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Abstract
Silicon (Si) is an element that can improve the growth and development of rice plants in water-deficient environments 
because it is an enzymatic stimulant, signaling for production of antioxidant compounds. Therefore, the aim of this 
study was to examine the relationship between water deficiency and the effect of Si on two rice cultivars whose seeds 
were treated with dietholate. The experimental design was fully randomized with three replicates, and treatments 
were organized in a 3x2x2x4 factorial arrangement: three water soil conditions (50% and 100% of soil water retention 
capacity (WRC) and complete submergence in a water blade of 5.0 cm); two cultivars (IRGA 424 RI and Guri INTA 
CL); two sources of Si (sodium metasilicate and potassium metasilicate); and four rates of Si (0; 4.0; 8.0 and 16 g L-1). 
Chlorophyll a and b, leaf area and shoot and root dry weight increased at higher rates of Si under the three soil water 
regimes. There was an increase in superoxide dismutase and guaiacol peroxidase enzyme activity in the cultivars at 
higher rates of Si, reducing lipid peroxidation caused by water deficiency. Therefore, Si did indeed attenuate water 
deficiency stress in rice plants emerging from seeds treated with dietholate.

Keywords: water deficiency, rice, lipid peroxidation.

Silício como atenuador de estresse hídrico em plantas de Oryza sativa 
L. tratadas com dietholate

Resumo
O silício (Si) é um elemento que pode proporcionar melhor crescimento e desenvolvimento às plantas de arroz cultivadas 
em ambientes com deficiência hídrica, por ser um estimulador enzimático, promovendo sinalização para produção 
de compostos antioxidantes. Assim, o objetivo deste trabalho foi estudar a relação entre deficiência hídrica e o efeito 
do Si em duas cultivares de arroz tratadas com dietholate. O delineamento experimental utilizado foi inteiramente 
casualizado, com três repetições e os tratamentos arranjados em esquema fatorial 3x2x2x4, sendo os fatores: três 
condições hídricas do solo (50%, 100% da capacidade de retenção de água no solo (CRA) e lâmina d’água de 5,0 cm), 
duas cultivares (IRGA 424 RI e Guri INTA CL), duas fontes de Si (metassilicato de sódio e metassilicato de potássio) 
e quatro doses de Si (0; 4,0; 8,0 e 16 g L-1). O índice de clorofila a e b, a área foliar e o teor de massa seca da parte 
aérea e raiz aumentaram com o aumento das doses de Si nas três condições hídricas do solo. Houve um aumento na 
atividade das enzimas superóxido dismutase e guaiacol peroxidase nas cultivares estudadas à medida que as doses de 
Si aumentaram, diminuindo a peroxidação de lipídios, causada pela restrição hídrica. Portanto, o Si atenua o estresse 
por déficit hídrico em plantas de arroz emergentes de sementes tratadas com dietholate.

Palavras-chave: déficit hídrico, arroz, peroxidação de lipídeos.

1. Introduction

Rice (Oryza sativa L.) is one of the most consumed 
cereals in the world and is a basic human food. Average 
production in Brazil reached 11.6 million metric tons 
over the last five years. The state of Rio Grande do Sul is 
the biggest Brazilian producer, with average production 
of 8,000 metric tons over this period (CONAB, 2019).

Weeds are considered the main factor limiting rice 
production (Antigua et al., 1990), and clomazone, Gamit 
trademark, is one of the most widely used herbicides, 
inhibiting carotenoid synthesis and impairing photosynthesis. 
Clomazone is tolerated by the rice crop up to the rates 
specified, depending on the soil type (Sanchotene et al., 
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2010). However, to control the main grasses competing with 
the rice, higher rates are usually applied during the crop 
cycle and can be phytotoxic, impairing post-germination 
seedling growth and tiller production (Karam et al., 2003).

For this reason, dietholate, Permit trademark, is widely 
used to protect seeds, seeking to reduce the phytotoxic 
effects of clomazone on seedlings when it is applied at a 
rate above the level tolerated by the crop (Ferhatoglu et al., 
2005). Dietholate is an organophosphate compound that 
inhibits cytochrome P-450 mono-oxygenase, the agent 
that hydroxylates clomazone inside the cell cytoplasm, 
rendering it toxic to the rice plant (Sanchotene  et  al., 
2010). However, in plants this enzyme detoxifies certain 
compounds (Yun et al., 2005) and when inhibited by the 
dietholate, the activation of antioxidant enzymes such 
as superoxide dismutase (SOD), peroxidases (POD) and 
catalase (CAT) can also be inhibited. These antioxidant 
enzymes play an important role in removing excess of 
reactive oxygen species (ROS) from the cell, produced 
during periods of biotic and abiotic stresses and impairing 
photosystems and lipid peroxidation, rupturing membranes 
and causing cell leakage and other effects, resulting in cell 
collapse and death (Silva et al., 2019).

Research has shown that these deleterious effects 
caused by dietholate can be triggered by water deficiency 
(Mauad et al., 2011). To reduce these effects, biostimulants 
containing some essential minerals and phytohormones 
have been used (Inoue et al., 2012). The success of these 
biostimulants, recommended as possible regulators of 
metabolic activity in plants, is usually due to mineral 
elements such as Si (Mauad et al., 2011). Which is an 
enzymatic stimulant (Taiz et al., 2017). And can affect 
plant growth and development by initiating signaling for 
production of antioxidant compound and osmoprotectants, 
such as proline and glycine betaine (Etesami and Jeong, 
2017). Glycine betaine protects thylakoid membranes, 
maintaining photochemical efficiency in photosynthesis 
(Ashraf and Foolad, 2007). Proline acts to stabilize proteins 
and protects membranes against the deleterious effects of 
ROS (Sharma and Dubey, 2005).

There are no conclusive studies on the effectiveness 
of biosimulants in mitigating the stresses caused by the 
use of dietholate, neither if they are correlated or not with 
water deficiency. The aim of this study was to evaluate the 
possible effects of Si in attenuating water deficiency stress 
in plant grown from rice seeds treated with dietholate.

2. Material and Methods

The experiment was conducted in the greenhouse 
(6 x 20 m, headroom 5 m) from February to April 2018. 
The experimental design was fully randomized with three 
replicates, organized in a 3x2x2x4 factorial arrangement: 
three soil water regimes (50% and 100% of soil water 
retention capacity (WRC) and a 5 cm water blade); two 
cultivars (IRGA 424 RI and Guri INTA CL); two sources 
of Si a) sodium metasilicate (composition: Na2O≅ 28%; 
SiO2 ≅ 27%; Fe ≅ 0.02%), and b) potassium metasilicate 

(composition: N≅ 3%; P2O5≅ 2%; K2O≅ 15%; SiO2≅ 25%); 
and four rates of Si applied to the seed in-furrow (0; 4.0; 
8.0 and 16 g L-1).

Each experimental unit consisted of a pot containing 500 g 
dystrophic sandy red-yellow argisol. The basic fertilization 
with NPK macro and micronutrients was applied prior to 
sowing, based on the results of the chemical soil analysis, 
using a ROLAS recommendation table (Official Soil Analysis 
Laboratory Network) for irrigated rice. All treatments 
received the same basic fertilization condition. Ten seeds 
treated with dietholate seed protector (Permit Star®) at a 
rate of 6 mL per kg seed were sown in each pot at a depth 
of two centimeters, and after emergence the six most 
similar seedlings in each pot were retained.

The method described in Spatt (2018) was used 
to maintain water conditions at 50% and 100% of soil 
water retention capacity (WRC) and for daily irrigation. 
Treatments related to soil water regimes were begun 15 days 
after sowing, simulating water ingress conditions in an 
irrigated rice crop. Evaluations of rice plant physiological 
and morphological variables were carried out when the 
plants were in vegetative stage V10.

Shoot lipid peroxidation was evaluated using the method 
described by El-Moshaty et al. (1993); guaiacol peroxidase 
(POD) enzyme activity was determined using the method 
described in Zeraik et al. (2008); and the spectrophotometric 
method was used to determine superoxide dismutase (SOD) 
activity according to Giannopolitis and Ries (1977).

Chlorophyll a and b were evaluated using a chlorophyll 
meter (ClorofiLOG®, Falker) on the middle third of the 
fourth leaf of three plants per treatment, and leaf area (cm2) 
was measured using an AM350 meter (ADC BioScientific). 
To evaluate plant dry weight, three plants were removed 
from each pot, placed in a porous paper bag and dried in 
a forced air oven at 65° C until a constant dry weight (g) 
was reached.

Response variables were subjected to analysis of 
variance, and factors analyzed by the Tukey test at 0.05 error 
probability, except for the silicon rates that were fitted to 
polynomial models using Sisvar® 5.3 statistical software 
(Ferreira, 2014).

3. Results and Discussion

Shoot and root dry weight variables showed significant 
interaction for all factors (water regime x cultivar x rate of 
Si x source of Si). Lipid peroxidation showed interaction 
between water regime x cultivar x rate of Si, with no 
effect for the source of Si in the F-test (p <0.05). Thus, for 
this variable regression models and tables were obtained 
for the means of the two sources. For peroxidase (POD) 
enzyme activity and leaf area, there was an interaction 
between the rate of Si and the soil water regime, with the 
cultivar and source of Si showing no effect in the F-test 
(p <0.05). Thus, for these variables, regression models and 
tables were obtained for the means of the two cultivars 
and two sources. Chlorophyll a and b showed interactions 
between the soil water regime x rate of Si x source of Si, 
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but there was no cultivar effect in the F-test (p <0.05). 
Thus, regression models and tables were obtained for 
the means of the two cultivars. For superoxide dismutase 
(SOD) enzyme activity, there was a significant effect only 
for the rate of Si, with no effect for the cultivar, source 
of Si and soil water regime in the F-test (p <0.05). Thus, 
regression models were obtained for the means of the 
cultivars, sources of Si and soil water regimes.

In general, the shoot dry weight variable was higher 
for complete submergence (water blade), which is the ideal 
condition for the development of rice plants (Ismail et al., 
2012). Si showed a positive effect on shoot dry weight 
under the three soil water regimes, increasing the dry 
weight of both cultivars (Table 1). Si boosts growth by 
reinforcing the absorption of mineral nutrients, possibly by 
a kinetic relationship with the absorption process for some 
nutrients, improves the absorption of nitrogen, phosphorus 
and potassium in rice (Lee et al., 2010; Pati et al., 2016; 
Crooks and Prentice, 2017).

The only statistical difference was for the shoot dry 
weight variable under the soil water regime of 50% WRC and 
at 8.0 and 16 g L-1 sodium metasilicate. The IRGA 424 RI 
cultivar had a higher mean shoot dry weight than Guri 
INTA CL. Conversely, under the water blade at a rate 
of 16 g L-1 sodium metasilicate, the Guri INTA CL showed 
a higher mean shoot dry weight (Table 2).

Regression analysis on the rates of Si showed that, 
on average, the shoot dry weight of the two cultivars 
was influenced by the rates of potassium metasilicate. 
For the IRGA 424 RI cultivar, under all three water 

regimes (50 and 100% WRC and the water blade), shoot 
dry weight increased respectively by 66, 120 and 65% 
at the higher rate of potassium metasilicate (16 g L-1) 
compared to plants not supplemented with Si (0 g L-1) 
(Supplementary Material). For the Guri INTA CL cultivar, 
the water blade did not significantly increase dry weight at 
the potassium metasilicate rates used (supplementary data). 
However, at 50 and 100% WRC, shoot dry weight increased 
by 144 and 54% with the addition of 16 g L-1 potassium 
metasilicate compared to plants not supplemented with 
Si (0 g L-1) (supplementary data). In terms of shoot dry 
weight for both IRGA 424 RI and Guri INTA CL under 
all three water regimes (50 and 100% WRC and water 
blade), sodium metasilicate at a rate of 16 g L-1 increased 
the respective dry weight by 166, 86 and 43% for the 
IRGA 424 RI cultivar and 107, 52 and 92% for the Guri 
INTA CL cultivar, compared to plants not supplemented 
with Si (0 g L-1) (supplementary data).

Si positively affected shoot dry weight under all water 
regimes, and despite the fact that water restriction impaired 
rice plant growth in terms of some parameters, Si did improve 
the plant’s physiological growth processes, corroborating 
the work of Lima et al. (2011). Habibi (2014), working on 
the effects on some physiological characteristics of canola 
plants (Brassica napus L. cv. Okapi) observed that plants 
grown under drought stress for 25 days and treated with 
Si exhibited higher shoot and root dry weight, compared 
to those not treated with Si under the same drought stress 
conditions. The exogenous supplementation of Si proves 
to be beneficial for plants particularly under abiotic stress 

Table 1. Comparison of means between sources of Si and water soil conditions, at dry weight of shoot and root for rice 
plants, at different Si rates and cultivars. Santa Maria, RS, 2019.

RATES 
OF Si CULTIVAR SOURCES OF Si

WATER SOIL CONDITIONS
Shoot dry Root dry

50% 
WRC

100% 
WRC

Water 
blade

50% 
WRC

100% 
WRC

Water 
blade

0 g L-1 Guri INTA CL Potassium metasilicate 0.26 b* 0.47 b 0.69 a 0.19 b 0.22 b 0.60 a
Sodium metasilicate

IRGA 424RI Potassium metasilicate 0.30 b 0.40 b 0.67 a 0.13 a 0.20 a 0.24 a
Sodium metasilicate

4.0 g L-1 Guri INTA CL Potassium metasilicate 0.36 Ab 0.51 Ab 0.79 Aa 0.11 Ab 0.16 Ab 0.45 Aa
Sodium metasilicate 0.46 Ab 0.61 Ab 0.9 Aa 0.27 Ab 0.30 Ab 0.59 Aa

IRGA 424RI Potassium metasilicate 0.36 Ab 0.46 Aab 0.63 Ba 0.18 Aa 0.31 Aa 0.34 Ba
Sodium metasilicate 0.39 Ab 0.46 Ab 0.83 Aa 0.17 Ab 0.34 Ab 1.18 Aa

8.0 g L-1 Guri INTA CL Potassium metasilicate 0.43 Ab 0.58 Aab 0.76 Aa 0.13 Ab 0.29 Ab 2.60 Aa
Sodium metasilicate 0.53 Ab 0.66 Ab 0.93 Aa 0.26 Ab 0.29 Ab 1.99 Ba

IRGA 424RI Potassium metasilicate 0.44 Ba 0.53 Aa 0.65 Aa 0.21 Ac 0.41 Ab 0.68 Ba
Sodium metasilicate 0.80 Aa 0.69 Aa 0.76 Aa 0.19 Ab 0.30 Ab 1.71 Aa

16 g L-1 Guri INTA CL Potassium metasilicate 0.61 Ab 0.71 Aab 0.89 Ba 0.16 Ab 0.29 Ab 2.22 Aa
Sodium metasilicate 0.58 Ab 0.73 Ab 1.21 Aa 0.30 Ab 0.38 Ab 2.01 Ba

IRGA 424RI Potassium metasilicate 0.50 Bb 0.84 Aa 1.04 Aa 0.32 Ab 0.50 Ab 1.03 Ba
Sodium metasilicate 0.85 Aa 0.82 Aa 0.96 Aa 0.24 Ab 0.24 Bb 2.14 Aa

CV (%) = 17.73 CV (%) = 18.25
*Means not followed by the same uppercase letter in the column were statistically different for different Si sources and the same lowercase 
letter on the row differed for soil water regimes in the Tukey test (p≤0.05). WRC: Soil Water Retention Capacity.
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conditions (Manivannan and Ahn, 2017). Silicon nutrition 
resulted in the improvement of growth and development 
(Eneji et al., 2008; Soundararajan et al., 2014; Zhang et al., 
2015), increase in yield (Epstein, 1999), abiotic stress 
tolerance (Ma, 2004; Zhu et al., 2004; Liang et al., 2007; 
Muneer et al., 2014), and management of macro and micro 
nutrients (Tripathi et al., 2014).

In general, there were no differences in root dry weight 
in relation to the source of Si under soil water regimes 
of 50 and 100% WRC for the two sources of Si. Under 
the water blade, sodium metasilicate resulted in higher 
root dry weight in the IRGA 424 RI cultivar, whereas the 
Guri INTA CL cultivar exhibited higher root dry weight 
when supplemented with potassium metasilicate (Table 1).

With regard to soil water regimes, it can be seen that 
under water deficiency (50% WRC), root dry weight 
dropped significantly compared to the water blade (ideal 
condition) (Table 1).

Comparing the two cultivars, in general there was a 
significant different in root dry weight for plants grown 
under the water blade. Of the eight treatments combined with 
the water blade, 62% exhibited higher root dry weight for 
the Guri INTA CL cultivar compared to the IRGA 424 RI 
cultivar (Table 2). The absorption and transportation of Si 
in plants is a complex process which involves influx and 
efflux Si transporters belonging to aquaporin family with 
specific selectivity properties. For instance, the high Si 
accumulator like rice consists of low silicon rice 1 (Lsi1) 
transporter, a nodulin 26-like intrinsic protein (NIP) in 
roots (Manivannan and Ahn 2017). According to Ma et al. 

(2007), genotypic differences in the accumulation of Si 
in rice plants could be related to the difference in the 
expression of Si transporter genes in the roots.

In the regression analysis on Si rates for the means of 
root dry weight, it was observed that in the IRGA 424 RI 
cultivar, increasing the rate of potassium metasilicate 
resulted in a linear increase in dry weight under the three 
water regimes (50 and 100% WRC and water blade), with 
respective increases of 166, 316 and 296% at the highest 
rate (16 g L-1) compared to plants not supplemented with 
Si (0 g L-1) (supplementary data). In contrast, for the 
rates of sodium metasilicate, in IRGA 424 RI there was a 
quadratic relationship under the water blade, peaking at 
a rate of 12.5 g L-1. Under the other two water regimes, 
there was no significant polynomial (supplementary data). 
For the Guri INTA CL cultivar at water blade, increasing 
the rates of both sources of Si (sodium metasilicate and 
potassium metasilicate) resulted in a quadratic increase 
in root dry weight, peaking at 16 and 15 g L-1 sodium 
metasilicate and potassium metasilicate, respectively. 
The other water regimes did not produce any significant 
fits in the polynomial models (supplementary data).

This corroborates the work of Faria Junior et al. (2009), 
who observed an increase in root dry weight in proportion to 
increases in rates of Si in the Conai and Curinga cultivars. 
Hattori et al. (2005) reported that under dry conditions, 
sorghum plants (Sorghum bicolor (L.) Moench) treated with 
Si showed improved root growth compared to plants not 
treated with Si. Sávio et al. (2011) reported that Brachiaria 

Table 2. Comparison of means between cultivars, at dry weight of shoot and root for rice plants, at different sources and Si 
rates and water soil conditions. Santa Maria, RS, 2019.

RATES 
OF Si

SOURCES 
OF Si CULTIVAR

WATER SOIL CONDITIONS
Shoot dry Root dry

50% 
WRC

100% 
WRC

Water 
blade

50% 
WRC

100% 
WRC

Water 
blade

0 g L-1 Potassium 
metasilicate

Guri INTA CL 0.25 A* 0.46 A 0.76 A 0.14 A 0.18 A 0.38 A
IRGA 424RI 0.30 A 0.40 A 0.63 A 0.11 A 0.12 A 0.22 B

Sodium 
metasilicate

Guri INTA CL 0.28 A 0.48 A 0.63 A 0.24 A 0.26 A 0.81 A
IRGA 424RI 0.30 A 0.43 A 0.70 A 0.16 A 0.27 A 0.26 B

4.0 g L-1 Potassium 
metasilicate

Guri INTA CL 0.37 A 0.51 A 0.79 A 0.11 A 0.16 A 0.59 B
IRGA 424RI 0.36 A 0.46 A 0.63 A 0.18 A 0.31 A 1.19 A

Sodium 
metasilicate

Guri INTA CL 0.46 A 0.61 A 0.83 A 0.27 A 0.31 A 0.45 A
IRGA 424RI 0.39 A 0.46 A 0.90 A 0.18 A 0.34 A 0.34 A

8.0 g L-1 Potassium 
metasilicate

Guri INTA CL 0.43 A 0.58 A 0.76 A 0.13 A 0.29 A 1.99 A
IRGA 424RI 0.44 A 0.53 A 0.65 A 0.21 A 0.41 A 1.71 B

Sodium 
metasilicate

Guri INTA CL 0.53 B 0.66 A 0.93 A 0.26 A 0.30 A 2.60 A
IRGA 424RI 0.80 A 0.69 A 0.76 A 0.19 A 0.30 A 0.68 B

16.0 g L-1 Potassium 
metasilicate

Guri INTA CL 0.61 A 0.71 A 0.89 A 0.16 A 0.29 B 2.01 A
IRGA 424RI 0.50 A 0.84 A 1.04 A 0.32 A 0.50 A 2.14 A

Sodium 
metasilicate

Guri INTA CL 0.58 B 0.73 A 1.21 A 0.30 A 0.38 A 2.22 A
IRGA 424RI 0.85 A 0.82 A 0.96 B 0.24 A 0.25 A 1.03 B

CV (%) = 17.73 CV (%) = 18.25
*Means not followed by the same uppercase letter in the column were statistically different between cultivars in the Tukey test 
(p≤0.05). WRC: Soil Water Retention Capacity.
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brizantha and Panicum máximum responded positively to 
Si in terms of dry weight production.

With regard to mean leaf area under the different water 
regimes, the highest availability of water in the soil (water 
blade) resulted in higher rice plant leaf area for the two 
cultivars and sources of Si, regardless of the rate of Si 
(Figure 1). Growth in plants is initiated primarily by the 
multiplication of meristematic cells and the subsequent 
elongation of these cells, and water plays an important 
part in cell elongation under the effect of turgor pressure 
(Woodruff and Meinzer, 2011). That is why drought stress 
reduces plant growth and impairs crop yield (Boyer, 1982).

In the regression analysis for the effects of Si rates on 
leaf area under the three soil water regimes (50 and 100% 
WRC and water blade), there was a linear increase in leaf 
area associated with increased rates of Si, with an increase 
of 81% at 50% WRC (Y=03951x + 6.682; R2=0.932), 39% 
at 100% WRC (Y=0.4168x + 17.85; R2= 0.949) and 51% 
for the water blade (Y= 0.9841x + 31.574; R2= 0.966) 
at the highest Si rate (16 g L-1) compared to plants not 
treated with Si (0 g L-1), showing the beneficial effect of 
Si, even in cases of water deficiency (50% WRC). It is 
possible that this effect was the result of an increase in the 
relative moisture content in the leaf brought about by the 
Si, increasing turgor pressure inside the cells, promoting 
cell expansion and boosting leaf area, corroborating the 
results of Kim et al. (2012).

With regard to the means of chlorophyll a and b under 
the different water regimes and sources of Si, in general 
the chlorophyll readings were higher in submerged plants 
(water blade), possibly because of the increased production 
or lower degradation of pigments. There was no significant 
difference between the sources of Si for chlorophyll a 
and b (Table 3).

A regression analysis between rates of Si and chlorophyll 
a for the potassium metasilicate source showed that the 
highest rate (16 g L-1) resulted in respective linear increments 
of 26 and 40% in chlorophyll a in plants grown at 100% 
WRC and under the water blade, compared to plants not 
supplemented with Si (0 g L-1). At 50% WRC, there was 

a quadratic increase in chlorophyll a, peaking at a rate 
of 13 g L-1 potassium metasilicate (Figure 2a). For the 
sodium metasilicate under water regimes of 50 and 100% 
WRC, there were respective increases of 30 and 47% in 
chlorophyll a at a rate of 16 g L-1 compared to plants not 
supplemented with Si (0 g L-1). However, under the water 
blade, there was a quadratic increase peaking at a rate 
of 13 g L-1 sodium metasilicate (Figure 2b).

Table 3. Means for rice plant shoot chlorophyll a and b 
for different Si rates and sources for the soil water regime 
factor. Santa Maria, RS, 2019.

RATES 
OF Si

SOURCES 
OF Si

WATER SOIL CONDITIONS
50% 
WRC

100% 
WRC

Water 
blade

CHLOROPHYLL a
0 g L-1 Sodium 

metasilicate
21.45 a* 25.9 a 25.97 a

Potassium 
metasilicate

4.0 g L-1 Sodium 
metasilicate

26.68 Ab 28.91 Ab 36.25 Aa

Potassium 
metasilicate

30.16 Ab 29.63 Ab 38.43 Aa

8.0 g L-1 Sodium 
metasilicate

28.13 Bb 31.68 Ab 39.15 Aa

Potassium 
metasilicate

32.30 Aab 30.18 Ab 38.85 Aa

16 g L-1 Sodium 
metasilicate

32.33 Ab 36.62 Aab 41.58 Aa

Potassium 
metasilicate

35.00 Ab 33.95 Ab 43.61 Aa

CV (%)= 16.54

CHLOROPHYLL b

0 g L-1 Sodium 
metasilicate

5.71 b 7.58 ab 8.46 a

Potassium 
metasilicate

4.0 g L-1 Sodium 
metasilicate

6.88 Ab 7.80 Ab 9.26 Ba

Potassium 
metasilicate

7.93 Ab 8.05 Ab 11.06 Aa

8.0 g L-1 Sodium 
metasilicate

7.33 Ab 8.37 Ab 10.78 Aa

Potassium 
metasilicate

8.08 Ab 8.11 Ab 10.50 Aa

16 g L-1 Sodium 
metasilicate

8.25 Ab 9.51 Ab 11.25 Aa

Potassium 
metasilicate

8.63 Ab 8.74 Ab 11.83 Aa

CV (%) = 11.13
*Means for the Si source not followed by the same uppercase 
letter in the column and the same lowercase letter on the row 
were statistically different for soil water regimes in the Tukey test 
(p≤0.05). WRC: soil water retention capacity.

Figure 1. Means for rice plant leaf area at different Si rates 
for the soil water regime factor. Santa Maria, RS, 2019. 
*Means not followed by the same letter were statistically 
different for soil water regimes in the Tukey test (p≤0.05). 
WRC: soil water retention capacity.
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The regression analysis between rates of Si and 
chlorophyll b for the sodium metasilicate shows a direct 
linear relationship with the water regimes of 50 and 100% 
WRC and a quadratic relationship under the water blade, 
peaking at a rate of 12.5 g L-1 (Figure 2c). For the potassium 
metasilicate, chlorophyll b showed a linear increase under 
the water blade, and a quadratic increase at 50% WRC, 
peaking at a rate of 12.4 g L-1. At 100% WRC, there was 
no significant fit for the polynomial models (Figure 2d).

Note that with the addition of Si the levels of chlorophyll 
a and b increased under all three water regimes, possibly 
because Si boosts pigment levels (Gong et al., 2005; Souza, 
2008). Furthermore, Si is related to adjustments in the 
chloroplast ultrastructure, and is beneficial in maintaining 
chlorophyll levels (Ahmed  et  al., 2014). In our study, 
the pigment level results are related to the production of 
biomass, since plants exposed to Si show higher pigment 
levels with a higher potential to absorb light energy, and 
therefore produce more biomass.

There is no consensus in the literature on how Si 
influences photosynthetic pigment levels. This could be 
related to the different experimental conditions in individual 
studies. Shen et al. (2010) reported that applying Si to 
soybean leaves under water deficiency conditions increased 
chlorophyll levels in irrigated plants, but this treatment 
did not alter chlorophyll levels in non-irrigated plants. 
However, Pei et al. (2010) reported that applying Si to 
the leaves of wheat increased the chlorophyll level only 
in plants undergoing water deficiency, not differentiating 

irrigated plants. In strawberry (Braga et  al., 2009) and 
rice plants (Ávila et al., 2010), supplementing the crop 
environment with Si did increase chlorophyll levels.

Levels of chlorophyll a were higher than those of 
chlorophyll b. This is usually the case in the majority of 
plants, since chlorophyll b is an integral part of antenna 
pigments only, whereas chlorophyll a is an integral part 
of antenna pigments and photosystem reaction centers 
(Taiz et al., 2017).

According to Hendry and Price (1993), water deficiency 
is one of the environmental stresses responsible for leaf 
pigment reduction, altering the plant’s life cycle. According 
to Marques (2009), this kind of drought stress can reduce 
net photosynthesis, an effect generally associated with 
limited synthesis capacity and/or higher degradation of 
total chlorophylls (chlorophylls a and b), indicating that 
under stress plants seem to need alternative routes for 
dissipating energy in order to avoid photoinhibition and 
photooxidation problems.

According to Agarie  et  al. (1998), this increase in 
chlorophyll levels induced by the application of Si is 
associated with the prevention of leaf senescence due 
to maintained photosynthesis and protection against 
chlorophyll destruction, especially under high temperature 
and low humidity conditions. Applying Si to rice under 
water deficiency conditions increases levels of glycolipids 
and phospholipids, related to the increase in levels of 
chlorophyll, and higher stability and improved functioning 
of the plasma membrane (Wang and Galletta, 1998).

Figure 2. Relationship between the concentrations of chlorophyll a and b in the IRGA 424 RI and Guri INTA CL at means 
cultivars under different soil water regimes and for different Si rates and sources (sodium metasilicate (b and d) and potassium 
metasilicate (a and c)). Santa Maria, RS, 2019.
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With regard to shoot lipid peroxidation in the different 
cultivars under different water regimes (Table 4), the soil 
water regime induced differences when the plant was not 
supplemented with Si, with higher lipid peroxidation under 
water deficiency (50% WRC) and at 100% WRC. In contrast, 
when the plants were supplemented with Si from different 
sources and at different rates, there was no significant 
difference in the shoot lipid peroxidation figures under 
the three soil water regimes, i.e. the Si may have acted to 
induce a reduction in lipid peroxidation, regardless of the 
cultivar and rate applied. This result could be related to 
POD activity, since Si causes an increase in the activity 
of this enzyme under water deficiency conditions (50% 
WRC) or at 100% WRC.

With regard to the cultivars, there was higher lipid 
peroxidation in Guri INTA CL at 50% WRC when not 
supplemented with Si, but when supplemented, there was no 
significant difference between cultivars (Table 4), indicating 
that the Si had a very similar effect on both cultivars, 
possibly because of the fact that they were genetically 
similar, due to only a restricted group of genetically 
similar genotypes used extensively as genitors, despite 
the extensive genetic variability available in germplasm 
banks (Brondani et al. 2006).

It has been suggested that supplementing plants grown 
under water deficiency with Si mitigates the negative 
effects of water deficiency by improving photochemical 
efficiency and photosynthetic gaseous exchange, as well 
as activating antioxidant defense capabilities, attenuating 
lipid peroxidation (Rizwan et al., 2015).

In the regression analysis between rates of Si and shoot 
lipid peroxidation, rice cultivars IRGA 424 RI and Guri 

INTA CL showed a reduction in lipid peroxidation only 
under soil water regimes of 50% WRC, fitting a quadratic 
polynomial model, with a reduction in lipid peroxidation 
as rates of sodium metasilicate increased, with respective 
minimum values at rates of 13 and 12 g L-1 (supplementary 
data). Under soil water regimes of 100% WRC and the 
water blade, there were no significant fits to the polynomial 
models (supplementary data). In terms of sodium metasilicate 
rates, lipid peroxidation in the IRGA 424 RI cultivar at 50% 
WRC was reduced quadratically, with the trough at a rate 
of 11 g L-1. At 100% WRC and under the water blade, 
there were no significant fits to the polynomial models. 
In contrast, the Guri INTA CL cultivar at 100% WRC, 
supplemented with Si (sodium metasilicate), exhibited 
negative linear behavior, with lipid peroxidation falling 
as rates of sodium metasilicate increased. At 50% WRC 
and under the water blade there were no significant fits to 
the polynomial models (supplementary data).

These results show that the presence of Si brought 
about a significant reduction in shoot lipid peroxidation in 
rice plants undergoing water deficiency. This could mean 
that the harm caused by ROS under water deficiency was 
attenuated by adding Si, in part due to increased POD and 
SOD activity. It is possible that applying Si might effectively 
increase the rice plant’s capacity to defend against oxidative 
stress induced by drought stress (supplementary data). 
Shi et al. (2005) reported that Si brought about a drop in 
membrane lipid peroxidation by stimulating enzymatic 
and non-enzymatic antioxidants.

Measurements of POD enzyme activity under the 
different soil water regimes indicated that enzyme activity 
was higher at 50% WRC. Higher rates of Si (8.0 and 16 g L-1) 

Table 4. Means for rice plant shoot lipid peroxidation for different Si rates and different cultivars for the water regime factor. 
Santa Maria, RS, 2019.

RATES OF Si SOURCES 
OF Si CULTIVAR WATER SOIL CONDITIONS

50% WRC 100% WRC Water blade
0 g L-1 Potassium 

metasilicate
Guri INTA CL 0.0700 Aa* 0.010 Bb 0.0100 Ab
IRGA 424RI 0.0500 Ba 0.040 Aa 0.0100 Ab

Sodium 
metasilicate

Guri INTA CL 0.0170 Ba 0.200 Ab 0.0130 Ab
IRGA 424RI 0.0400 Aa 0.0170 Aa 0.0170 Aa

4.0 g L-1 Potassium 
metasilicate

Guri INTA CL 0.0200 Aa 0.0100 Aa 0.0100 Aa
IRGA 424RI 0.0100 Aa 0.0130 Aa 0.0100 Aa

Sodium 
metasilicate

Guri INTA CL 0.0100 Aa 0.0100 Aa 0.0130 Aa
IRGA 424RI 0.0033 Aa 0.0100 Aa 0.0100 Aa

8.0 g L-1 Potassium 
metasilicate

Guri INTA CL 0.0100 Aa 0.0100 Aa 0.0133 Aa
IRGA 424RI 0.0100 Aa 0.1000 Aa 0.0067 Aa

Sodium 
metasilicate

Guri INTA CL 0.0033 Aa 0.0070 Aa 0.0100 Aa
IRGA 424RI 0.0000 Aa 0.0100 Aa 0.0067 Aa

16 g L-1 Potassium 
metasilicate

Guri INTA CL 0.0067 Aa 0.0066 Aa 0.0067 Aa
IRGA 424RI 0.0033 Aa 0.0066 Aa 0.0067 Aa

Sodium 
metasilicate

Guri INTA CL 0.0033 Aa 0.0030 Aa 0.0030 Aa
IRGA 424RI 0.0000 Aa 0.0067 Aa 0.0070 Aa

CV (%) = 75.42
*Means not followed by the same uppercase letter in the column were statistically different between cultivars and the same 
lowercase letter on the rows for soil water regimes in the Tukey test (p≤0.05). WRC: soil water retention capacity.
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increased POD activity under drought stress (50% WRC) 
and at 100% WRC compared to plants grown under the 
water blade (Table 5). This suggests that the increase in 
POD enzyme activity induced by adding Si could protect 
plant tissues under drought stress from oxidative damage, 
which could contribute significantly to increasing drought 
tolerance.

The regression analysis between rates of Si and POD 
activity showed that supplementing with Si at the highest 
rate (16 g L-1) increased respective enzyme activity by 68, 
57 and 22% under the three soil water regimes, compared 
to plants not supplemented with Si (Figure  3a). It is 
important to point out that Si has the potential to activate 
the antioxidant system, regardless of the presence of 
the stress factor. The results corroborate those found by 
Verma and Dubey (2003) who observed an increase in 
POD activity in rice when subjected to stress conditions.

Taking into account the mean enzymatic activity of 
SOD, the regression analysis shows a linear increase in 
enzyme activity as rates of Si increase, with an increment 
of 15% at the highest rate (16 g L-1) compared to plants 
not supplemented with Si (0 g L-1). This can be positive 
if the objective is to mitigate the effect of stress that 
involves the production of ROS in the rice crop (Figure 3b). 
The increase in antioxidant enzyme activity in the presence 
of Si indicated that Si could be involved in increasing the 

expression of genes related to the production and activation 
of antioxidant enzymes (Biju et al., 2018).

The increase in SOD activity under stress conditions 
could result in higher efficiency in the elimination of ROS 
(Wang et al., 2005). These ROS cause oxidative stress, 
which in the final analysis results in cell damage that 
could kill the plant (Sfalcin, 2009). Schmidt et al. (1999) 
reported that Si increases antioxidant enzyme levels under 
low humidity conditions.

4. Conclusion

Chlorophyll a and b and shoot and root dry weight 
increased at higher rates of Si under the three soil water 
regimes, in both sources.

Shoot lipid peroxidation was greater when the plants 
was not supplemented with Si, under water deficiency (50% 
WRC) and at 100% WRC. In contrast, when the plants 
were supplemented with Si from different sources and at 
different rates, there was no significant difference in the 
shoot lipid peroxidation figures under the three soil water 
regimes, i.e. the Si have acted to induce a reduction in lipid 
peroxidation, regardless of the cultivar and rate applied. 
This result related to POD activity, since Si caused an 
increase in the activity of this enzyme under drought stress 
conditions (50% WRC) or at 100% WRC. Furthermore, 

Table 5. Means for guaiacol peroxidase (POD) enzyme activity in the rice plant at different Si rates for the water regime 
factor. Santa Maria, RS, 2019.

RATES OF Si WATER SOIL CONDITIONS
50% WRC 100% WRC Water blade

0 g L-1 66.67 a* 76.69 a 67.32 a
4.0 g L-1 81.49 a 83.20 a 74.57 a
8.0 g L-1 98.61 a 104.74 a 78.76 b
16 g L-1 112.68 a 120.86 a 82.21 b

CV (%) = 17.78
*Means not followed by the same letter on the row were statistically different for differing soil water regimes in the Tukey test 
(p≤0.05). WRC: soil water retention capacity.

Figure 3. Relationship between guaiacol peroxidase (POD) enzymatic activity in the shoots of rice plants under different 
soil water regimes: 50 and 100% WRC and water blade at different Si rates (means for sodium metasilicate and potassium 
metasilicate sources and IRGA 424 RI and Guri INTA CL cultivars) (a). Superoxide dismutase (SOD) enzymatic activity 
at different Si rates (means for sodium metasilicate and potassium metasilicate sources IRGA 424 RI and Guri INTA CL 
cultivars and different soil water regimes: 50 and 100% WRC and water blade) (b). Santa Maria, RS, 2019.
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the SOD enzymatic activity increased at higher rates of 
Si (16 gL-1).

The leaf area increased in the three soil water regimes 
associated with a higher dose (16 g L-1) of Si, demonstrating 
its beneficial action, even in regimes of drought stress 
(50% CRA).

Therefore, Si did indeed attenuate water deficiency stress 
in rice plants emerging from seeds treated with dietholate.
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