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• As restricted growth, chlorophyll syn-
thesis and nitrate reductase activity. 

• Supplementation of Se and Si alleviated 
the oxidative effects of arsenic. 

• Se and Si up-regulated tolerance mech-
anisms to counter the damaging effects 
of arsenic stress.  
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A B S T R A C T   

Influence of supplementation of selenium (Se, 1 and 5 µM) and silicon (Si, 0.1 and 0.5 mM) was investigated in 
wheat under arsenic (30 µM As) stress. Plants grown under As stress exhibited a significant decline in growth 
parameters however, Se and Si supplementation mitigated the decline significantly. Treatment of Se and Si 
alleviated the reduction in the intermediate components of chlorophyll biosynthesis pathway and the content of 
photosynthetic pigments. Arsenic stressed plants exhibited increased reactive oxygen species accumulation and 
the NADPH oxidase activity which were lowered significantly due to Se and Si treatments. Moreover, Se and Si 
supplementation reduced lipid peroxidation and activity of lipoxygenase and protease under As stress. Supple-
mentation of Se and Si significantly improved the antioxidant activities and the content of cysteine, tocopherol, 
reduced glutathione and ascorbic acid. Treatment of Se and Si alleviated the reduction in nitrate reductase ac-
tivity. Exogenously applied Se and Si mitigated the reduction in mineral elements and reduced As accumulation. 
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Hence, supplementation of Se and Si is beneficial in preventing the alterations in growth and metabolism of 
wheat under As stress.   

1. Introduction 

Rapid industrialisation has significantly increased the concentration 
of several metal(loid)s in environment which has imparted considerable 
ecological changes affecting the growth, distribution and yield produc-
tivity of plants [98,39,70]. Among the key heavy metal(loid)s are 
included cadmium, lead, mercury, chromium, arsenic (As) etc which are 
continuously added to soil and water [13,2,63]. Continuous use of As in 
agrochemicals like fungicides and pesticides etc has resulted in 
increasing its concentration in agricultural land thereby significantly 
affecting the growth of crops grown on such soils [70]. In addition, As is 
added to soil from sedimentary rock leaching, smelting and mining [24, 
88]. After entering into the plants, As affectively disturbs the meta-
bolism by binding with the sulfhydryl groups of proteins and enzymes 
[119]. Plant growth is hampered by As due to its negative impact on 
cellular division, germination and viability, root growth, photosyn-
thesis, mineral uptake and assimilation etc [10,58,75,79]. Contamina-
tion of ground water with As has been reported in many countries 
including China therefore making its obvious availability for the irri-
gation purposes [93]. Uptake of toxic metal ions generates oxidative 
damage in plants hence affecting growth and development [10]. Plants 
have mechanisms that are up-regulated to overcome the adverse effects 
of stress triggered oxidative damage [6,15,91]. 

Selenium (Se) is essential redox-active micronutrients [109], found 
in damp and alkaline soils, and both natural and human activities add Se 
to soil [36,71]. Earlier, Se was considered as poisonous however, several 
studies have revealed its beneficial effects when present at optimal 
concentrations [15,27,32,33]. Certain key properties of Se including 
covalent binding ability with metals, strong coordination with metals 
and its structural stability with different oxidative states render Se 
highly specialized and integrative in biological functions [38]. Pre-
dominant forms of Se in plants include selenite (SeIV) and selenate 
(SeVI) [97]. Due to its similarity with sulfur, plants uptake Se through 
sulfur transporters and is also assimilated via sulfur assimilating 
pathway [50,71]. It has been reported that supplementation of Se to 
plants improves growth and alleviates the negative impact of different 
stress factors like drought [117], salinity [33], heavy metals [15] etc. 
Improved tolerance to stresses due to exogenous Se supplementation is 
ascribed to its positive impact on the tolerance mechanisms [15,33]. 

Silicon (Si) is one of the most abundant elements mostly existing as 
silicates. Si is found in plants however, is considered as non essential 
nutrient, nevertheless several studies have shown its key role in several 
processes from growth to stress tolerance [106]. Plants absorb Si via 
aquaporin channels as silicic acid under pH below than 9 [78,81]. Plants 
show signifcant difference in Si accumulation making 0.1 to 10% of their 
total dry weight and among angiosperms plants belonging to Poales and 
Arecales accumulate substantial concentrations of Si in shoot [77]. 
Among the Poales, plants belonging to Gramineae accumulate greater Si 
concentrations [78]. Foliar application of Si improves plant growth by 
increasing enzyme functioning, photosynthesis and mineral uptake 
[61]. Accumulation of Si at higher concentrations cannot harm plants 
[106]. Application of Si mitigates the ill impact of stresses by modu-
lating the tolerance mechanisms like osmolyte accumulation, antioxi-
dant activity and also reducing the uptake of harmful ions and metals 
[26,51,61,85]. However interactive role of Se and Si in alleviating the 
adverse effects of As has not been reported. 

Wheat (Triticum aestivum L) is a significant cereal plant grown 
throughout world for its seeds as food and grass for animal fodder. There 
has been a significant variation in the concentration of As in agricultural 
soils of China thereby can have considerable impact on the potential 
yield of the crops grown [46]. Pollution of agricultural fields directly 

affects the crop growth and productivity hence threatening the global 
food security. With this backdrop, it was hypothesized that exogenous 
supplementation of Se and Si can be beneficial in preventing the 
damaging effects of As in wheat by modulating the tolerance 
mechanisms. 

2. Material and methods 

Seeds of wheat (Triticum aestivum L.) were disinfected by 0.001% 
HgCl2 for 5 min. Seeds were washed with distilled water and blot dried. 
Sowing of sterilized seeds was done in pots filled with acid washed sand. 
After germinations, seedlings were allowed to grow for one week and 
after thinning ten seedlings per pot were maintained. All pots were 
supplied Hoagland nutrient (150 mL) solution on alternate days. Two 
weeks (fifteen days) after germination pots were divided into different 
groups and were irrigated with either normal Hoagland solution or 
Hoagland solution supplemented with sodium arsenite (AsIII; 30 µM 
NaAsO2) or Hoagland solution supplemented with sodium selenate (1 
and 5 µM Na2SeO4). Foliar application of silicon (Si; 0.1 and 0.5 mM 
Na2SiO3) at the rate of 10 mL per pot was also started on same day. 
Treatments continued for another twenty days on every alternate day. 
The overall treatments in the experimental setup can be summarized as: 
(1) Control (Hoagland solution), (2) 30 µM As, (3) 30 µM As + 1 µM Se, 
(4) 30 µM As + 5 µM Se (5) 30 µM As + 0.1 mM Si (6) 30 µM As + 0.5 mM 
Si, (7) 30 µM As + 1 µM Se + 0.1 mM Si, (8) 30 µM As + 5 µM Se + 0.1 
mM Si, (9) 30 µM As + 1 µM Se + 0.5 mM Si, (10) 30 µM As + 5 µM Se +
0.5 mM Si. Four pots for each treatment were kept in complete ran-
domized block design. Twenty days after treatments of As, Se and Si, 
several growth, physiological and biochemical parameters were worked 
out using standard protocol described below. 

2.1. Plant height, fresh and dry weight 

A scale was used to measure the height. After uprooting the plants 
fresh weight of root and shoot was taken immediately while as for 
determination of dry weight same tissue was dried in oven for 48 h at 
70 ◦C. 

2.2. Determination of intermediates of chlorophyll biosynthesis and 
photosynthetic pigments 

Photosynthetic pigments were estimated according to Arnon [16]. 
The content of glutamate 1-semialdehyde (GSA) was estimated 
following Kannangara and Schouboe [65], while as δ-Amino levulinic 
acid (ALA) was determined according to Harel and Klein (1972). Esti-
mation of prototoporphyrin IX (Proto IX), Mg-prototoporphyrin IX 
(Mg-Proto IX) and protochlorophyllide (Pchlide) was carried in accor-
dance with Hodgins and Huystee [55]. 

2.3. Estimation of osmolytes 

Proline was extracted in sulphosalicylic acid and separated using 
toluene after reacting the supernatant with ninhydrin reagent. Absor-
bance was recorded at 520 nm [21]. Grieve and Grattan’s [48] method 
was used for glycine betaine while as free sugars were estimated 
following method of Fong et al. [40]. Free amino acids were determined 
using ninhydrin method as described by Ahanger et al. [4]. 
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2.4. Measurement of lipid peroxidation, hydrogen peroxide and 
superoxide 

Methods of Heath and Packer [53], Velikova et al., [111] and Yang 
et al., [115] were used for measuring lipid peroxidation, hydrogen 
peroxide (H2O2) and superoxide (O2

•− ) respectively. 

2.5. Measurement of protease, lipoxygenase and NADPH oxidase activity 

Activity of protease (EC 3.4.21.40) was measured following Green 
and Neurath [47]. Lipoxygenase (LOX; EC, 1.13.11.12) was assayed 
according to Doderer et al. [31]. For measuring the activity of NADPH 
oxidase method described by Sagi and Fluhr [94] was followed. Leaf 
plasma membranes were isolated using two-phase aqueous polymer 
partition system according to Larsson et al. [74] as described by Jiang 
and Zhang [62]. Reduction of 3′-[1-[phenylamino-carbonyl]− 3, 4-tetra-
zolium]-bis(4-methoxy-6-nitro)benzenesulfonic acid hydrate (XTT) by 
O2
•− was measured in an assay mixture containing Tris–HCl buffer (50 

mM; pH 7.5), 0.5 mM XTT, 100 µM NADPH and membrane proteins. 
Addition of NADPH initiated the reaction and XTT reduction was 
determined at 470 nm. 

2.6. Determination of activity of nitrate reductase 

Nitrate reductase activity was measured following Srivastava [107]. 

2.7. Assay of antioxidant enzyme activities 

One gram fresh tissue was extracted in 100 mM phosphate buffer (pH 
7.8) containing PVP, EDTA and PMSF. Extract was centrifuged at 
12,000 g and supernatant was used in enzyme assay. Superoxide dis-
mutase (SOD) activity was measured following Bayer and Fridovich 
[22]. Activity of catalase (CAT) and glutathione S-transferase (GST) 
were measured following the protocol described by Aebi [1] and 
Hasanuzzaman and Fujita [52] respectively. Activity of ascorbate 
peroxidase (APX) was assayed according to Nakano and Asada [87]. 
Method of Nakano and Asada [87] was used for measuring the activity of 
dehydroascorbate reductase (DHAR) and monodehydroascorbate 
reductase (MDHAR) was assayed according to Hossain et al. [56]. Foyer 
and Halliwell’s [41] method was employed to measure the activity of 
glutathione reductase (GR; EC 1.6.4.2). 

2.8. Estimation of ascorbate, reduced glutathione, α-tocopherol and 
cysteine 

The content of ascorbate and reduced glutathione was estimated 
according to Mukherjee and Choudhuri [84] and Ellman [34] respec-
tively. For tocopherol determination, protocol described by Backer et al. 
[20] was used however, cysteine was determined according to Gaitonde 
[45]. 

2.9. Total phenol content and total antioxidant activity 

Phenols were estimated following Malick and Singh [80]. Method of 
Shimada et al. [100] described by Ahanger and Agarwal [3] was used for 
determining the total antioxidant activity. Activity was measured as 
percent DPPH (1, 1-diphenyl-2-picrylhydrazyl) radical scavenging. 

2.10. Estimation of ions and arsenic 

Content of nitrogen was estimated using micro-Kzeldahl method 
[59]. Atomic absorption spectrophotometer was used for determination 
of P, K, S and Mg content. Content of arsenic (As) was estimated by 
digesting the tissue in HNO3 and was estimated by inductively coupled 
plasma mass spectrometry (ICP-MS, Agilent 7500 USA). 

2.11. Statistical analysis 

Data given is mean ( ± SE) of four replicates. Duncan’s Multiple 
Range Test was performed using ANOVA for determining the least sig-
nificant difference (LSD) among the mean values at p < 0.05. 

3. Results 

Treatment of Se and Si at both concentrations increased growth, 
however obvious amelioration was observed due to their higher con-
centrations i.e., 5 µM Se and 0.5 mM Si. Relative to control, plant height 
(50.19%), shoot fresh weight (51.78%), shoot dry weight (66.26%), root 
fresh weight (57.72%) and root dry weight (56.68%) decreased due to 
As stress. Treatment of 5 µM Se and 0.5 mM Si were affective in miti-
gating the decline caused by As stress with maximal mitigation observed 
in plants treated with As + 5 µM Se + 0.5 mM Si. Relative to control, 
decline in plant height, shoot fresh weight, shoot dry weight, root fresh 
weight and root dry weight was only 12.01%, 14.95%, 19.47%, 29.06% 
and 25.64% in As + 5 µM Se + 0.5 mM Si treated plants (Fig. 1). 

Plants stressed with As exhibited a significant decline in the content 
of GSA, δ-ALA, Proto IX, Mg-Proto IX and protochlorophyllide however, 
supplementation of Se and Si proved beneficial in assuaging the reduc-
tion considerably. Compared to control, observed decline was 48.44% 
for GSA, 46.59% for δ-ALA, 51.71% for Proto IX, 52.26% for Mg-Proto IX 
and 51.56% for protochlorophyllide in As stressed plants. However, 
supplementation of Se and foliar application of Si at both concentra-
tions, individually as well as combinedly, resulted in mitigation of the 
decline. Relative to control, decline in GSA, δ-ALA, Proto IX, Mg-Proto IX 
and protochlorophyllide was only 31.36%, 27.25%, 35.18%, 30.47% 
and 32.04% in As + 5 µM Se and 31.98%, 26.03%, 34.93%, 31.96% and 
33.78% in As + 0.5 mM Si treated plants. However, plants treated with 
As + 5 µM Se + 0.5 mM Si showed a decline of only 8.54% for GSA, 
7.78% for δ-ALA, 9.76% for Proto IX, 11.28% for Mg-Proto IX and 9.32% 
for protochlorophyllide over control (Fig. 2). 

Plants treated with As exhibited a decline of 48.62% in chlorophyll a, 
46.80% in chlorophyll b, 47.09% in total chlorophylls and 35.84% in 
carotenoids over control. Supplementation of Se and Si mitigated the 
decline induced by As to significant levels. Higher concentrations of Se 
and Si alleviated the decline more obviously as compared to lower 
concentrations however, combined treatments were much affective than 
the individual ones. Relative to control, decline in chlorophyll a was 
11.59%, chlorophyll b was 9.79%, total chlorophylls was 14.85% and 
carotenoids was 1.66% in plants treated with As + 5 µM Se + 0.5 mM Si 
(Fig. 3). 

Treatment of Se and Si alleviated the oxidative damage induced by 
As stress to significant levels. Relative to control, H2O2, O2

- and lipid 
peroxidation increased by 166.25%, 122.78% and 144.81% respectively 
due to As stress. Plants treated with As + 5 µM Se exhibited only 
84.42%, 51.26% and 79.29% increase in H2O2, O2

- and lipid peroxida-
tion while as, As + 0.5 mM Si treated plants showed 84.22%, 52.53% 
and 75.78% increase respectively compared to control. Combined Se 
and Si application mitigated the adverse effects of As by causing 
maximal decline in H2O2, O2

- and lipid peroxidation. In As + 5 µM Se 
+ 0.5 mM Si treated seedlings the decline in H2O2, O2

- and lipid perox-
idation was 50.92%, 49.14% and 48.49% respectively over the As 
stressed plants (Fig. 4). 

Activity of protease, lipoxygenase and NADPH oxidase increased by 
101.24%, 153.58% and 162.18% in As stressed plants. However, treat-
ment of Se and Si to As stressed plants resulted in reduced activities of 
protease, lipoxygenase and NADPH oxidase with obvious decline due to 
their combined treatment. Relative to As stressed plants, the activity of 
protease, lipoxygenase and NADPH oxidase was reduced by 18.33%, 
21.10% and 30.87% in As + 5 µM Se, by 20.05%, 22.87% and 29.08% in 
As + 0.5 mM Si and by 33.63%, 41.96% and 51.15% in As + 5 µM Se 
+ 0.5 mM Si treated plants (Fig. 5). 

Arsenic stress resulted in enhancement in the activity of antioxidant 
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enzymes assayed and it was observed that exogenous application of Se 
and Si to As stressed plants caused further increase. Compared to con-
trol, percent increase in SOD was 34.67%, CAT was 28.44%, GST was 
40.95%, APX was 29.50%, DHAR was 23.04%, MDHAR was 62.65% and 
GR was 44.95% due to As stress. The activities of SOD, CAT, GST, APX, 

DHAR, MDHAR and GR further improved by 28.73%, 68.98%, 72.02%, 
19.12%, 31.55%, 33.16% and 21.92% respectively in As + 5 µM Se 
treated plants over the As stressed plants. However, foliar application of 
0.5 mM Si to As stressed plants caused a further increase of 33.79%, 
33.80%, 19.70%, 23.66%, 27.81%, 37.49% and 21.24% in SOD, CAT, 

Fig. 1. Effect of individual and combined supplementation of different concentrations of selenium (Se; 1 and 5 µM) and silicon (Si; 0.1 and 0.5 mM) on (A) plant 
height, (B) shoot fresh weight, (C) shoot dry weight, (D) root fresh weight and (E) root dry weight in Triticum aestivum L. under arsenic stress (30 µM). Values 
presented are mean ( ± SE) of four replicates and different letters on bars represent the significant difference at P < 0.05. 
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GST, APX, DHAR, MDHAR, and GR activity over the As stressed plants. 
Relative to control, maximal increase of 103.09% for SOD, 107.42% for 
CAT, 127.07% for GST, 101.24% for APX, 111.39% for DHAR, 195.71% 
for MDHAR, and 116.62% for GR was observed in plants treated with As 
+ 5 µM Se + 0.5 mM Si (Fig. 6). Plants stressed with As showed 
increased accumulation of AsA (10.34%), GSH (12.98%), tocopherol 
(43.26%) and cysteine (19.14%) compared to control. Application of Se 

and Si further increased their concentration with maximum increase 
observed due to higher concentration, individually as well as com-
binedly. Maximal increase of 47.19%, 41.91%, 123.07% and 99.28% in 
AsA, GSH, tocopherol and cysteine respectively was observed in As 
+ 5 µM Se + 0.5 mM Si treated plants over the control (Fig. 7). 

Content of total phenols increased by 10.94% in As stressed plants 
and exogenous supplementation of Se and Si caused further increase 

Fig. 2. Effect of individual and combined supplementation of different concentrations of selenium (Se; 1 and 5 µM) and silicon (Si; 0.1 and 0.5 mM) on content of (A) 
Glutamate 1-semialdehyde, (B) δ-Amino levulinic acid, (C) Prototoporphyrin IX, (D) Mg-prototoporphyrin IX and (E) protochlorophyllide (Pchlide) in Triticum 
aestivum L. under arsenic stress (30 µM). Values presented are mean ( ± SE) of four replicates and different letters on bars represent the significant difference 
at P < 0.05. 
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resulting in maximal increase of 39.30% due to As + 5 µM Se + 0.5 mM 
Si over control (Fig. 8 A). Total antioxidant activity assayed as percent 
DPPH radical scavenging was increased due to As stress by 21.73%. 
Exogenous treatment of Se and Si caused further increase in total anti-
oxidant activity. Relative to control, an increase of 43.73% in As + 5 µM 
Se, 48.26% in As + 0.5 mM Si and 86.93% in As + 5 µM Se + 0.5 mM Si 
treated plants was observed in total antioxidant activity (Fig. 8B). Ac-
tivity of NR was decreased by As stress by 52.40% while as treatment of 
Se and Si resulted in amelioration of the decline to significant levels. 
Relative to control, decline in NR activity was only 24.60% in As + 5 µM 
Se + 0.5 mM Si treated plants (Fig. 8 C). 

Plants stressed with As exhibited significant increase in the content 
of sugars (29.34%), proline (42.32%), glycine betaine (27.23%) and free 
amino acids (4.37%) over the control. Exogenous Se and Si further 
increased the accumulation of these osmolytes exhibiting highest in-
crease of 138.92%, 153.95%, 112.96% and 97.24% in sugars, proline, 
glycine betaine and free amino acids respectively in As + 5 µM Se 
+ 0.5 mM Si treated plants over control (Fig. 9). 

Content of As was reduced due to treatment of Se and Si in shoot as 
well as root at all concentrations and combinations. Relative to As 
stressed plants, maximal decline in As was 52.60% and 53.34% in shoot 
and root due to As + 5 µM Se + 0.5 mM Si treatment (Fig. 10 A and B). 
Relative to control, content of N, P, K, S and Mg reduced by 44.10%, 

45.45%, 49.97%, 44.37% and 56.15% respectively due to As stress. 
However, exogenous supplementation of Se and Si assuaged the reduc-
tion to substantial levels. Compared to As treated plants, N, P, K, S and 
Mg increased by 24.50%, 20.33%, 37.40%, 16.54% and 52.48% 
respectively in As + 5 µM Se treated plants and by 25.28%, 20.62%, 
38.37%, 18.19% and 45.70% respectively in As + 0.5 mM Si treated 
plants. However in As + 5 µM Se + 0.5 mM Si treated plants content of 
N, P, K, S and Mg increased by 55.46%, 46.32%, 72.13%, 46.87% and 
93.66% respectively over the As stressed plants (Fig. 10C-G). 

4. Discussion 

In recent past there has been an alarming increase in soil pollution 
which has resulted in significant decline in the growth and yield of crop 
plants [98]. Efficient management strategies can be affective in allevi-
ating the stress mediated damage and thereby can be beneficial for crop 
productivity and sustainable food security. In this backdrop, the po-
tential of exogenous supplementation of Si and Se was tested in miti-
gating the damaging effects of As stress in wheat. Arsenic reduced 
growth parameters like height, fresh and dry weight. Supplementation 
of Si and Se proved beneficial in alleviating the decline considerably, 
however plants treated combinedly with Si and Se exhibited better 
alleviation. Earlier, in wheat [75] and rice [101] decline in growth 

Fig. 3. Effect of individual and combined supplementation of different concentrations of selenium (Se; 1 and 5 µM) and silicon (Si; 0.1 and 0.5 mM) on content of (A) 
chlorophyll a, (B) chlorophyll b, (C) total chlorophylls and (D) carotenoids in Triticum aestivum L. under arsenic stress (30 µM). Values presented are mean ( ± SE) of 
four replicates and different letters on bars represent the significant difference at P < 0.05. 
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parameters including height, fresh and dry weight due to As stress has 
been reported. Treatment of As induces oxidative damage, restricts 
mineral uptake and interferes with key cellular and metabolic processes 
thereby leading to significant growth retardations and yield decline [10, 
118,120]. Individually, supplementation of Si [61] and Se [15] allevi-
ated the detrimental effects of cadmium stress however, combined 
impact under As stress has not been reported. Growth improvement and 
alleviation of damaging effects of As due to Se and Si treatments can be 

ascribed to improved chlorophyll and photosynthesis, antioxidant ac-
tivity and mineral uptake concomitant with reduction in the As accu-
mulation [11]. Maintaining increased root and shoot weight under As 
stress depicts the importance of Se and Si treatments. Exogenous sup-
plementation of Se and Si were imperative in mitigating the decline in 
the photosynthetic pigments with their combined treatments being more 
affective. Plants stressed with As showed significant reduction in the 
intermediates of chlorophyll synthesis pathway which has not been 

Fig. 4. Effect of individual and combined supplementation of different con-
centrations of selenium (Se; 1 and 5 µM) and silicon (Si; 0.1 and 0.5 mM) on 
content of (A) hydrogen peroxide, (B) superoxide and (C) lipid peroxidation in 
Triticum aestivum L. under arsenic stress (30 µM). Values presented are mean 
( ± SE) of four replicates and different letters on bars represent the significant 
difference at P < 0.05. 

Fig. 5. Effect of individual and combined supplementation of different con-
centrations of selenium (Se; 1 and 5 µM) and silicon (Si; 0.1 and 0.5 mM) on the 
activity of (A) protease, (B) lipoxygenase and (C) NADPH oxidase in Triticum 
aestivum L. under arsenic stress (30 µM). Values presented are mean ( ± SE) of 
four replicates and different letters on bars represent the significant difference 
at P < 0.05. 
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Fig. 6. Effect of individual and combined supplementation of different concentrations of selenium (Se; 1 and 5 µM) and silicon (Si; 0.1 and 0.5 mM) on the activity of 
(A) superoxide dismutase, (B) catalase, (C) glutathione S-transferase, (D) ascorbate peroxidase, (E) dehydroascorbate reductase, (F) monodehydroascorbate reductase 
and (G) glutathione reductase in Triticum aestivum L. under arsenic stress (30 µM). Values presented are mean ( ± SE) of four replicates and different letters on bars 
represent the significant difference at P < 0.05. 
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reported. Stresses including nickel [90], salinity [14] and water deficit 
[29] caused significant reduction in the synthesis of chlorophyll in-
termediates reflecting in considerable decline in chlorophyll synthesis. 
Reduced contents of GSA, δ- ALA, Proto IX, Mg-Proto IX and proto-
chlorophyllide due to stresses directly results from the decline in the 
enzyme activities mediating the conversions and the expression of the 
genes coding these enzymes [29,92]. Increased synthesis of these in-
termediate molecules directly influences the chlorophyll synthesis and 
photosynthetic performance of plants [14]. Reduced chlorophyll syn-
thesis in As stressed plants has been reported [11,112,118]. Exogenous 
treatment of Se [23] and Si [116] alleviated the decline in chlorophyll 
pigments to considerable extent under As stress, however combined 
effects have not been reported. In present study also it was seen that 
exogenous treatment of Se and Si significantly ameliorated the As 
induced decline in chlorophyll pigments. Carotenoids are important 
pigment molecules and act as antioxidant as well thereby its increased 
synthesis in Se and Si treated plants may help in prevention of photo-
inhibition and also the oxidative effects of reactive oxygen species (ROS) 
to photosynthetic machinery [28,42]. 

Amelioration of decline in growth of As stressed plants by Se and Si 
supplementation may also be ascribed to greater uptake of key mineral 
ions with concomitant decline in the As accumulation. Arsenic stress 
drastically reduces the uptake and assimilation of key mineral nutrients 
thereby impeding the normal growth and metabolism [118,37]. 

Elements like N, P, K, S and Mg are very important for smooth metabolic 
functioning and have key roles in alleviating the negative impact of 
adverse environmental conditions [4,69]. However, application of Se 
and Si were affective in alleviating the As mediated decline in the uptake 
of these nutrients. Earlier, Bhadwal and Sharma [23] has also reported 
that Se treatment alleviated the decline in uptake of nutrient elements in 
rice plants under As stress. Similarly, supplementation of Si to rice 
mitigated the decline in N, P, K, Mn, Zn, Fe and Cu under As stress and 
this increased uptake of nutrients was correlated with increased 
expression of transporter genes with concomitant decline in As trans-
porters [67]. Recently, in Spinacia oleracea¸ Saleem et al., [96] has also 
observed significant decline in As uptake due to Si supplementation 
concomitant with increased uptake of beneficial elements. It has been 
reported that plant species maintaining significantly increased mineral 
uptake and assimilation better counter the undesirable effects of stresses 
[5,17]. Supplementation of Si and Se may have also influenced the 
expression and activity of transporter genes involved in maintaining the 
mineral uptake with significant decline in As transporters. Moreover, 
reduced As accumulation is also ascribed to increased phytochelatin 
synthesis and thiolic ligands thereby preventing its excess accumulation 
and hence lessening the toxic effects [73]. Maintaining, higher nitrate 
reductase (NR) activity under As stress due to Se [23] and Si [67] 
treatment contributed to significant increase in the nitrogen content. 
However effect of combined Se and Si on NR activity and mineral uptake 

Fig. 7. Effect of individual and combined supplementation of different concentrations of selenium (Se; 1 and 5 µM) and silicon (Si; 0.1 and 0.5 mM) on content of (A) 
ascorbate, (B) reduced glutathione, (C) cysteine and (D) tocopherol in Triticum aestivum L. under arsenic stress (30 µM). Values presented are mean ( ± SE) of four 
replicates and different letters on bars represent the significant difference at P < 0.05. 
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under As stress has not been reported. 
Growth reductions in As stressed plants were obviously reflected in 

significant increase in the parameters of oxidative damage including 
ROS, lipid peroxidation and the activities of enzymes like lipoxygenase, 
protease and NADPH oxidase. Generation of ROS and the lipid peroxi-
dation increased under As stress in different plants [10,101,35,52]. 
Increased activity of NADPH oxidase under cadmium [60], nickel [105] 
and As [49] stress resulted in greater accumulation of ROS reflecting in 
increased oxidative damage. Application of Se and Si significantly 

reduced the activities of lipoxygenase, protease and NADPH oxidase 
with their combined application imparting more obvious impact. Lip-
oxygenase catalyse the oxidation of polyunsaturated fatty acids into 
fatty acid hydroperoxides thereby triggering several downstream stress 
responsive mechanisms [103]. Treatment of Se reduced the expression 
of lipoxygenase in As stressed rice plants [73]. Proteases mediate 
breakdown of peptide bonds causing irreversible posttranslational pro-
tein modifications and in addition proteolysis derived peptides regulate 
the ROS signalling under stressful conditions [99]. Reduced protease 
and lipoxygenase activity due to supplementation of protectants reflects 
in improved stress adaptation [8,9,86]. Recently, Karimi et al. [66] has 
demonstrated that Si supplementation reduced ROS accumulation in As 
stressed Isatis cappadocica thereby causing reduction in oxidative dam-
age. Reduced accumulation of ROS due to Se [15] and Si [61] signifi-
cantly protects the functioning of photosynthetic machinery. 

Reduction in the oxidative effects of As by the treatment of Se and Si 
in wheat was evident due to their combined application. Arsenic stressed 
plants exhibited a significant enhancement in the activities of antioxi-
dant enzymes. Activities of SOD, GST, CAT and the ascorbate- 
glutathione cycle enzymes enhanced significantly by Se and Si appli-
cation thereby making the elimination of ROS much quicker. Similar to 
our results, in Vicia faba [10], Solanum lycopersicum [43] and Oryza 
sativa [83] activity of antioxidant enzymes improved under As stress. 
Further enhancement due to supplementation of Se has been reported by 
Kumar et al., [73] in Oryza sativa. Exogenous supplementation of Si [61] 
and Se [15] up-regulated the functioning of antioxidant system, 
including the ascorbate-glutathione cycle components thereby, signifi-
cantly alleviating the deleterious effects of cadmium in Pisum sativum 
and Solanum lycopersicum. Exogenous Se and Si induced up-regulation of 
antioxidant system under stressful conditions is evident as significant 
improvement in chlorophyll synthesis and membrane functioning. It has 
been reported that exogenous supplementation of Se and Si induced 
strengthening of antioxidant system protects the photosynthesis and 
other metabolic functions against the oxidative influence of ROS [15,61, 
110]. Both Se and Si significantly enhanced GSH and AsA which are 
involved in regulation of several functions including redox homeostasis, 
ROS scavenging and regulation of tolerance mechanisms [12,25,104, 
114]. In addition GSH is key component of phytochelatin synthesis 
[114]. Reduced glutathione, ascorbic acid, cysteine and tocopherol are 
among the key non-enzymatic antioxidants and maintain redox ho-
meostasis to protect major cellular functions under stress [120,30]. 
Exogenous treatment of Se [68] and Si [102] resulted in increased 
cysteine content in Triticum aestivum and Brassica juncea under cadmium 
and lanthanum stress. Increased functioning of antioxidant system and 
the contents of non-enzymatic antioxidants due to Si treatments pre-
vents the As mediated growth damage in rice [67]. Increase in their 
concentrations due to supplementation of Se and Si can benefit wheat 
seedling to better withstand the adverse effects of As stress. 

It was observed that wheat plants stressed with As showed increase 
in the total phenol content. Phenols are important plant secondary 
compounds actively implicated in several key mechanisms including 
germination, photosynthesis, stress signalling, ROS scavenging and 
stress tolerance [113,7]. Increase in the content of phenols due to Se has 
been reported in Allium sativum [18], Avena sativa [54] and Echium 
amoenum [64] under different stresses. Similarly, Si increased phenol 
content in buckwheat [19], Salvia officinalis [89] and Eruca sativa [57]. 
Kofronova et al., [72] has reported that tobacco genotypes exhibiting 
significant increase in phenols, GSH and ascorbate exhibited greater 
tolerance to As stress. Greater secondary metabolite synthesis results 
due to increased functioning of enzymes catalyzing their biosynthesis 
[76,91]. Treatment of Se and Si mediated enhancement in the metabo-
lite contents resulted in increased total antioxidant activity thereby 
contributing to assuaging of the As induced oxidative stress. Increased 
total antioxidant activity reflects the potential to avert the damage to 
sensitive cellular organelles and pathways [3]. In addition the content of 
proline, sugars, free amino acids and glycine betaine improved 

Fig. 8. Effect of individual and combined supplementation of different con-
centrations of selenium (Se; 1 and 5 µM) and silicon (Si; 0.1 and 0.5 mM) on 
content of (A) total phenols, (B) total antioxidant activity and the activity of (C) 
nitrate reductase in Triticum aestivum L. under arsenic stress (30 µM). Values 
presented are mean ( ± SE) of four replicates and different letters on bars 
represent the significant difference at P < 0.05. 
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significantly due to supplementation of Se and Si. Compatible osmolytes 
regulate growth under stresses by protecting photosynthesis, enzyme 
activity, membranes, maintaining redox homeostasis, mediating ROS 
scavenging and stress signalling [121,44]. In corroboration to the re-
sults, earlier increased osmolytes including glycine betaine, sugars, 
proline and free amino acids due to As stress has been reported (Pavlik 
et al., 2010; [11,95,82]). Supplementation of Se [10,95] and Si (Zahedi 
eta al. 2020; [108]) further increased the content of osmolytes to 
mediate more protection to cellular metabolism by maintaining relative 
water content, protecting enzyme functioning and plant tolerance 
against As. Further studies can be beneficial in understanding the exact 
mechanisms. 

5. Conclusion 

Exogenous Se and Si proved beneficial in protecting wheat against 
the adverse effects of As. Combined treatment of higher concentrations 
of Se and Si were more affective in alleviating the decline in growth and 
chlorophyll synthesis. Alleviation of arsenic stress induced oxidative 
damage was reflected in reduced ROS concentration, lipid peroxidation 
and the activity of protease, LOX and NADPH oxidase. Improved toler-
ance to As in Se and Si treated plants can be attributed to improved 
antioxidant system functioning and greater osmolyte and redox 

components synthesis. Further, increased phenol content together with 
osmolyte accumulation was evident as increased total antioxidant ac-
tivity in Se and Si treated plants. Combined treatment of Se and Si can be 
exploited to prevent the damaging effects of As to wheat. 

Environmental Implications 

Arsenic (As) is one of the toxic metal ions affecting the growth and 
productivity of plants all over the world. The concentration of As in 
agricultural soils is increasing day by day and China is also facing the 
same problem. This has serious consequences on global food security 
and the health of humans. As in soil alters soil health thereby hindering 
the normal growth of plants and if taken by humans (through food or 
water) can cause serious damage to several organs. As polluted areas 
have been declared unsafe for crop cultivation thereby management 
strategies can be worthwhile for sustainable growth. In the backdrop, 
present manuscript addresses the implication of arsenic (As) on the 
growth, chlorophyll synthesis, enzyme functioning and oxidative dam-
age in wheat. 
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