by 68.89%, guaiacol peroxidase by
53.59% and ascorbate peroxidase by 66.77% in Super basmati except catalase. Additionally, SEM images showed the ana-
tomical adaptation as cuticle thickenings along with deposition of silica in silicon-treated plants. Silicon deposition was also
evident by EDX spectra while arsenic was not detected in silicon supplemented rice seedlings under arsenic stress. Hence,
these findings suggested that silicon application hinders arsenic translocation and arsenic toxicity. This study would serve
as a step towards developing the approach for the rice grains with reduces arsenic content. This mitigation strategy will be
helpful in environmental sustainability along with ensuring food security.
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Introduction

Rice is not only staple food and export commodity but
also source of arsenic exposure (Rehman et al. 2021). As
it is hyper accumulator of arsenic as compared to other
cereals (Su et al. 2010). The uptake of toxic metalloid
(arsenic) not only causes phytotoxicity in rice plants but
also threatens food safety (Upadhyay et al. 2020). Rice is
traditionally cultivated in anaerobic soil where arsenite is
predominately present (Singh et al. 2022). As an analog
of silicic acid, arsenite enters rice roots through a silicon
transporter, classified as a nodulin 26-like intrinsic pro-
tein (Ma et al. 2008). It potentially inactivates enzymes
and co-factors by reacting with closely spaced cysteine
residues and impairs the aquaporin function, consequently,
reducing water and nutrient uptake thus, causing detri-
mental effects on plant development (Martinez-Castillo
et al. 2022). Even low arsenite concentration hinders root
elongation, reduces photosynthesis and decreases phos-
phorous, copper, potassium, zinc, manganese and iron
contents (Murugaiyan et al. 2021). Its exposure is also
responsible for excessive production of reactive oxygen
species (ROS) resulting in oxidative stress consequently,
causes damages in macromolecules thus, hampers normal
cellular functions (Shri et al. 2009). Malondialdehyde
(MDA) and H,0, content are oxidative stress markers
and represent the level of injury in plant cells (Nahar
et al. 2022). ROS-induced oxidative stress is coped by
enzymatic antioxidants, such as highly reactive superox-
ide radicals converted into hydrogen peroxide by activity
of superoxide dismutase and afterwards decomposed into
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oxygen and water by activity of catalase and peroxidase
(Zulfigar and Ashraf 2022). Although, plant cells are well
equipped with an antioxidant defense system that com-
prised non-enzymatic and enzymatic components but the
response of antioxidant defense machinery is influenced
by stress intensity (Shri et al. 2009).

To combat arsenic toxicity, several agronomic strategies
can be employed, including water management, selection
of cultivars and soil amendments (Farooq et al. 2016).
Among all these, soil amendment is the most promising
eco-friendly, cost-effective and practical approach. Soil
amendment can be achieved by application of bio-stimu-
lants like silicon (Zia et al. 2017).

Silicon is one of most prevalent element in soil and its
bioavailable form is silicic acid (Epstein 1999). Rice, as
hyper silicon accumulator, can absorb silicon more than
10% of shoot dry weight and deposited as amorphous
silica in cell wall of epidermis and intracellular spaces,
which provides structural support and enhances biomass
(Chen et al. 2011; Ranganathan et al. 2006). It contrib-
utes in higher yield bearing capacity and helps in acquir-
ing resistance against several biotic and abiotic stresses
like toxicity of heavy metals (Coskun et al. 2019). It is
reported that silicon inhibits arsenic uptake through influx
transporter (Lsil) by competitive inhibition and reduces
arsenic-induced phytotoxicity by extrusion from cells or
sequestration of arsenic with phytochelatins complexes
in intracellular compartments and strengthens ROS scav-
enging capacity by activation of antioxidant enzymes to
cope oxidative stress under stress conditions (Khan et al.
2021). Moreover, silicon is deposited in “cuticle-double
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layer” which in turn minimizes water lost through transpi-
ration and pest infestation (Ma and Yamaji 2006). It is also
reported that silicon inhibited heavy metal accumulation
such as arsenic in rice grains in different soil types (Zhang
et al. 2020). Previous studies indicated that substantial
varietal differences are also present in term of arsenic and
silicon uptake and accumulation potential (Niazi et al.
2022; Talukdar et al. 2019). However, the research based
on the effect of silicon supplementation on arsenic toxicity
is limited to geographical regions (Meharg 2004). There-
fore, the present investigation was based on two commer-
cially important aromatic and non-aromatic rice varieties
to elucidate the mechanisms of silicon induced arsenic
tolerance in terms of oxidative stress markers, antioxidant
enzyme activities and silica deposition. The objectives of
present research were (a) to evaluate the morphological,
physiological, and biochemical markers for alleviating
arsenic toxicity in rice seedlings through silicon applica-
tion (b) to assess silicon and arsenic accumulation and
anatomical alterations in rice leaves in response to silicon
application under arsenic stress. This study will provide
insight information about the role of silicon application in
mitigation of arsenic toxicity in rice seedlings.

Material and Methods
Plant Growth Conditions

The seeds of aromatic rice variety (Super Basmati) and
non-aromatic rice variety (IR-6) provided by National Agri-
culture Research Council, Islamabad, Pakistan, soaked in
deionized water for 2 days and placed on petri plates lay-
ered in filter paper after surface sterilization with 5% sodium
hypochlorite solution. Following treatment groups: AsO
(control), As25 (25 uM NaAsO,), As50 (50 uM NaAsO,),
As25 + Si (25 uM NaAsO, + 1 mM silicic acid) and
As50+Si (50 uM NaAsO, + 1 mM silicic acid) were used.
Healthy and uniform seedlings were placed in seedling trays
having Hoagland’s solution (pH 5.5). Seedlings were estab-
lished in growth chambers at 30 °C with 80% humidity for
28 days.

Germination Analyses

For germination analysis, ten sterilized rice seeds (Super
Basmati and IR-6) were placed in each petri plate for control
(As0), arsenic stress (As25, As50), and silicon application
(As25 + Si and As50 + Si). The experiment was performed
in five replicates. Germination data was recorded daily.
Fresh weight (FW), dry weight (DW), shoot length (SL) and
root length (RL) of the seedlings were assessed at the end

of the experiment. Germination parameters were evaluated
using formulas (Supplementary file).

Oxidative Stress Indicators

Relative membrane permeability (RMP) was measured using
the protocol of Thind et al. (2021b). Fresh leaves (0.5g) were
placed in distilled water (20 mL). Electrical conductivity
(EC) was measured as EC,. Samples were stored at 4 °C
overnight and EC; was recorded. EC, was measured after
autoclaving. The relative membrane permeability was esti-
mated by using the following formula (Yang et al. 1996).

RMP (%) = [(EC,-EC,) / (EC, — EC)]| x 100

Lipid peroxidation was assessed through TBA-reactive
compound (MDA) quantification as described by Heath and
Packer (2022). Rice leaves (0.1g) were homogenized in 5%
trichloroacetic acid (TCA). After centrifugation, supernatant
was allowed to react with equal volume of 0.5% thiobarbi-
turic acid (TBA). Samples were heated for 30 min at 95 °C
then allowed to cool and absorbance was taken at 532 and
600 nm.

Rice leaves (0.1g) were homogenized in 0.1% TCA and
supernatant was collected. The supernatant mixed with
Sodium phosphate buffer (pH 7.0) and 1 M potassium iodide
solution. Absorbance was recorded at 390 nm to determine
the H,0, content (Hussain et al. 2023).

Antioxidant Enzyme Activities

Rice leaves (0.1g) were homogenized 0.2M potassium
phosphate buffer (pH 7.8) having 1% Polyvinylpyrrolidone
(PVP), 1 mM Ethylene diamine tetra acetic acid (EDTA)
and 1 mM phenylmethylsulfonyl fluoride (PMSF). The
supernatant was collected and used for antioxidant enzyme
quantification.

Superoxide dismutase (SOD) activity was analyzed by
inhibition of the photochemical reduction of nitro blue
tetrazolium (NBT) by SOD (Thind et al. 2020). Reaction
mixture containing 50 mM potassium phosphate buffer (pH
7.8) with EDTA, NBT (50 uM), Triton X-100 (0.0025%)
and L-Methionine (10mM) was mixed with riboflavin
(0.00037%) and enzyme extract. The tubes were placed in
light for 15 min. One unit of SOD represented the amount of
enzyme required for 50% inhibition of the reduction of NBT
and exhibited as units per gram of fresh weight.

Catalase activity was analyzed by decomposition of H,O,
as described by Chance and Maehly (1955) in the reaction
mixture containing 50 mM potassium phosphate (pH 7.0)
and 2 mM H,0,. Change in absorbance was observed at
240 nm.
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Ascorbate peroxidase coverts H,0, into H,O using ascor-
bate as the electron donor, and its activity was measured in
the reaction mixture containing 50 mM potassium phosphate
buffer (pH 7.0), 1 mM ascorbate and 0.5 mM H,0, (Thind
et al. 2021a). The oxidation of ascorbate was initiated by
adding H,0,and change in absorbance was recorded up to
1 min at 290 nm (extinction coefficient, 2.8 mM~' cm™)).

The activity of guaiacol peroxidase was assayed by Polle
et al. (1994). The oxidation of guaiacol (extinction coeffi-
cient, 26.6 mM~! cm™!) in the reaction mixture comprising
50 mM potassium phosphate buffer (pH 7.0), guaiacol (20
mM), and H,O, (10 mM). Change in absorbance was meas-
ured for 1 min at 470 nm.

Elemental Analysis and Scanning Electron
Microscopy

Scanning electron microscopy (SEM) with Energy disper-
sive X-ray spectroscopy (EDX) was performed as previously
reported by Ranganathan et al. (2006). Rice leaves were cut
into the pieces of 2 cm. To remove moisture, samples were
kept at 80 °C in dry oven, sputter coated with gold, and
placed onto the apparatus. SEM and EDX were performed
with an accelerating voltage of 20 kV. The surfaces rice sam-
ples were scanned with integrated analytical SEM (Philips,
The Netherlands) and attached EDX.

Data Analysis

ANOVA was performed by using SPSS version 17.0 for
statistical analysis. Data are presented as mean + standard
error. Differences among treatments within a variety were
determined by Tukey’s test (p value < 0.05). Oxidative
stress markers and activities of antioxidant enzymes were
subjected to Principle Component Analysis (PCA) for vali-
dation of the interaction of arsenic and silicon application in
rice seedlings using OriginPro (version 8.5).

Results
Analysis of Seed Germination Parameters

Germination percentage, germination index and germination
rate were significantly decreased in comparison with con-
trol in Super Basmati at 50 uM arsenic stress, although no
significant difference was observed with the silicon applica-
tion. Germination percentage and germination rate remained
unchanged in all treatments as compared to control in IR-6.
Whereas the germination index decreased at 50 uM arse-
nic stress, but no significant difference was observed with
silicon supplementation in IR-6. The vigor index was sig-
nificantly decreased with arsenic exposure in both varieties
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in comparison with the control, but silicon significantly
improved the vigor index by 8.75% and 82.89% at 25 uM
and 50 uM arsenic stresses respectively in IR-6 and 176.53%
at 50 uM arsenic stress in Super Basmati (Table S1).

Analysis of Seedling Growth Attributes

In comparison with control, arsenic stress of 25 and 50 uM
considerably decreased the relative water content, shoot
length, root length and fresh weight in both varieties. While
silicon supplementation significantly promoted the shoot
length elongation (194.26% and 89.44%), helped in main-
taining the relative water content (87.71% and 130.1%),
improved the fresh weight (67.85% and 93.1%) and dry
weight (43.93% and 42.27%) in 50 uM arsenic-stressed seed-
lings of Super Basmati and IR-6 respectively in comparison
with arsenic stress of 50 uM without silicon (Table S2).

Analysis of Stress Indices

To further validate the influence of silicon application on
rice seedlings under arsenic stress, stress indices were cal-
culated by considering various parameters like root and
shoot length, dry and fresh weight and germination index
(Table S3). Silicon application significantly increased the
dry weight stress index (46.31% and 41.86%), fresh weight
stress index (66.57% and 92.6%) and shoot length stress
index (193.91% and 78.03%) at 50 uM arsenic stress in com-
parison with arsenic stress of 50 uM alone in Super Basmati
and IR-6 respectively. The root length stress index was sig-
nificantly increased by 204.25% with silicon application at
25 uM arsenic stress in IR-6 as compared to 25 pM arsenic-
stressed without silicon.

Analysis of Oxidative Stress Markers

In both rice varieties, hydrogen peroxide level was ele-
vated in dose-dependent manner under arsenic treatments
in comparison with control. Silicon application signifi-
cantly decreased hydrogen peroxide content by 34.78%
and 41.18% at 25 and 50 uM arsenic stresses in Super
Basmati and 24.78% and 29.93% at 25 and 50 uM arsenic-
treated seedlings of IR-6 respectively (Fig. 1A). MDA is
considered as an indicator of lipid peroxidation. Its content
was increased significantly with arsenic stress of 25 and
50 puM in both rice varieties. In contrast, silicon applica-
tion decreased the lipid peroxidation by 20.06% at 25 pM
arsenic in seedlings of Super Basmati and 33.58% in IR-6
at 50 uM of arsenic stress (Fig. 1B). Electrolyte leakage
was considerably increased in arsenic-stressed seedlings
of both varieties in comparison with control. Silicon sup-
plementation significantly improved membrane integrity,
which was indicated by lower electrical conductivity



Journal of Plant Growth Regulation

Super basmati

(A) Hydrogen peroxide (B) Malondialdehyde
0.6 259
i Hl Control . m Control
a d
=~ Z3 As2S 2 204 Za As2S
B b I B 1 As2 : T
w 049 2 Y As25+Si o B3 As25+Si
< . ¢ <
= i U = 3 AsS0 s £ AsS0
2 C
= o2 3 AsS0+Si < 3 As50+Si
- >
0.0-
Super basmati IR-6 Super basmati IR-6
Treatments Treatments
(C) Relative membrane permeability
60 a
T mm Control
23 As25
b Aqs+s
= AsS0
=3 As50+Si

Treatments

IR-6

Fig.1 Oxidative stress markers A hydrogen peroxide content, B
malondialdehyde content, C relative membrane permeability in Super
basmati and IR-6 under arsenic stress (25 and 50 uM) with and with-

(37.79% and 28.97%) in 25 and 50 uM arsenic-exposed
seedlings of Super Basmati while (32.92% and 37.3%)
at 25 and 50 uM arsenic stress in IR-6, respectively.
(Fig. 1C).

Analysis of Antioxidant Enzyme Activities

Antioxidant enzyme activities were altered under arsenic
stress to cope with the oxidative stress due to the excessive
ROS production. SOD is considered as a key antioxidant
enzyme. Silicon application significantly increased SOD
activity 68.89% and 36.89% in Super Basmati and IR-6
at 25 uM arsenic stress (Fig. 2A). Whereas CAT activity
was increased (135.58% and 51.72%) at 25 and 50 uM of
arsenic stress with silicon application in IR-6 seedlings
respectively (Fig 2B). The POD and APX activities were
significantly higher in both varieties upon arsenic exposure,
but the increased POD activity (53.59% and 48.69%) and
APX activity (66.77% and 59.36%) were observed in arse-
nic stress of 25 puM with silicon supplementation in Super
Basmati and IR-6, respectively (Fig. 2C, D).

out silicon application. Significant differences (p <0.05) among the
treatments within a variety are indicated by different letters (a, b, c)

Principle Component Analysis

Principle component analysis was executed to analyze the
interactions of important attributes including oxidative stress
markers and activities of antioxidant enzymes under arsenic
stress in the presence and absence of silicon application in
Super Basmati and IR-6. Oxidative stress markers (H,0,
content, MDA content, and electrolyte leakage) formed a
separate cluster on the positive coordinate of the biplot of
PCA, indicating its positive correlation with arsenic stress
susceptibility, specifically at 50 uM arsenic stress without
silicon in Super Basmati and IR-6. Whereas, antioxidant
enzymes (SOD, CAT, APX, POD) activities made another
cluster on negative side on biplot, suggesting a negative cor-
relation with arsenic stress susceptibility, particularity at 25
uM arsenic stress with silicon in both varieties (Fig. 3).

Analysis of Silica Deposition
The EDX spectra of Super Basmati and IR-6 rice leaves,

having arsenic stress of 25 and 50 uM alone and with 1 mM
silicic acid are displayed respectively in Figs. 4 and 5. The
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Fig.2 Quantification of antioxidant enzyme activities A superoxide
dismutase, B catalase, C ascorbate peroxidase, D guaiacol peroxi-
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Fig.3 Principle Component Analysis (PCA) scatterplot analysis
based on H,0,, MDA, EC and antioxidant (SOD, CAT, APX and
POD) in Super basmati and IR-6 rice leaves under arsenic stress of 25
and 50 uM with and without silicon application

needle-like structures, continuous to the epidermal cell walls
were detected in rice leaves of Super Basmati and IR-6 sup-
plemented with silicon under arsenic stress (Figs. 6, 7). In
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with and without silicon application. Significant differences (p <0.05)
among the treatments with in a variety are indicated by different let-
ters (a, b, ¢)

Super Basmati, silicon content (7.64 atomic wt%) was higher
in the treatment of 50 uM arsenic stress supplemented with
1 mM silicic acid as compared to 25 uM arsenic stress along
with 1 mM silicic acid (Table 1). While, in IR-6 silicon con-
tents (28.99 and 23.62 atomic wt%) were found in 25 and
50 uM arsenic stresses supplemented with 1 mM silicic
acid, respectively (Table 2). Arsenic was detected under 50
UM arsenic stress without silicon (15.82 and 11.20 atomic
weight %) in Super Basmati and IR-6, respectively (Tables 1,
2). Whereas arsenic was not detected in all the treatments of
silicon application under arsenic stress in both rice varieties.

Discussion

Heavy metal stress due to the rhizospheric coexistence and
uptake of toxic metals or metalloids like arsenic causes phy-
totoxicity by reacting with the biomolecules subsequently
hindering several metabolic processes and affects overall
plant growth (Rahman et al. 2008; Shri et al. 2009). It is
reported that silicon exposure enhances plant growth and
development under various biotic and abiotic stress includ-
ing heavy metal toxicity (Khan et al. 2021). The current
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silicic acid, E 50 pM Arsenic stress + 1 mM silicic acid

study examines the role of silicon application in mitigation
of arsenic toxicity in two rice cultivars (Super Basmati and
IR-6) and investigates the morphological, biochemical and
physiological modifications.

Healthy seed germination is considered as criterion of
successful plant development under stressed conditions
like arsenic stress. The seed germination process which
is affected by arsenic stress could be improved through
silicon supplementation, as previously reported (Ramirez-
Olvera et al. 2019). In the current study, the vigor index was
enhanced by silicon supplementation significantly which
demonstrates the capability of plant to survive in arsenic
stress. Silicon up regulates the two a- amylases during seed
germination, involved in starch degradation to generate

glucose for glycolysis, which in turn provides energy and
consequently improves the stress tolerance (Sheng et al.
2018).

Rice plants exhibited alterations in morpho-physiological
traits including relative water content, shoot length, fresh
weight, dry weight and root length under arsenic stress.
These alterations hinder the growth and development of
plants (Rahman et al. 2008). In the current study, at 50 uM
arsenic stress, shoot length, fresh and dry weight and rela-
tive water content were significantly increased with silicon
application. These results are in accordance with previous
studies (Khan and Gupta 2018; Raza et al. 2016) which
demonstrated the role of silicon as growth regulator like
compound that involved in cell division, cell expansion and
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Fig.5 EDX spectra of leaves of IR-6 A Control, B 25 uM Arsenic stress, C 50 uM Arsenic stress, D 25 uM Arsenic stress+ 1 mM silicic acid, E

50 uM Arsenic stress + 1 mM silicic acid

inter-nodal elongation, suggesting better reason for improved
plant growth (Hussain et al. 2019). In present study, Silicon
application increases the fresh and dry weight of rice seed-
lings under arsenic stress indicating the enhance biomass
production which might be due to the improved nutrients
uptake and immobilized arsenic translocation. Furthermore,
silicon content shares in shoot dry weight approximately up
to 10% (Ma and Takahashi 2002) and provides better struc-
tural support and rigidity to plant leaves, thus promoting net
photosynthesis (Chen et al. 2011). However, as first contact
point of toxic arsenic exposure, significant retardation in
root length was observed under arsenic stress. The reduc-
tion in root length in arsenic-exposed sprouts also has been
observed in previous studies (Shri et al. 2009).
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Arsenic induces oxidative stress by generating vari-
ous reactive free radicals like superoxide, singlet oxygen,
hydroxyl and hydroperoxyl radicals (Tripathi et al. 2007)
which are responsible for damages in biomolecules, includ-
ing DNA, proteins, and lipids. Reactive oxygen radicals
induce electrolyte leakage by initiating chain like peroxida-
tion of unsaturated fatty acid eventually leads to production
of MDA. In the present study, oxidative stress was elevated
in dose-dependent manner due to arsenic exposure. Produc-
tion of ROS (e.g., H,0,), noticeably increased the MDA
content and electrolyte leakage were observed at 50 uM arse-
nic stress in both varieties. Earlier studies revealed that arse-
nic toxicity induces the generation of H,O, and MDA con-
tent (Nahar et al. 2022; Shri et al. 2009). However, silicon
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Fig.6 Scanning electron micro-
scopic images indicating depo-
sition of silica (bearing silica
bodies) in epidermis of Super
basmati leaves. Red arrows
indicated thickening of cuticle
while red circle indicated the
ladder-like structures (Color
figure online)

Thin cuticle

supplementation reduced the oxidative stress by lowering
H,0, content, MDA accumulation and electrolyte leakage.
Arsenic stress induces oxidative damage in cells which pro-
motes the activation of enzymatic and non-enzymatic anti-
oxidant defense mechanisms (Khan and Gupta, 2018; Nahar
et al. 2022). Enzymatic antioxidants like SOD, GPX, CAT
and APX play an important role in scavenging reactive oxy-
gen species (ROS) that are generated under arsenic stress.
Initially SOD converts the highly toxic radical (O, 7) into
the less toxic form (H,0,) which further breaks down into
H,0 and O, through CAT activity. APX and GPX are also
considered major H,0, scavenging enzymes in plant cells
which reduce H,0, into H,O (Zulfiqar and Ashraf 2022).
In the current study, significant increase in SOD, APX and
GPX activity was observed under arsenic stress with sili-
con application in both varieties whereas CAT activity was
increased in IR-6 variety. As a result of increased activities
of antioxidant enzymes, the levels of H,0, and lipid peroxi-
dation were decreased. The reduced H,0, levels and lipid
peroxidation indicated that silicon is helpful in alleviating
oxidative stress by enhancing the arsenic-induced ROS scav-
enging ability of plant cells and antioxidant capacity which
is associated with superoxide dismutase, catalase and the

Arsenic 25 pM + 1 mM Silicon

Thin cuticle

._és-v*# Y

By 0192

Thick cuticle

. 5 M an am
Arsenic 50 pM + 1 mM Silicon

enzymes of ascorbate—glutathione cycle (Khan and Gupta
2018; Zulfigar and Ashraf 2022). As silicon application
increased the antioxidant enzymes activities therefore, it can
be suggested that silicon may be involved in up-regulation of
genes encoding these antioxidant enzymes that are associ-
ated with improved stress tolerance in rice plants.

Arsenic accumulation in leaves of both rice varieties
was observed under arsenic stress (50 uM) in the absence
of silicon. However, arsenic was not detected in arsenic-
stressed rice leaves supplemented with silicon in both
varieties, which indicated that silicon application hinders
the arsenic uptake and translocation into rice shoots. The
reduction in arsenic contents in silicon supplemented
plants were previously reported (Gao et al. 2021). In the
previous studies, higher silicon content was also observed
in the epidermal cell walls of rice leaves supplemented
with silicon as compared to rice leaves not supplemented
with silicon (Zhang et al. 2013; Zia et al. 2017). These
results suggested the protective role of silicon in coping
with arsenic toxicity (Gang et al. 2018; Gao et al. 2021).
The findings of current investigation should be further
validated by high throughput technologies like ICP-MS
and ICP-OES to elucidate the role of silicon in restricting
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Fig.7 Scanning electron
microscopic images indicating
deposition of silica (bearing
silica bodies) in epidermis

of IR-6 leaves. Red arrows
indicated thickening of cuticle
(Color figure online)
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Table 1 Elemental composition of super basmati leaves

Element C As25 As50 As25+Si  As50+Si
Silicon - - - 1.44 7.64
Arsenic - - 1582 - -
Carbon 58.11 - - - -
Oxygen 37.04 - - - -

Iron 6.44 - 50.06 52.48
Magnesium  0.96 - - - -
Phosphorus ~ — - 84.18 - -
Potassium 2.30 93.56 - 48.50 39.88
Gold 1.59 - - - -
Total 100.0  100.00  100.0  100.00 100.00

Atomic weight percentages of different elements obtained by EDX in
rice leaves of Super basmati under arsenic stress of 25 uM and 50 uM
with and without silicon application

arsenic translocation from roots to above ground parts of
the plant. Furthermore, the studies based on transcriptional
regulation of transporters might be helpful to increase the
understanding of mechanistic association of silicon in
reducing arsenic content in plants.

@ Springer

~<€=Thick cuticle

Arsenic 50 pM + 1 mM Sliicon

Table 2 Elemental composition of IR-6 leaves

Element C As25 As50 As25+Si As50+Si
Silicon - - - 28.98 23.62
Arsenic - - 11.20 - -
Carbon - 62.41 - - -
Oxygen - 29.21 - - -

Tron - - 3.35 4.50 6.95
Chlorine - 0.33 - - -
Copper - 1.86 84.18 - -
Potassium  97.78 2.40 85.45 66.52 69.43
Gold 222 3.78 - - -
Total 100.0 100.00 100.0 100.00 100.00

Atomic weight percentages of different elements obtained by EDX in
rice leaves of IR-6 under arsenic stress of 25 uM and 50 uM with and
without silicon application

Conclusion

The present study revealed that arsenic-induced phyto-
toxicity was responsible for reduced biomass production
and decreased relative water content which consequently
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arrested the growth of rice seedlings. Silicon applica-
tion improved the arsenic tolerance in rice seedlings by
modulating plant growth, decreasing oxidative stress and
activating the antioxidant defense system. In conclusion,
silicon application is not only helpful in preventing oxi-
dative stress by improving the ROS scavenging capacity
through the modulation of antioxidant defense mechanism
but also helpful in reducing the arsenic content in above
ground parts of plants. In this context, the current study
could provide an additional piece of evidence in terms
of phenotypical, physiological and biochemical attributes
that must be considered under arsenic stress for success-
ful cultivation of rice crop with silicon supplementation.
Silicon application may provide an attractive mitigation
strategy for reducing arsenic toxicity in rice plant.
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