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Abstract. Rice is one of the most important cereal crops and is susceptible to salinity stress. To enhance 

biotic and abiotic stress tolerance in crops, the application of silicon (Si) during seedling culture and seed 

priming are two effective approaches. However, whether seed priming with silicon can enhance salinity 

stress tolerance in rice seedlings, and what the optimal concentration of Si treatment is largely unclear. In 

this study, rice seeds were pretreated with sodium silicate, and the hydroponically grown rice seedlings 

were exposed to sodium chloride. Our results show that seed soaking with Si can significantly improve the 

growth of rice seedlings under salinity-stress, as evidenced by enhanced fresh weight, dry weight, leaf 

relative water content, photosynthetic pigment level, soluble protein content, as well as the activities of 

POD and SOD enzymes. Moreover, Si-pretreated seeds showed accelerated seed germination, increased 

seedling height and reduced root length. Furthermore, qRT-PCR analysis showed that seed soaking with Si 

induced the transcription of genes encoding Na+/H+ exchangers and H+-pyrophosphatase. Our results imply 

that seed priming with Si enhances seedling tolerance to salinity stress without negative effect on growth 

and it can be used as an effective strategy. 
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Introduction 

Rice (Oryza sativa L.) is one of the most important food crops in the world (Higham 

and Lu, 1998). It feeds more than one half of the global population (Mather et al., 2007). 

However, in many regions of rice production, the yield is markedly reduced due to salinity 

(Tuteja, 2007; Sakadevan and Nguyen, 2010). The cultivation of salt-tolerant varieties 

and efforts to reduce soil salinity are two common approaches to minimize the effects of 

salinity stress on crops (Ganie et al., 2019). However, salt-tolerant rice varieties are not 

readily available or their yield is low, and reducing soil salinity is costly. 

Seed priming has been shown to be a simple, low cost and effective approach to 

enhance seed germination, early seedling growth and yield under stress conditions 
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(Hameed et al., 2013). Priming seeds with certain bioactive chemicals such as hormones 

and antioxidants has been reported to enhance crop performance under harsh conditions 

(Guntzer et al., 2012; Hameed et al., 2013; Etesami, 2018). For example, seed priming 

with salicylic acid (SA) improved seedling emergence, root, shoot and length, seedling 

fresh and dry weight both at optimal and low temperatures (Farooq et al., 2008). 

Silicon (Si) is the second most abundant element found in the soil, next to oxygen 

(Sahebi et al., 2015). As a fertilizer, biostimulant or plant protectant, Si plays a pivotal 

role in plant growth and productivity, especially in stress regimes (Savvas and Ntatsi, 

2015). Over the last two decades, numerous studies have demonstrated that the 

application of Si can enhance plant resistance to biotic stresses caused by microbial 

pathogens and insect herbivores, as well as abiotic stresses, such as drought, 

waterlogging, freezing, high temperature, and UV, as well as salinity, nutrient 

deficiencies, and metal toxicity (Guntzer et al., 2012; Ma and Takahashi, 2002; 

Balakhnina and Borkowska, 2013; Rizwan et al., 2015). Si application can also enhance 

maize seed germination, seedling growth (Guan et al., 2009) and tolerance to alkaline 

stress (Abdel Latef and Tran, 2016). Hameed and Sheikh (Hameed et al., 2013) reported 

that priming wheat seeds with sodium silicate improved seed germination and seedling 

growth under water-deficit stress. 

Rice is known as a Si accumulator, and therefore is a good model crop to investigate 

the impacts of Si on plant performance and tolerance to environmental stresses (Ma et al., 

2006). In the present study, we determined the impacts of seed soaking with different 

concentration gradients of Si on growth and salinity stress tolerance of rice plants. After 

discovering the optimal concentration of Si treatment, we examined the possible effects 

of Si pre-treatment on growth traits, including seedling biomass, root length and shoot 

height, as well as physiological traits such as levels of chlorophyll (Chl) a and b, 

carotenoids, malondialdehyde (MDA), proline and the activities of antioxidant enzymes 

of rice seedlings grown in nutrient solution with different concentrations of sodium 

chloride. 

Materials and Methods 

Seeds induction and germination 

The experiment was performed in the Experimental Farm of Fujian Agriculture and 

Forestry University, Fuzhou, China (119º54′ E, 26º05′ N) in May 2018 using a salinity 

stress-sensitive rice (Oryza sativa L. cv. Shishoubaimao). Rice seeds were sterilized with 

1% sodium hypochlorite solution for 10 min and rinsed with sterile distilled water. The 

sterilized seeds were divided into six groups: the first group (Control) was treated with 

distilled water, and the other five groups were treated with 2.5, 5.0, 10.0, 15, 20 mM 

sodium metasilicate (Na2SiO3.9H2O) solutions for 48 h, separately. After treating with 

sodium silicate, the seeds were germinated on wet cotton cloth for 5 d. The germination 

potential of the primed and non-primed rice seeds was examined using the seed test of 

the Association of Official Seed Analysts (AOSA). To test seed germination and seedling 

vigor under salinity stress, 20 seeds of each treatment with four replicates were 

germinated in petri dishes (12 cm in diameter) at 25°C. A seed was considered to have 

germinated when a 2-3 mm long coleoptile and radicle was formed. Seed germination 

was counted twice a day at different time intervals (24, 48 h) starting from the first day 

and terminated when maximum germination was attained. 
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Rice cultivation and salt stress treatment 

After 5 d of germination, the seedlings were placed in plastic pot with normal nutrient 

solution for another 7 d. Then the seedlings were transplanted in nutrient solution with 

sodium chloride, NaCl (120 mM) for 7 d. The degree of leaf damage was determined by 

the percentage of yellow area of leaf: If the whole leaf is green, we count it as 0; if the 

percentage of yellow area of the whole leaf ≤ 25%, we count it as 0.25; if the percentage 

of yellow area of the whole leaf between 25% and 50%, we count it as 0.5, if the 

percentage of yellow area of the whole leaf between 50% and 75%, we count it as 0.75, 

if the percentage of yellow area of the whole leaf ≥ 75%, we count it as 1. This criteria 

are based on Renganayaki et al. (2002). 

Effect on seedling growth 

For growth response, rice seedlings were allowed to continue to grow after collecting 

the data for germination. Fifteen days old seedlings were then harvested for comparison 

of growth under nutrient solution after seed priming treatments. Root and shoot lengths 

were then quantified. The fresh weight of rice seedlings was estimated after washing with 

deionized water, and blotting on paper towels. Their dry biomass was weighed after oven 

drying at 80°C to constant weight. The dried tissues were stored in clean sealed glasses 

at room temperature for later analysis. 

Effect on water content under salinity stress and photosynthetic pigments 

Leaf relative water content (LRWC) was determined using the method described in 

Garíca-Mata and Lamattina, using the equation: 

 

 LRWC(%) =
Fresh weight − Dry weight

Turgid weight − Dry weight
∗ 100 (Eq.1) 

 

The contents of chlorophyll a, b and carotenoid in fresh leaves were assessed 

spectrophotometrically as described previously (Lichtenthaler and Wellburn, 1983). The 

fully expanded young leaves (0.05 g) of 15-day-old plants were treated with 120 mM 

NaCl for 24 and 48 h. The leaves were used for pigment extraction in 80% acetone. The 

extract of pigments was measured versus a blank of pure 80% acetone at 663, 644, and 

452.5 nm for Chl a, Chl b, and carotenoid contents, respectively. 

Determination of soluble protein, proline and MDA content 

Total soluble protein content in leaves of rice after 7 days under salinity stress was 

measured as described previously (Gao, 2006). Total soluble protein content in leaves of 

rice after 7 days under salinity stress was measured according to the method described by 

Bates et al (1973). Malondialdehyde (MDA) is the main product of membrane lipid 

peroxidation when plants are under stress, and its content represents the degree of cell 

membrane damage. Malondialdehyde content was determined according to the 

thiobarbituric acid (TBA) reaction as described by Draper et al. (1993). Fresh leaf sample 

(0.5 g) was homogenized with 5% trichloroacetic acid and centrifuged at 4,000 g for 

10 min. Two milliliters of extract were mixed with 2 mL of 0.6% TBA, and the mixture 

was placed in a boiling water bath for 10 min. Subsequently, the absorbances were read 

at 532, 600, and 450 nm, separately. The MDA content was calculated using the formula: 

 



Xu et al.: Seed soaking with sodium silicate primes salt tolerance in rice (Oryza sativa L.) seedlings without any negative effect on 

growth 
- 5428 - 

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 18(4):5425-5436. 

http://www.aloki.hu ● ISSN 1589 1623 (Print) ● ISSN1785 0037 (Online) 

DOI: http://dx.doi.org/10.15666/aeer/1804_54255436 

© 2020, ALÖKI Kft., Budapest, Hungary 

 6.45 ∗ (𝐴532 − 𝐴600) − 0.56 ∗ 𝐴450 (Eq.2) 

 

Assays for antioxidant enzyme activities 

Samples were extracted from the fresh leaves as described previously (Mukherjee and 

Choudhuri, 1983). The fresh leaves (0.5 g) were frozen in liquid nitrogen and ground in 

10 mL of 100 mM phosphate buffer (KH2PO4/K2HPO4) pH 7.0, containing 0.1 mM 

Na2EDTA and 0.1 g of polyvinylpyrrolidone (PVP). The homogenate was centrifuged at 

15,000 g at 4°C for 10 min. Subsequently, the supernatant was stored at 4°C until use for 

assays of superoxide dismutase (SOD) and peroxidase (POD). SOD activities were 

assayed as described previously (Giannopolitis and Ries, 1977). POD and SOD are 

important antioxidant components of plant tolerance to salinity stress (Sudhakar et al., 

2001). 

RNA extraction and cDNA synthesis 

Fresh leaf samples (100 mg) of rice plant were collected after 0, 1, 3 and 5 days of 

treatment with 120 mM NaCl, and immediately transferred to liquid nitrogen and stored 

at -80°C. Total RNAs were isolated from flash-frozen tissues using the Eastep Super Total 

RNA Extraction Kit (Promega, Madison, WI, United States) and quantified by measuring 

the absorbance at 280 and 260 nm. Then the equal RNAs from three replicates were 

reverse-transcribed with a GoScript Reverse Transcription System (Promega), which 

were used for qRT-PCR analysis. 

Quantitative real-time PCR (qRT-PCR) analysis 

To validate the gene expression, quantitative real-time PCR (qRT-PCR) was 

performed on an Applied Biosystems StepOne Plus Real-Time PCR System in a 10 µL 

reaction volume consisting of 5 µL of 2× SYBR GoTaq qPCR Master Mix (Promega), 

0.4 µL of each gene-specific primers (10 µM), 1 µL cDNA equivalent to 50 ng total RNA 

and sterilized water to reach the final volume. PCR conditions were set as: 1 cycle of 

95°C for 10 min; 40 cycles of 95°C for 15 s, 55°C for 30 s and 72°C for 30 s. The reference 

gene actin (TIGR ID Os03g50885) was used as the internal control. A dissociation curve 

analysis program was performed to check the homogeneity of the PCR product. Relative 

standard curves of actin and target genes were generated by using 10- fold serial dilutions 

cDNA to calculate the amplification efficiencies of primers. The relative mRNA levels 

were normalized against actin using the 2−△△ Ct method (Livak and Schmittgen, 2001). 

Three independent biological repeats were performed, each sample had two technical 

replicates, and a calibrator sample was used to make comparisons between different 

plates. All the primers were listed on Table 1. All designed primers were synthesized at 

BioSune Biotechnology Co., Ltd. (Shanghai, China). 

Statistical analysis 

Data were statistically analyzed by the analysis of variance (ANOVA) with SPSS 

software, using Dunnett’s multiple range test at the 0.05 level of significance (p < 0.05). 

Data represented in the Tables and Figures are means ± standard error of at least three 

independent replicates. 
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Table 1. Primers used for qPCR analysis in this study 

Gene Forward primer (5‘ to 3‘) Reverse primer (5‘ to 3‘) 

OsActin TGGACAGGTTATCACCATTGGT CCGCAGCTTCCATTCCTATG 

OsASIE1 TGGTCTGATTTGGTAGCC TCCAAGAACTGGCAGACGA 

OsNHX1 CCTGGAGACAGCAAGTTGT CTCTGCTCGGTTGGTGATC 

OsVP1 AAGATGACCCAAGAAACCCA GGTACAGCATAGGAGTGAAT 

 

 

Results 

Seed soaking with Si enhances tolerance of rice against salinity stress 

To examine the effect of Si pretreatment on rice salinity stress, the rice seeds were 

soaked with distilled water (control group) or sodium silicate and then the rice seedlings 

were exposed to salinity stress. NaCl (120 mM) treatment led to severe damage for plant 

growth (Fig. 1A). However, compared with the control and 2.5 mM group, rice seed 

soaking with Si at ≥ 5 mM (5, 10, 15 and 20 mM) concentrations significantly decreased 

the degree of leaf damage by NaCl (Fig. 1A and 1B). The Si-soaked seedlings showed 

more green leaves and vital stems (Fig. 1A). 

 

Figure 1. Effect of seed soaking with sodium silicate on salinity tolerance of rice seedlings. 

Phenotypes (A) and degree of leaf damage (B) of rice seedlings treated with 120 mM NaCl for 

3 d after seed soaking with different concentrations of sodium silicate for 48 h. Data are 

expressed as means ± SE (n = 6). Different letters above the bars indicate significant 

differences among treatments (P < 0.05 according to Dunnett’s multiple range test) 

 

 

Seed soaking with Si improved seed germination and seedling growth 

After seed soaking with Si solutions at ≥ 5 mM the seed germination rates were 

significantly higher 24 h after incubation relative to control (Fig. 2A). Seeds soaked in a 

solution with 20 mM Si showed the highest germination rate. However, there was no 

significant difference between control and five treatments at 48 h after incubation 

(Fig. 2A), implying that seed soaking with Si only accelerated the seed germination, but 

did not improve the final germination rate. 

Seven days after transplantation seed soaking with Si solutions at ≥ 10 mM had shorter 

root lengths (Fig. 2B), but had longer shoot lengths, although only the 15 mM Si treatment 

showed significant effect compared to the control (Fig. 2C). Based on the results from 
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Fig. 1 and Fig. 2, 10 and 15 mM concentrations of sodium silicate were chosen as the 

optimal concentrations for the following experiments. 

 

Figure 2. Effect of seed soaking with sodium silicate on seed germination (A) and root length 

(B) and shoot length (C) of rice seedlings treated with NaCl. After seed soaking with different 

concentrations of sodium silicate for 48 h, the seeds were germinated for 2 d and rice plants 

were grown for 7 days in nutrient solution containing 120 mM NaCl. Data are expressed as 

means ± SE (n = 6). Different letters above the bars indicate significant differences among 

treatments (P < 0.05 according to Dunnett’s multiple range test) 

 

 

Seed soaking with Si increases rice biomass, leaf relative water content and 

photosynthetic pigments 

After seed pretreatment with Si for 48 h, fresh weight, dry weight and leaf relative 

water content (LRWC) of rice seedlings were measured 1, 3, 5 and 7 days after NaCl 

treatment. Compared with control group, seed pretreatment with Si enhanced the fresh 

weight on day 3 and day 7 (Fig. 3A) and dry weight on day 3-7 (Fig. 3B). On day 7, seed 

pretreatment with 15 mM Si increased leaf relative water content (LRWC) (Fig. 3C). 

In order to understand physiological mechanism of enhanced salt tolerance of rice 

seedlings by seed soaking with sodium silicate, we measured the contents of 

chlorophyll a, b and carotenoid in fresh leaves of rice seedlings. We found that prior 

treatment of seeds with 10 or 15 mM Si significantly increased contents of Chl a and b at 

24 h after salinity stress (Fig. 3D and 3E). Contents of Chl a were also increased by seed 

treatment with 15 mM Si for 48 h (Fig. 3D). Prior treatment of seeds with 10 or 15 mM 

Si significantly increased contents of carotenoid 48 h after exposure to salinity stress 

(Fig. 3F). 

Seed soaking with Si increased soluble protein and decreased proline and MDA 

The soluble protein content in rice leaves was determined 7 days after exposure to salt 

stress. Si treatments at 10 mM and 15 mM led to 60% and 80% increase in soluble protein 

compared with Si-untreated control (Fig. 4A). The content of proline in rice plants was 

significantly reduced by 15 mM Si pretreatment 5 days after exposure to salt stress 

(Fig. 4B). Our results showed that in the rice leaves content of MDA significantly 

accumulated 3 days after exposure to salt stress. However, seed soaking with 10 mM and 

15 mM Si led to 38% and 37% reduction in MDA contents 3 d after salinity stress, and 

43% and 55% reduction 5 d after salinity stress, respectively (Fig. 4C). 
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Figure 3. Effect of seed soaking with sodium silicate on fresh weight (A), dry weight (B), LRWC 

(C), chlorophyll a (D), chlorophyll b (E) and carotenoid content (F) of rice seedlings treated 

with NaCl. Rice seedlings were cultivated in nutrient solution containing 120 mM NaCl. Data 

are expressed as means ± SE (n = 3-5). Different letters above the bars indicate significant 

differences among treatments (P < 0.05 according to Dunnett’s multiple range test) 

 

 

Figure 4. Effect of seed soaking with sodium silicate on soluble protein (A), proline content (B) 

and MDA content (C) in the leaves of rice seedlings treated with NaCl. Rice seedlings were 

cultivated in nutrient solution containing 120 mM NaCl. Data are expressed as means ± SE 

(n = 3-5). Different letters above the bars indicate significant differences among treatments 

(P < 0.05 according to Dunnett’s multiple range test) 

 

 

Seed soaking with Si enhanced antioxidant enzymes 

Our results showed that seed soaking with 15 mM Si significantly enhanced activities 

of POD and SOD. Seed soaking with 15 mM Si increased POD by about 50% (Fig. 5A) 

and SOD by 20% relative to the control (Fig. 5B). 
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Figure 5. Effect of seed soaking with sodium silicate on the activities of peroxidase (POD) (A) 

and superoxide dismutase (SOD) (B) in the rice leaves under salt stress for 7 days. Data are 

means ± SE (n = 5). Different letters above the bars indicate significant differences among 

treatments (P < 0.05 according to Dunnett’s multiple range test) 

 

 

Seed soaking with Si induced transcription of salt tolerance-related genes 

We want to know whether seed soaking with Si enhance salinity stress tolerance by 

inducing the transcription of genes encoding OsASIE1, OsNHX1 and OsVP1. Real-time 

PCR analysis showed that compared with control, the OsASIE1 gene expression was up-

regulated in rice plants pretreated with 10 mM Si 1 days after exposure to salt stress and 

15 mM Si 1, 3 and 5 days after salt stress (Fig. 6A). The expression of OsNHX1 was 

significantly enhanced in rice plants pretreated with 15 mM Si 3 days after exposure to 

salt stress (Fig. 6B). The expression of OsVP1 was up-regulated in rice plants pretreated 

with 15 mM Si 3 and 5 days after exposure to salt stress (Fig. 6C). 

 

Figure 6. Effect of seed soaking with sodium silicate on the expression of OsASIE1 (A), (B) 

OsNHX1 (B), OsVP1 (C) in the rice leaves under salt stress for 0, 1, 3, 5 days. Data are 

expressed as means ± SE (n = 5). Different letters above bars indicate significant differences 

among treatments (P < 0.05 according to Dunnett’s multiple range test) 

 

 

Discussion 

Soil salinity is a major abiotic stress that can lead to a substantial decrease in crop 

yields (Rengasamy, 2010). Rice plants are particularly vulnerable to salt stress and 

therefore there has been great interest in improving rice resistance to salinity. Si plays an 

important role in conferring plant resistance to a wide range of biotic and abiotic stresses 

(Reynolds et al., 2016), including salinity, as has been shown for crops such as wheat, 
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maize, barley, cucumber, etc (Liang et al., 1996; Zhu et al., 2004; Tuna et al., 2008). We 

show here that soaking seeds in Si solutions for a short term (48 h) can enhance tolerance 

to salinity stress and lead to several positive consequences for rice plant performance. 

The degree of stress-induced leaf damage was also significantly reduced in rice plants 

grown from Si-primed seeds as compared to plants from untreated seeds. The reduction 

in photosynthetic pigments of rice leaves after NaCl treatment found in this study 

(Fig. 3D, E, F) supports the findings of Kariola et al. (2005). The decrease in chlorophyll 

content under salinity stress may be due to increased oxidative stress that causes injury to 

chloroplast structure and an increase in the activity of chlorophyllase, which is 

responsible for the chlorophyll degradation (Tarja et al., 2005; Abdel Latef and He, 2014). 

Si treatment increased the chlorophyll and carotenoid contents in rice plants exposed to 

salinity stress, which could result in the increase in seedling fresh and dry weight, as well 

as the increase in green pigments per unit area. It must have also safeguarded the 

chlorophyll from ROS by reinforcing the carotenoid levels. 

In general, increased resistance occurs with simultaneous growth inhibition. We found 

the opposite; Si treatment enhanced the speed of seed germination, but did not 

significantly affect final germination success. It also increased seedling height compared 

with untreated group (Fig. 2C) (Hameed et al., 2013; Etesami, 2018). These results imply 

that priming of salt tolerance by seed soaking with sodium silicate does not affect rice 

performance. 

Salt tolerance of plants may be reflected in a number of parameters, including the 

contents of chlorophyll a and b, carotenoids, malondialdehyde and proline, as well as the 

activities of antioxidant enzymes. In maize plants, it has been shown that the content of 

soluble proteins increase under high alkaline pressure (Abdel Latef, 2010; Abd-Alla et 

al., 2014; Mohsenian and Roosta, 2015). Here, the increase in soluble protein content of 

rice plants under salinity stress was accompanied by a marked reduction in growth. This 

suggests that under salinity stress, rice plants divert much of the synthesized proteins from 

growth to resistance responses. The highest soluble protein level was observed in the rice 

seedlings that developed from seeds soaked in 15 mM Si. It is known that proline can 

serve as an important osmotic adjustment substance in plant cells (Silveira et al., 2003) 

and proline content can be used as a physiological index of a plant’s resistance to stress 

tolerance (Toyooka et al., 2009). The accumulation of proline was reduced in the 

Si-pretreated seedlings, which suggests that seed priming with Si could protect cells by 

keeping the accumulation of proline to an optimum level (Fig. 4B). 

Under salinity stress, the increase of reactive oxygen species leads to lipid peroxidation 

in cell membranes. Malondialdehyde is the main product of membrane lipid peroxidation, 

and the levels at which it is produced therefore represents the degree of cell membrane 

damage (Silveira et al., 2003). We found that malondialdehyde levels increased in rice 

leaves under salinity stress, but this increase was significantly mitigated by Si treatment 

of the seeds (Fig. 4C). Furthermore, seed priming with Si also resulted in a significant 

increase in SOD and POD activities in rice seedlings exposed to salinity stress relative to 

plant treated with NaCl alone. These results indicate that Si enhances antioxidant activity 

that protects plants against salinity induced oxidative damage (Fig. 5). 

Certain plant membrane transporters particularly Na+ and K+ transporters are involved 

in plant resistance to salt stress. OsSOS1 (Na+/H+ antiporters) (Kumar and Sinha, 2013; 

Amin et al., 2016), OsCAX1 (H+/Ca+ antiporter) (Kumar and Sinha, 2013), OsAKT1 (K+ 

inward-rectifying channel) (Yang et al., 2014), OsKCO1 (K+ outward-rectifying channel) 

(Kumar and Sinha, 2013), OsCLC1 (Cl– channel) (Diédhiou and Golldack, 2006), 
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OsNRT1;2 (nitrate transporter) (Yang et al., 2014), and OsTPC1 (Ca2+ permeable 

channel) (Kurusu et al., 2012) have all been shown to play a role in rice resistance to salt 

stress. In our study we found that seed soaking with Si induced transcription of genes 

encoding Na+/H+ exchangers (OsNHX1) and H+ -pyrophosphatase (OsVP1) (Fig. 6). 

OsASIE1 may participate in abiotic stress response by regulating the expression of 

downstream genes with DRE and GCC box binding. Overexpression of OsASIE1 

improves rice tolerance to salt stress (Wu et al., 2011). In this study, OsNHX1 showed a 

quick response to salinity stress in 10 Mm treatment but not change in the following days 

due to the reason that NHX genes increase salt tolerance by reducing Na+ contents in the 

leaves. This is in accordance with Liu et al. (2010) who found that the overexpression of 

OsNHX1 and OsVP1 in tonoplasts improved rice tolerance to salt and drought. 

Conclusion 

In conclusion, seed priming with Si significantly improved rice tolerance to salinity 

without any negative effect on growth. This treatment may therefore serve as a highly 

effective strategy to improve rice tolerance to salinity stress. The detailed molecular 

mechanism should be further investigated. 
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