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Purpose: In order to assay the impact of silicon (Si) and nano-Si on 
morphological and physiological traits of pot marigold (Calendula 
officinalis L.) under salt stress conditions, an experiment was 
conducted under greenhouse and field conditions. Research 
Method: The experiment was based on a completely randomized 
design including two levels of saline water (1.1 (control) and 6.1 dS 
m-1) and three levels of foliar spray (0, 2.5 mM Si and nano-Si) with 
4 replications. Findings: Salinity stress decreased the vegetative and 
flowering parameters of pot marigold in the both conditions. 
Supplemental Si and nano-Si increased the dry weight of flowers 
under salt stress in the greenhouse (47 and 71%) and field (86 and 
94%) conditions, respectively. Foliar application of nano-Si 
enhanced the flower total phenols of salt-stressed plants by 76% 
(greenhouse) and 50% (field), respectively. Under saline conditions, 
the use of nano-Si increased the flower antioxidant activity in the 
field by 17% in comparison to the control. Supplemental Si and 
nano-Si could reduce the negative impacts of salinity through 
increasing enzymatic and non-enzymatic antioxidants, accumulating 
soluble sugars, improving water relations, and enhancing 
chlorophyll content. Research limitations: No limitations were 
found. Originality/value: Based on the results of present study, the 
use of Si and nano-Si improved the growth and physiological 
characteristics of pot marigold under saline conditions. 
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INTRODUCTION 

 

Pot marigold is an annual herbaceous plant belonging to the family Asteraceae and is used as 

an ornamental-medicinal plant (Khalid & da Silva, 2012). The flowers of this plant have a 

wide range of secondary metabolites, including flavonoids, carotenoids, glycosides, steroids, 

terpenoids, phenolic acids, mucilages, and saponins (Danila et al., 2011; Garcia-Risco et al., 

2017). Pot marigold flower has diuretic, blood purifying and healing properties, and it can be 

used as a tonic, anticonvulsant, and anti-vomiting agent (Yoshikawa et al., 2001). 

Salinity stress is one of the most critical environmental stress causes of a considerable 

loss in crop yield and growth. It decreases the amount of freshwater and land that can be used 

for agriculture (Zargar et al., 2019). About 20% of irrigated land is affected by salt, 

accounting for one-third of food-producing land (Gregory et al., 2018). The destructive effect 

of salt stress on plant growth is due to osmotic inhibition, ionic toxicity, and disruption of 

nutritional balance (Munns & Tester, 2008). Under salt stress, plants increase the osmotic 

pressure of the cells and facilitate the entry of water into plants through the accumulation of 

compatible solutes, which is known as the osmotic regulation process (Ghafiyehsanj et al., 

2013). Compatible solutes generally include amino acids, ions, proline, soluble proteins, 

polyamines, and carbohydrates (Vyrides & Stuckey, 2017). Salinity, like other abiotic 

stresses, leads to increased reactive oxygen species (ROS) that can damage the membranes, 

nucleic acids, and lipids (Foyer, 2018).  

Silicon (Si) is the second most abundant element in soil (Epstein, 2009). It plays a vital 

role in improving the growth and yield of crops, especially under abiotic and biotic stress 

(Frew et al., 2018; Wu et al., 2019). Improvement of salt tolerance has been reported 

following the application of Si in zinnia (Kamenidou et al., 2009), in Borago officinalis L. 

(Torabi et al., 2015), in rose (Soundararajan et al., 2018), mung bean (Ahmad et al., 2019), 

and Bellis perennis L. (Oraee & Tehranifar, 2023). The mechanisms by which Si increases 

salinity tolerance in plants include reduced sodium mobility, increased potassium uptake, 

enhanced activity of enzymatic and non-enzymatic antioxidant systems, improved 

photosynthesis, accumulation of osmolytes in the cells, and facilitated water relations (Ma, 

2004; Khan et al., 2018; Ahmad et al., 2019). 

Recently, the application of nanoparticles in different aspects of plant science has been 

considered by many researchers (Haghighi & Pessarakli, 2013). Nanoparticles display 

different properties than their bulk material due to the high surface area over volume ratio 

(Monica & Cremonini, 2009). Nano fertilizer is an essential approach in agriculture to 

improve the yield and quality of crops through increased nutrient use efficiency and reduction 

in fertilizer waste (Sharifiasl et al., 2019). It has been reported that the application of nano-Si 

had positive effects on the growth of cherry tomato (Haghighi & Pessarakli, 2013) and rice 

(Abdel-Haliem et al., 2017) under salinity stress. In this regard, Suriyaprabha et al. (2012) 

demonstrated that nano-Si, compared to Si had more positive impacts on the morphological 

and physiological properties of maize. Avestan et al. (2021) reported that supplemental nano-

Si reduced the negative effects of salt stress on physiological changes in strawberry plants. 

Ismail et al. (2022) reported that the application of Si and nano-Si increased leaf relative 

water content (RWC) and improved antioxidant defense systems in Pisum sativum plants 

under salt stress. In addition, the beneficial effects of nano-Si application on the growth and 

fruit yield of tomato plants under salt stress conditions have been reported (Sayed et al., 

2022). The nanoparticles have higher solubility and reactivity due to a larger surface area than 

bulk materials (Monica & Cremonini, 2009). The beneficial effects of Si on attenuating the 

negative impacts of salinity stress in various crops have been reported (Tuna et al., 2008; 

Khan et al., 2019). Nevertheless, based on the literature review, no research has been reported 
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the effect of salinity stress and Si and nano-Si on the morpho-physiological attributes of 

calendula. In this study, two greenhouse and field experiments were done to evaluate the 

impacts of Si and nano-Si on the morphological and physiological characteristics of pot 

marigold under salt stress. 

 

MATERIALS AND METHODS 

 

Greenhouse experiment 

The experiment was based on a completely randomized design including two levels of saline 

water 1.1 (control) and 6.1 dS m-1) and three levels of foliar spray (0, 2.5 mM Si and nano-Si) 

with 4 replications in early November 2018. The sources used for Si and nano-Si were silicon 

dioxide (SiO2) and silicon dioxide nanopowder, respectively (Merck Co, Germany). The 

particle size of nano-Si was 20-30 nm with a purity of 98%. Two seeds of calendula 

(Calendula officinalis L. cv. Orange star) seeds were sown in plastic pots with a diameter of 

16 cm filled with sandy loam soil (Table 1). Forty days after sowing; saline water and Si 

treatments were applied to the plants. The application method of Si and nano-Si was foliar 

spraying, two times with 10 days’ intervals. Sodium chloride was also applied to the plants 

through irrigation water (300 ml per pot) twice a week. The plants were treated with saline 

water for 80 days and then the desired traits were measured.  

The experiment was carried out based on a randomized complete block design with three 

replications in a research field located in Torbat-e-Jam city (35° 14′ 38″ N, 60° 37′ 21″ E), 

Khorasan Razavi province, Iran in April 2019. The physicochemical analysis of the used soil 

and the meteorological data during the test period are given in Tables 1 and 2, respectively. 

Salinity and Si treatments were similar to the greenhouse conditions. The calendula seeds 

were planted in plots with dimensions of 2 × 2 m with a distance of 30 cm between the rows 

and 20 cm on the rows. Forty days after sowing (at 6-8 leaf stage), saline water and Si 

treatments were applied to the plants. The volume of the solution for each plot was 40 liters 

per irrigation. The application method of Si and nano-Si was foliar spraying, two times with 

10 days’ intervals. The plants were treated with saline water for 80 days and then the desired 

traits were measured.  

 

Measurements  

The measured traits were leaf number, plant height, flower diameter, flower number, days 

from seed to flowering, and dry weight of shoots and flowers. 

The leaf RWC was measured by the method of Pieczynski et al. (2013). The electrolyte 

leakage (EL) was measured by the method of Lutts et al. (1996). Chlorophyll content was 

measured by the method of Arnon (1949). 

Total phenols were measured using Folin–Ciocalteu reagent, described by Blainski et al. 

(2013). Total flavonoids were measured by the method of Yoo et al. (2008). Antioxidant 

activity was measured by the method of Koleva et al. (2002) using 2, 2-diphenyl-1-

picrylhydrazyl (DPPH). Total soluble sugars were measured by the method of Irigoyen et al. 

(1992) using anthrone reagent.  

 

Data analysis 

Statistical analysis of data was done using JMP software (version 13, 2016). Mean 

comparison of data was evaluated using the Least Significant Difference (LSD) test at 5% 

probability level. 
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  Table 1. The physical and chemical characteristics of the soils used in the greenhouse and field experiments.   
N 
(%) 

Permanent wilting point 
(%) 

Field capacity 
(%) 

Organic matter 
(%) 

 
 EC 

(ds/m) 
 pH Soil texture Experiment 

0.02 6.5 13.0 0.07   1.3  7.9 Sandy loam Greenhouse 

0.02 8.5 16.5 0.5   4.5  7.8 Clay loam Field 

 

  Table 1. (Continued). 

Sodium 
adsorption ratio 

(SAR) 

Mg 

(meq l-1) 
Cl 

(meq l-1) 
Na 

(meq l-1) 
Ca 

(meq l-1) 
K 

(meq l-1) 
Experiment 

10.3 1.5 25.3 23.1 8.6 8.2 Greenhouse 

14.2 4.2 25.9 32.4 6.2 17.6 Field 

 

 
 Table 2. Minimum and maximum monthly average temperatures and rainfall of the study location during the     

field experimental period in year 2019.  
Rainfall 

 (mm) 

Average monthly minimum 

temperature (°C) 

Average monthly maximum 

temperature (°C) 
Month 

57.8 8.3 22.0 April 

4 11.8 23.8 May 

0 16.4 30.1 June 

0 22.4 35.6 July 

0 22.7 36.7 August 

 

RESULTS 

 

Salt stress reduced the growth factors in both conditions (Table 3). Nano-Si supplementation 

enhanced the plant height under salt stress by 36% (greenhouse) and 24% (field). The highest 

leaf number of the salt-stressed plants was obtained from nano-Si treated plants by 41% 

(greenhouse) and 22% (field) increase related to the control. In the greenhouse, supplemental 

nano-Si increased shoot dry weight of the salt-stressed plants more than 2-fold. Also, under 

field and salt stress conditions, application of Si and nano-Si enhanced dry weight of shoot by 

13 and 24%, respectively (Table 3). 

The flowering attributes were affected by salt stress in both conditions. Under salinity 

stress, the treatment of calendula plants with nano-Si had the lowest days to flowering in both 

conditions. Under salt stress, nano-Si supplementation increased the flower diameter by 19% 

(greenhouse) and 49% (field) in comparison to control plants, respectively. Supplemental 

nano-Si enhanced the flower number by 43% (greenhouse) and 2.2 times (field) in 

comparison to control plants, respectively (Table 3). Salinity stress decreased the flower dry 

weight. However, supplemental Si and nano-Si enhanced dry weight of flowers in the 

greenhouse (47 and 71%) and field (86 and 94%) conditions in comparison to control plants, 

respectively (Fig. 1).  

Salt stress decreased the leaf RWC in both conditions. However, foliar spray of Si and 

nano-Si enhanced this parameter. Under field conditions, Si and nano-Si supplementation 

increased the RWC by 5 and 10%, respectively (Table 4). The EL of leaf was increased by 

salt in both conditions. However, use of Si and nano-Si reduced the EL of salt-stressed plants 

(Table 4). Salt stress reduced the total chlorophylls. However, nano-Si supplementation 

increased total chlorophylls (Table 4). In the greenhouse, the use of nano-Si enhanced the 

total soluble sugars in the leaf of salt-stressed plants by 37%. Under field and salinity stress 

conditions, nano-Si supplementation increased root total soluble sugars by 19% (Table 4). 
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Table 3. Effects of silicon (Si) and nano-Si on plant height, leaf number, dry weight of shoot, days to flowering, 

flower diameter, and flower number of salt-stressed pot marigold (Calendula officinalis L.) under greenhouse 

and field conditions.  

Means in the columns followed by the same letter are not significantly different according to LSD test at P < 0.05. 

The numbers following ± sign are the standard errors. 

 

 
        Table 4. Effects of silicon (Si) and nano-Si on relative water content (RWC), electrolyte leakage (EL), 

        total chlorophyll content, and total soluble sugars of the root and shoot tissues of salt-stressed pot 

        marigold (Calendula officinalis L.) under greenhouse and field conditions. 
Shoot soluble 

sugars  
(mg g DW-1) 

Root soluble 

sugars  
(mg g DW-1) 

Total chlorophyll 

(mg g FW-1) 

EL 

(%) 

RWC 

(%) 

Foliar spray 

(mM) 

Salinity 

(dS m-1) 

Greenhouse   

2.02 ± 0.28 e 1.26 ± 0.10 e 0.48 ± 0.011 c 14.36 ± 0.94 d 85.46 ± 0.35 c 0   

2.76 ± 0.37 d 3.92 ± 0.11 c 0.56 ± 0.008 b 10.05 ± 0.71 e 90.75 ± 0.84 b Si 2.5 1.1 
5.50 ± 0.07 b 4.85 ± 0.12 b 0.77 ± 0.006 a 14.46 ± 0.83 d 92.83 ± 0.68 a Nano-Si 2.5 (Control) 

4.76 ± 0.12 c 3.04 ± 0.23 d 0.28 ± 0.015 e 34.58 ± 0.56 a 72.66 ± 0.53 e 0  

4.79 ± 0.07 c 4.48 ± 0.07 b  0.29 ± 0.007 de  27.33 ± 0.22 c 75.80 ± 0.64 d Si 2.5 6.1 
6.57 ± 0.25 a 5.33 ± 0.17 a 0.31 ± 0.016 d 29.65 ± 0.40 b 76.23 ± 0.44 d Nano-Si 2.5  

Field   

2.16 ± 0.07 b 1.18 ± 0.16 c 0.84 ± 0.003 cd 20.27 ± 1.79 c 80.77 ± 1.44 bc 0  
1.1 

(Control) 
2.26 ± 0.29 b 1.08 ± 0.03 c 0.93 ± 0.036 b 12.60 ± 0.45 d 86.04 ± 1.47 ab Si 2.5 

2.91 ± 0.30 b 1.33 ± 0.13 c 1.10 ± 0.008 a 13.14 ± 0.53 d 88.43 ± 1.23 a Nano-Si 2.5 
5.85 ± 0.25 a 4.35 ± 0.09 b 0.77 ± 0.022 de 39.10 ± 0.55 a 70.05 ± 1.25 d 0 

6.1 5.85 ± 0.09 a 4.58 ± 0.13 b 0.76 ± 0.037 e 30.83 ± 1.06 b 75.65 ± 2.09 cd Si 2.5 

6.42 ± 0.22 a 5.22 ± 0.06 a 0.89 ± 0.015 bc 32.49 ± 1.09 b 80.39 ± 2.02 bc  Nano-Si 2.5 

     Means in the columns followed by the same letter are not significantly different according to LSD test at P < 0.05. The numbers 

     following ± sign are the standard errors. 

 

 

Total phenols and flavonoids, and antioxidant activity of the flowers and leaves were 

affected by salt, Si, and nano-Si (Table 5). The use of nano-Si enhanced the flower total 

phenols by 76% (greenhouse) and 50% (field). The application of Si and nano-Si increased 

the leaf total flavonoids under salinity stress in the greenhouse (29 and 36%) and field (19 and 

28%), respectively. Under field and salinity stress conditions, application of nano-Si enhanced 

the flower antioxidant activity by 17%. Under saline conditions, the use of nano-Si enhanced 

the antioxidant activity of the leaves by 4% (greenhouse) and 21% (field), respectively (Table 

5).  
 

 

 

 

 

 

 

 

Flower  

number/plant 

Flower 
diameter 

(mm) 

Days to 

flowering 

Dry weight 

of shoot (g) 

Leaf 

number/plant 

Plant height 

(cm) 

Foliar 
spray 

(mM) 

Salinity 

(dS m-1) 

Greenhouse  

4.50±0.28 b 33.04±0.20 bc 107.00±2.85 a 0.51±0.02 d 18.75±0.47 d 14.05±0.33 c 0  
1.1 

(control) 
5.93±0.06 a 34.51±0.67 ab 100.25±1.49 b 1.34±0.03 b 29.00±0.91 b 16.87±0.20 b Si 2.5 

6.60±0.21 a 35.76±0.25 a 96.25±2.05 bc 1.49±0.02 a 39.75±1.23 a 18.31±0.33 a Nano-Si 2.5 

2.25±0.25 d 26.50±0.34 e 98.75±1.10 b 0.27±0.03 f 16.75±0.85 d 10.00±0.54 e 0   
2.80±0.33 cd 29.14±0.41 d 89.75±1.84 cd 0.40±0.01 e 21.50±0.64 c 12.12±0.23 d Si 2.5 6.1 

3.23±0.27 c 31.80±0.59 c 84.25±2.25 d 0.64±0.03 c 23.37±0.37 c 13.65±0.64 c Nano-Si 2.5  

Field  
9.50±0.52 c 24.26±0.56 b 124.33±1.20 a 2.26±0.05 b 152.03±1.22 b 29.50±0.38 b 0   

18.93±0.59 b 28.13±0.31 a 123.33±0.88 a 2.68±0.06 a 158.58±2.66 b 30.83±0.44 b Si 2.5 1.1 

21.58±0.87 a 28.28±0.65 a 112.33±1.15 bc 2.83±0.08 a 197.13±3.13 a 35.91±0.30 a Nano-Si 2.5 (control) 
8.91±0.91 c 17.17±0.29 d 113.00±1.52 b 1.42±0.09 d 98.66±3.14 e 19.80±0.85 e 0   

19.35±0.37 b 20.63±0.49 c 105.00±3.24 c 1.62±0.10 cd 111.00±1.01 d 21.75±0.66 d Si 2.5 6.1 

19.58±0.88 ab 25.60±0.21 b 96.13±3.40 d  1.77±0.05 c 121.08±0.90 c 24.69±0.18 c Nano-Si 2.5  
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 Table 5. Effects of silicon (Si) and nano-Si on total phenols, total flavonoids, and the antioxidant activity of 

flowers and leaves of salt-stressed pot marigold (Calendula officinalis L.) under greenhouse and field conditions. 

Antioxidant 

activity of 

leaves (%) 

Total  

Flavonoids 

of leaves  

 (mg g DW-1) 

Total phenols  

of leaves  

(mg g DW-1) 

Antioxidant 

activity of 

flowers (%) 

Total  

Flavonoids 

of flowers 

(mg g DW-1) 

Total phenols  

of flowers  

(mg g DW-1) 

Foliar spray 

(mM) 

Salinity 

(dS m-1) 

Greenhouse   

50.57±0.78 d 1.00±0.03 d 9.71±0.18 e 50.01±0.21 e 0.21±0.01 d 5.22±0.15 e 0  

62.19±0.16 c 1.48±0.01 b 10.73±0.47 de 51.56±0.65 d 0.58±0.06 c 10.75±0.59 c Si 2.5 1.1 

64.88±0.52 ab 1.50±0.05 b 15.68±0.36 c 54.35±0.38 c 0.79±0.02 ab 11.02±0.32 c Nano-Si 2.5 (Control) 

61.60±1.15 c 1.19±0.01 c 11.24±0.83 d 61.94±0.39 b 0.47±0.04 c 9.16±0.34 d 0  

62.84±0.44 bc 1.54±0.04 ab 21.01±0.54 b 62.55±0.47 ab 0.70±0.03 b 13.00±0.10 b Si 2.5 6.1 

65.82±1.10 a 1.62±0.05 a 24.30±0.39 a 63.72±0.25 a 0.86±0.02 a 16.16±0.45 a Nano-Si 2.5  

Field   

52.21±2.47 d 1.33±0.12 d 10.40±0.39 e 57.50±1.32 c 1.27±0.02 e 7.49±1.06 c 0  

54.88±0.76 d 1.90±0.10 c 22.49±0.67 c 68.60±0.16 b 1.73±0.01 d 11.07±0.22 b Si 2.5 1.1 

71.01±1.58 b 2.28±0.08 b 23.50±1.37 bc 75.01±2.62 a 1.82±0.03 d 12.27±0.91 b Nano-Si 2.5 (Control) 

63.00±0.37 c 2.52±0.08 b 14.53±0.26 d 63.46±2.07 b 2.01±0.09 c 12.25±0.33 b 0   

70.62±0.74 b 3.02±0.09 a 26.67±1.00 ab 68.70±0.16 b 2.51±0.02 b 17.36±0.59 a Si 2.5 6.1 

84.24±0.83 a 3.25±0.04 a 28.33±0.97 a 80.05±2.36 a 3.01±0.06 a 18.41±0.35 a Nano-Si 2.5  

  Means in the columns followed by the same letter are not significantly different according to LSD test at P < 0.05. 
  The numbers following ± sign are the standard errors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1. Effects of silicon (Si) and nano-Si on flower dry weight of salt-stressed pot marigold (Calendula 

officinalis L.) under greenhouse and field conditions. Values followed by the same letter are not significantly 

different according to the LSD test at P < 0.05. Vertical bars indicate ± SE. S0 and S1: 1.1 (control) and 6.1 dS 

m-1, respectively. 
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DISCUSSION 

 

In this study, salinity reduced the vegetative parameters of calendula. However, foliar spray 

with Si and nano-Si was useful in alleviating the negative impacts of salt stress. Decreasing 

effects of salt stress on the vegetative parameters have been reported in various crops (Jaffel-

Hamza et al., 2013; Soundararajan et al., 2018; Kamran et al., 2019). The increase in growth 

with the use of Si has been reported in zinnia (Kamenidou et al., 2009), in cherry tomato 

(Haghighi & Pessarakli, 2013), in pot marigold (Bayat et al., 2013), and rice (Mahdieh et al., 

2015). Silicon probably improves plant growth under salinity stress conditions by increasing 

photosynthesis machinery and reducing respiration (Zhu et al., 2015; Ahmad et al., 2019). 

Moreover, the growth-promoting ability by applying Si may be due to the reduction in root 

Na uptake and, or its root-to-shoot transport in salt-stressed plants (Kafi et al., 2011; Khan et 

al., 2019). In this respect, Garg and Bhandari (2016) found that Si supplementation reduced 

the Na contents in the roots and the leaves of chickpeas (Cicer arietinum L.). Also, it has been 

shown that Si nanoparticles, by forming a layer on the root cell wall, can increase plant stress 

tolerance and improve crop yield (DeRosa et al., 2010). In this study, although the salinity of 

soil in the field experiment was higher than that in the greenhouse experiment, all the growth 

parameters measured in the field were higher than those recorded in the pot experiment. 

Similarly, Hamdi et al. (2019) demonstrated that although the salinity of irrigation water in 

the field experiment was higher than that in the greenhouse, the yield parameters of durum 

wheat grown in the field were higher than those in the greenhouse. A possible reason for 

higher growth and yield in the field conditions compared to the greenhouse can be attributed 

to greater soil depth, better root growth and expansion, higher light intensity, and greater 

access to water and nutrients (Arena et al., 2017; He et al., 2017).  

Salt stress negatively affected the flowering of pot marigold. However, foliar spray of Si 

and nano-Si improved these parameters. Kamenidou et al. (2010) reported that the application 

of Si increased the flower quality of gerbera. Bayat et al. (2013) also reported that application 

of Si improved the flower quality of salt-stressed calendula. The positive impact of Si on 

flowering may be due to its role in enhancing gibberellin levels, which was detected in wheat 

shoots (Hanafy Ahmed et al., 2008). Gibberellin stimulates flowering in many plant species 

through participation in floral induction and development (Jang et al., 2018).  

In our experiment, salt stress reduced the RWC of pot marigold leaves. Increased sodium 

concentration in plant tissues is a possible reason for the decrease in RWC of the leaves 

(Cicek & Cakirlar, 2002). The reduction in leaf RWC indicates a reduction in turgor pressure, 

which reduces water required for morphological and physiological processes such as cell 

elongation, stomatal opening, and photosynthesis (Acosta-Motos et al., 2017). The use of Si 

and nano-Si increased the leaf RWC under salt stress. Silicon facilitates water absorption and 

transport under osmotic stress conditions and increases the leaf RWC (Khan et al., 2019). In 

cucumber, Zhu et al. (2015) reported that Si supplementation increased root water uptake and 

RWC by stimulating root growth and root hydraulic conductance. Matoh et al. (1986) also 

demonstrated that Si supplementation maintained RWC in rice plants through the decrease in 

the transpiration rate of leaves.  

In this study, salinity increased the EL of leaf in accordance with the results of Bayat et 

al. (2012) in pot marigold. Increased EL indicates reduced membrane stability, which is 

probably the result of oxidative stress under saline conditions (Foyer, 2018). Bayat et al. 

(2013) found that Si supplementation reduced the EL of calendula under salt stress.  

In this study, salinity stress reduced the total chlorophyll content. Salt stress increases the 

ROS production in chloroplasts and reduces chlorophyll content (Haghighi & Pessarakli, 

2013). Various studies have shown the positive effect of Si on chlorophyll biosynthesis under 
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saline conditions. For example, Falouti et al. (2022) demonstrated that the use of Si reduced 

the negative effects of salinity stress on chlorophyll content and total biomass in barley. 

Increased total chlorophylls following the application of Si may be attributed to its role in 

preventing chlorophyll chain degradation (Bayat et al., 2013). In addition, the treatment with 

Si nanoparticles increased the activity of antioxidant enzymes in potato under saline 

conditions, thereby maintaining chlorophyll stability (Mahmoud et al., 2020).  

Based on the present results, salinity enhanced the total soluble sugars. The soluble sugars 

accumulate under environmental stress conditions and protect plants through osmosis 

regulation via continuous water influx, maintaining membrane and protein stability, and 

scavenging the ROS (Kumar et al., 2007; Turkan, 2011). Several studies have shown that Si 

supplementation can increase the salt resistance of different plants by regulating the synthesis 

of compatible solutes (Yin et al., 2013; Zhu et al., 2016). The accumulation of soluble sugars 

following the use of Si helps the plant to maintain metabolic activity by retaining water in 

their tissues under salinity stress conditions (Zhu et al., 2019).  

In this experiment, salinity increased the total phenols, total flavonoids, and antioxidant 

activity.  

Salt stress causes an increase in the ROS, which damages the membranes, proteins, and 

organelles (Foyer, 2018). Plants use enzymatic and non-enzymatic antioxidant systems to 

detoxify the ROS (Bayat & Moghadam, 2019). In current study, Si and nano-Si 

supplementation improved the antioxidant system of pot marigold under salinity. Similar 

results were reported on cucumber (Khoshgoftarmanesh et al., 2014), sunflower (Conceição et 

al., 2019), and Bellis perennis L. (Oraee & Tehranifar, 2023). Similarly, Ahmad et al. (2019) 

found that Si supplementation increased the activity of antioxidant enzymes in salt-stressed 

mung bean plants.  

The treatment of plants with nano-Si was more effective in alleviating the adverse effects 

of salt stress than Si in the studied traits. These results are in agreement with previous studies 

on maize (Suriyaprabha et al., 2012) and rice (Abdel-Haliem et al., 2017). Silicon 

nanoparticles are better adsorbed and transported by plants due to their smaller size (Abdel-

Haliem et al., 2017). Nano-Si has a larger surface area than its bulk material and therefore has 

higher solubility and reactivity (Monica & Cremonini, 2009).  

 

CONCLUSION 

 

The use of Si and nano-Si alleviates harmful impacts of salt stress on the morphological and 

physiological traits of calendula by increasing the activity of antioxidant systems, improving 

water relation, maintaining cell membrane integrity, and enhancing chlorophyll content. 

However, the positive effects of nano-Si were higher than that of Si in reducing the negative 

impacts of salinity in the greenhouse and field conditions, which can be used as an alternative 

source of Si fertilizer to help the sustainable farming of pot marigold.  
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