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 Nanoparticle foliar spray is a new and effective approach for 

improving seedling growth and survival under adverse 

conditions such as salt stress. The current study was conducted 

to investigate the impact of commercial silicon dioxide (SiO2), 

SiO2 nanoparticles  (SiO2 NPs), commercial chitosan (CS), CS 

nanoparticles (CS NPs) on growth, proline, antioxidant defense 

enzyme, and ions content in One-year-old for sour orange 

(Citrus aurantium, L.) and Volkamer lemon (Citrus 

volkameriana) rootstocks grown under salinity stress. Foliar 

spray of SiO2, SiO2 NPs, Chitosan, and Chitosan NPs with a 

concentration of 50 ppm was applied at two NaCl 

concentrations (0, 50 mM). Vegetative growth, including plant 

height, stem diameter, leaf area, roots, and total fresh and dry 

weights, were determined. The findings demonstrated that 

salinity adversely affected plant growth. Salt-stressed plant 

leaves exhibited a greater activity of peroxidase (POD) and 

proline content when compared to the control treatment. Na+ 

and Cl- ions accumulated in leaves of salinized plants. Nano-

Silicon dioxide and Nano-chitosan achieved a significantly 

increased of full vegetative growth parameters and antioxidant 

defense enzyme. Nano treatments decreased Na+ and Cl- ions 

content in the leave tissue. As a result, both SiO2 NPs and CS 

NPs are employed as part of a combined approach to increase 

the growth indices of citrus plants, especially achieving a 

significant impact in alleviating salinity stress. 
College of Agriculture and Forestry, University of Mosul.   

This is an open access article under the CC BY 4.0 license (https://magrj.mosuljournals.com/ ).   

      

INTRODUCTION 
Among all abiotic stress criteria, salinity stress is an emerging environmental 

problem that endangers global food security by stunting plant growth, altering ion 

ratios, degrading chlorophyll, and disrupting stomatal function [1,2]. In addition, 

plant metabolisms may be severely disrupted by oxidative damage to lipids and 

proteins when cultivated in saline conditions [3]. There is evidence that cells under 

salinity stress produce more internal reactive oxygen species (ROS), namely hydroxyl 

and superoxide radicals. Plants have evolved various defensive mechanisms to 

combat this oxidative stress, including antioxidant enzymes that remove harmful 

reactive oxygen species  [4,5.]  

Citrus is one of the most significant economic crops. Fifty different nations 

now cultivate it for profit, making it one of the world's most widely produced fruit 

crops. Different types of citrus trees and rootstocks have varying tolerance to salty 
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conditions. Rootstocks' salt resistance was measured by their ability to exclude 

chloride and sodium  [6 .]  

Numerous strategies have been devised to alleviate the detrimental impacts of 

salt on plants including chemical primers, plant breeding and microorganisms. Most 

recently, natural polymers and metal oxides-based nanostructured materials such as 

nano chitosan [7], ZnO nanoparticles [8], SiO2 nanoparticles [9], TiO2 nanoparticles 

[10] have been developed as safe and efficient materials for improving salt stress 

tolerance to counteract the effects of abiotic stressors like salinity  [11,12 .]  

Chitosan is a naturally occurring cationic polysaccharide that has attracted 

significant attention as a bio-stimulant for its potential to increase the growth and 

yield of agricultural crops [13,14,15,16]. Chitosan has been introduced to boost 

germination rate, vegetative development, shoot height, and seedling vigor, in 

addition to having antifungal, antibacterial [17], and antiviral activities [18]. 

Consequently, chitosan substantially impacts many crops species' germination, 

maturation, and blooming [13,19,20]. In addition to chitosan's inherent qualities, 

nano-chitosan has traits such as surface and interface effect, tiny size, and great 

diffusion impact [21]. The ionic gelation process is the most common approach to 

making nano-chitosan, and hence it is the one that is utilized here. The procedure's 

ease and the fact that little or no shear power is required to accomplish the desired 

result contribute to the method's widespread acceptance. In compared to liquid 

priming, solid matrix priming is a novel, effective, and considerably more favorable 

technique. 

One of the many promising Nanomaterials with potential use in contemporary 

farming is nano-silicon dioxide (SiO2 NPs). Although it is not regarded as a vital 

nutrient, silicon dioxide is involved in many metabolic processes that help plants 

better endure environmental challenges, including drought and salinity stress. 

Moreover, silicon's benefits include reducing the stress caused by nutritional 

deficiencies and increasing the growth, development, and production of a wide range 

of plant species [22,23]. Tolerance to cold, freezing, salt and drought increases, cell 

membranes are protected from metal toxicity, oxidative and phenolic browning are 

avoided, and organogenesis and embryogenesis are facilitated [24,25,26,27]. In 

addition, applying SiO2 to other crops improved photosynthesis, boosted vegetative 

growth and total dry output, decreased sodium (Na+) and chloride (Cl-) buildup, and 

boosted potassium content [28,29,30]. Several studies found that the presence of 

Nano silicon or silicon dioxide reduced the negative effects of salt stress and 

dramatically boosted photosynthetic contents, including chlorophyll a, b and total 

chlorophyll  [31 .]    

Herein, chitosan, nano chitosan, silica and nanosilica have been utilized as 

eco-friendly and effective materials for high-performance Sour orange and Volkamer 

lemon under harsh conditions such as salinity stress. The nano-silica and nano-

chitosan demonstrated an effective and robust approach for mitigating nutrient 

imbalance stress and enhancing tolerance to salinity. Therefore, this research 

examined whether nanosized, monodisperse silicon dioxide and chitosan particles 

may mitigate the negative effects of high sodium chloride (NaCl) on two citrus 

rootstocks. 
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MATERIALS AND METHODS 

Plant materials and growth conditions 
In this experiment, one-year-old rootstocks of sour orange (Citrus aurantium, 

L.) and Volkamer lemon (Citrus volkameriana) were utilized. These seedlings were 

headed in the glasshouse of The City of Scientific Research and Technological 

Applications in Borg El-Arab region. The experimental plants were singly planted in 

black polyethylene bags, filled with about two kilograms of mixed sandy and clay 

loam soil. Before the commencement of different salinity and compound treatments, 

tap water irrigated plants twice a week. Forty citrus seedlings from two experimental 

rootstocks, as uniform as possible in size and length, were used. The experimental 

plants were arranged in a Split-Split- Plot Design, with four replicates for each 

treatment. Thus, 80 plants (2 rootstocks x 2 salinity levels x 5 compounds treatments 

x 4 replicates) were used in this investigation. The selected seedlings were divided 

into two groups; each group of 40 plants received one of either salinity treatment: 0 

(Tap water; control) and 50 mM NaCl. Salinity treatments were achieved by 

irrigating each seedling twice a week with 500 ml/ seedling for three months. 

Treatments as a foliar spray: (i) Control, (ii) Silicon in normal size, (iii) Silicon in 

nanoparticles size (Nano-Si), (iv) Chitosan in normal size and (v) Chitosan in 

nanoparticles (Nano-chi) size . 

During the two seasons, the following parameters were measured: The 

different parameters describing the vegetative growth of the plants, Leaf proline 

content, Leaf mineral composition (N, P, K, Ca, Mg, Na, Cl) and activity of 

antioxidant defense enzymes. Statistical analysis will be carried out as a split-split 

plot design. 

 

Nanomaterials preparations 

Synthesis of Nano-chitosan 

Chitosan nanoparticles (CS NPs) were synthesized by an ionic gelation 

technique involving sodium tripolyphosphate (TPP). Typically, 200 mg of Chitosan 

powder was dissolved in 400 mL deionized water and 2 mL of acetic acid at room 

temperature using vigorous magnetic stirring. With constant stirring, 100 mL of 

sodium tripolyphosphate solution with a concentration of (0.75 mg mL-1) was added 

dropwise to the chitosan solution. The obtained nano-chitosan suspension was 

centrifuged for 10 minutes at 8000 rpm [32]. The precipitated nano-chitosan was 

frozen for 24 hours at 40 °C to solidify thoroughly before being vacuum freeze-dried 

for 48 hours. 

 

 Synthesis of Nano-Silica  
The sol-gel technique was used to create silica nanoparticles (SiO2 NPs) using 

tetraethyl orthosilicate (TEOS). In particular, 20 mL of TEOS was dropped into a 

combination of 75 mL of ethanol and 10 mL of distilled water, followed by 2 mL of 

ammonium hydroxide, which was gently dropped into the solution and agitated for 

3 hours at room temperature [33]. The ultrafine white precipitate was recovered by 

centrifuging it at 8000 rpm for 10 minutes, washing it multiple times with 

ethanol/water to remove unreacted organic compounds, and drying it overnight at 80 

oC in a vacuum oven. 
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Growth parameters 

 Total plant growth was calculated when the experiment was completed. Stem 

diameter was measured and the Leaf surface area was calculated. The roots and total 

fresh and dry weights were measured. In order to determine the root and total dry 

weights, the plants were separated, their leaves, stems, and roots meticulously split, 

and then dried in an oven at 80 oC for 2 days. 

 

Activity of antioxidant defense enzyme and Leaf proline content 

Based on [34], the spectrophotometer has been utilized to determine the 

proline 0.5 g of the plant sample was extracted in 5% sulfosalicylic acid and 

centrifuge at 12,000 rpm for 10 min. Mixture solution of 2 mL of ninhydrin, and 2 

mL of glacial acetic acid added to the diluted supernatants and heated for 1h at 100 

oC then cooled to room temperature . 

The mixture was subjected to 4 mL of toluene, and the spectrophotometric 

reading of the supernatant aqueous phase was taken at 520 nm . 

Fresh leaf samples were tested for peroxidase activity using the following 

procedure. Typically, 3 mL of the mixture solution containing 25 mmol L-1 

phosphate buffer (pH 6.8), 10 mL enzyme extract, 20 mmol L-1 guaiacol, and 40 

mmol L-1 H2O2. After adding H2O2 the reaction was monitored by measuring the 

absorbance at 470 nm for 2 minutes. 

 

Leaf mineral 

According to the method described by [35], 0.1 gm of digested dried 

powdered material from each plant's leaf tissue with H2SO4 and H2O2, we were 

able to determine the concentrations of the individual mineral elements. The 

modified Kjeldahl technique was used to predict the total N content of the leaves 

(Peach and Tracy, 1955). According to the methods given by [36] using a 

spectrophotometer (Unico, Model UV2150, Dayton, NJ, USA), total P was 

calculated in this digested solution. The K and Na levels in plants were measured 

with a flame photometer (Systonic, Model S-935, Haryana, India) [36], and the Ca 

and Mg levels were measured with a Perkin Elmer atomic absorption 

spectrophotometer. Cl levels were evaluated using Jackson and Brown's method 

[37.]  

 

Statistical analyses 

For this experiment, we employed a split-split-plot layout, with the rootstocks 

serving as the main plots, the salt levels serving as the subplots, and the treatments 

serving as the sub-subplots. Using SPSS, V.18 PASW, we performed an analysis of 

variance (ANOVA) on the data we collected from the various salinity levels and 

treatments in both 2020 and 2021. Treatment differences were determined using the 

Least Significant Difference (LSD) at the 0.05 level of significance. 

 

RESULTS & DISCUSSION 

Fourier Transform Infrared (FTIR) Spectra analysis 

FT-IR spectrum in Fig. 1 (a) shows the typical characteristics bands for both 

bulk commercial silica and SiO2 NPs. In case of commercial SiO2 bulk structure, 

four distinct bands at 474 cm−1 corresponding stretching vibration peak Si-O-Si, Si-



Mesopotamia Journal of Agriculture, Vol. 51, No. 2, 2023 (147-166) 

151 

OH band at 951 cm−1, Si-O-Si bending at 1102 cm−1 and broad band of O-H 

hydroxyl group at 3420 cm−1. For the fabricated SiO2 NPs, the FTIR plot reflects 

identical characteristics bands commercial SiO2 confirming successful fabrication 

SiO2 NPs furthermore the lower intensity may be attribute to ultrafine amorphous 

structure of silica nanoparticles [33,38]. As shown in Fig (b), FTIR plot for the 

commercial chitosan and the fabricated nanochitosan. Five distinct bands can be 

observed for the commercial bulk chitosan such as C-O-C at 1095 cm−1, C-N 

stretching vibrations band located at 1426 cm−1, band at 1426 cm−1 corresponds to 

(bending vibrations N-H), the band at 2876 cm−1 related to (C-H stretching) and 

broad bands for overlapping two functional groups of O-H and NH at 3457 cm−1 

[7,39]. For the prepared Chitosan nanoparticles, the FTIR demonstrated typical bands 

which indicating successful fabrication process of pure chitosan nanoparticles 

without impurities [40,41]. The high intensity bands of the fabricated chitosan 

nanoparticles reflecting better crystalline structure of nanoparticles compared to 

commercial polymer of chitosan. 

 
Figure (1): (a, b) FTIR for the commercial and synthesized nanomaterials. 

 

Morphological Performance 

Our analysis revealed that salinity stress using NaCl concentration of 50 mM, 

and (SiO2, SiO2 NPs, chitosan and CS NPs) materials treatments significantly 

affected the morphological of citrus rootstocks (Tables 1 and 2). Irrigation with 50 

mM NaCl significantly decreased all morphological parameters including; plant 

length, leaf area, stem diameter, Lateral branches number, root and plant fresh weight 

and root and plant dry weight in both seasons. Among all fabricated materials, SiO2 

NPs have remarkable impact for alleviating salinity stress which achieved the highest 

leaf area, stem diameter and fresh and dry weight of plant (28.91, 10.75 70.00, 46.25 

respectively) in sour orange rootstock in 2020 season whereas, Volkamer lemon 

rootstock (17.73, 7.28 ,40.00, 25.00 respectively) under 50 mM NaCl salinity stress. 

In addition, NaCl treatment drastically inhibited root growth (Fig. 4). Both the fresh 

and dry root weights dropped dramatically after irrigation with 50 mM NaCl. 

Whereas, the highest plant length, fresh and dry weight of roots were observed with 

nano chitosan (95.38, 27.50, 16.75, respectively) in sour orange rootstock in 2020 

season whereas, Volkamer lemon rootstock (94.13, 30.00, 15.00, respectively). 

However, the sour orange rootstock revealed significant increase in all treatments 

with nanomaterials. 

 

 

(a) (b)
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Table (1): Means of the growth parameters of sour orange and Volkamer lemon 

during 2020 and 2021 seasons in response to foliar normal, nano-sized silicon, normal 

and nano-sized chitosan treatments under salinity stress conditions. 

Rootstock 

Salinity 

Levels 

(mM) 

Treatments 
Leaf area(cm2) Plant length(cm) 

Stem diameter 

(mm) 
growth number 

2020 2021 2020 2021 2020 2021 2020 2021    

sour 

orange 

0 

Control 

26.100 

a 
21.125a 76.450d 76.900d 9.950a 6.730a 5.500a 2.400b 

50 
18.275 

a 
18.425a 74.925d 77.675d 9.587a 7.425a 6.750a 2.850b 

0 

Silicon 

26.325 

a 
26.912a 84.475c 84.000c 10.650a 8.786a 6.000a 4.350b 

50 
19.300 

a 
28.120a 85.012c 79.000c 9.850a 7.983a 7.625a 3.700b 

0 
Nano-Si 

31.300a 30.000a 89.462b 88.060b 11.462a 9.676a 8.125a 5.550ab 

50 28.912a 20.775a 85.377b 88.985b 10.750a 7.993a 8.375a 4.550ab 

0 

Chitosan 

28.275 

a 
25.500a 86.525b 92.640a 10.200a 8.950a 8.250a 7.250a 

50 
20.000 

a 
26.715a 87.550b 92.070a 9.975a 8.910a 9.250a 5.300a 

0 

Nano-chi 

28.375 

a 
21.750a 92.825a 93.645a 10.300a 8.216a 9.625a 7.150a 

50 
22.825 

a 
24.950a 95.382a 93.660a 10.362a 9.478a 8.875a 5.700a 

Volkamer 

lemon 

 

0 

Control 

15.650a 22.100a 69.223d 75.575b 6.987a 7.008a 6.375a 3.450b 

50 
14.750 

a 
19.300a 71.745d 73.655b 7.037a 7.635a 6.250a 2.900b 

0 

Silicon 

20.425 

a 
26.850a 84.162c 86.935c 7.812a 8.565a 7.750a 4.600b 

50 
14.300 

a 
24.175a 83.455c 83.575c 7.450a 8.448a 7.125a 3.200b 

0 
Nano-Si 

18.222 

a 
24.575a 85.205b 92.225b 7.200a 7.634a 6.375a 4.500b 

50 17.725a 24.175a 92.662b 84.985b 7.275a 8.911a 7.250a 3.800b 

0 
Chitosan 

18.875a 25.650a 86.517b 92.435a 7.437a 8.171a 9.000a 3.500a 

50 16.800a 24.325a 93.017b 93.635a 7.487a 8.605a 7.750a 4.500a 

0 
Nano-chi 

22.050a 26.100a 89.830a 92.705a 7.225a 9.395a 8.250a 6.500a 

50 17.025a 29.400a 94.127a 96.530a 7.975a 8.172a 6.625a 5.050a 

LSD  0.056 0.138 .074 0.168 0.320 0.128 0.052 0.121 

Means with the same letter are not significantly different according to the least significant difference 

LSD at 0.05 levels. 
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Table (2): Means of the growth parameters of sour orange and Volkamer lemon 

during 2020 and 2021 seasons in response to foliar normal, nano-sized silicon, normal 

and nano-sized chitosan treatments under salinity stress conditions. 

Rootstock 

Salinity 

Levels 

(mM) 

Treatments 
Root fresh weight 

(g/plant) 
Root dry weight 

(g/plant) 
 Plant fresh weight 

(g/plant) 
 Plant dry weight 

(g/plant) 

2020 2021 2020 2021 2020 2021 2020 2021    

sour 

orange 

0 
Control 

20.000 b 16.725ab 9.000 b 5.200ab 51.250 d 33.850ab 40.000 

b 
14.500ab 

50 
22.500 b 15.075 

ab 
12.500 b 6.625 ab 45.000 d 35.275ab 30.000 

b 
15.850 

ab 

0 
Silicon 

21.500 b 19.025ab 10.000 b 11.100ab 66.250bc 48.275b 51.250 

a 
21.700ab 

50 
25.000 b 25.732ab 12.500 b 7.625ab 60.000 

bc 
35.925 b 40.000 

a 
16.575ab 

0 
Nano-Si 

24.500 b 25.825b 10.000 b 10.425ab 80.000 a 51.550b 57.500 

a 
23.950ab 

50 
27.500 b 34.725 b 13.750 b 7.600ab 70.000 a 42.725b 46.250 

a 
19.700ab 

0 
Chitosan 

20.750 b 27.300a 11.000 b 10.175a 61.250c 62.500a 45.000 

a 
25.250a 

50 
25.000 b 29.875a 14.250 b 12.575a 60.000 c 50.925a 42.500 

a 
23.400a 

0 
Nano-chi 

28.750 a 19.175b 14.000 a 8.925b 65.000 

ab 
46.600b 43.750 

a 
21.100b 

50 
27.500 a 15.650 b 16.750 a 15.650 b 72.500 

ab 
65.625 b 47.250 

a 
32.050 b 

Volkamer 

lemon 

 

0 
Control 

20.000 b 9.825 ab 11.250 b 5.000ab 35.000d 26.575b 21.000 

b 
13.275ab 

50 
16.250 b 12.775ab 9.000 b 5.325ab 30.000 d 31.700ab 18.000 

b 
15.075ab 

0 
Silicon 

28.750 b 17.775b 15.250 b 6.950ab 40.000 

bc 
40.475b 26.250 

a 
17.900ab 

50 
17.500 b 17.100b 12.500 b 7.375ab 40.000 

bc 
38.700b 23.250 

a 
18.000ab 

0 
Nano-Si 

25.000 b 16.325 b 13.000 b 7.000ab 43.750 a 44.475ab 22.500 

a 
21.000ab    

50 
20.000 b 18.200b 9.500 b 8.475ab 40.000 a 42.650b 25.000 

a 
21.125ab 

0 
Chitosan 

20.000 b 12.200a 12.750 b 6.275a 52.500 c 31.200a 33.000 

a 
16.200a 

50 
22.500 b 27.125a 10.000 b 10.700a 30.000 c 57.525a 18.500 

a 
25.600a 

0 
Nano-chi 

20.000 a 13.525b 12.000 a 6.400 53.750 

ab 
36.800b 33.500 

a 
17.500b 

50 
30.000 a 16.175b 15.000 a 6.650 33.750 

ab 
34.900b 26.500 

a 
15.625b 

Means with the same letter are not significantly different according to the least significant difference 

LSD at 0.05 levels. 

 

Mineral composition 

The nutrient uptake by both rootstocks was analysed in the leaf. Under salinity 

conditions, although there were no significant differences, the leaf content including 

N, P, K, Ca and Mg element demonstrated a decrease in sour orange rootstock in both 

season (Table 3). On the other hand, the leaf content of N, P, K, Ca and Mg in 

Volkamer lemon rootstock revealed slight increase. Exceptional improvements in 

nitrogen contents under salt stress was observed with SiO2-NP treatment for both 
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rootstocks in the two seasons. Whereas, the highest P, K, Ca and Mg under the 50 

mM NaCl were depicted with nano-chitosan. Generally, The Na+ and Cl- 

concentrations in the leaves rose dramatically as salt stress intensified (Tables 4). The 

highest Na+ content significantly decreased in the leaves following nano-silicon 

treatment under salinity stress. On the other hand, when leaves were treated with nano 

silicon, Cl- content dropped dramatically over both growing seasons. 

 

Proline and peroxidase 

Citrus rootstocks raised under NaCl stress have a higher proline content, as 

shown in (Fig. 2). The rootstocks treated with nano chitosan showed the greatest 

proline content in both growing seasons. When subjected to salt stress, Volkamer 

lemon rootstock fared better than sour orange rootstock. Nevertheless, the Volkamer 

lemon rootstock showed substantial growth after exposure to any nanomaterial 

treatments. 

Table (3): Means of leaf nitrogen (N), phosphorus (P), potassium (K), calcium (Ca) 

and magnesium (Mg) of sour orange and Volkamer lemon during 2020 and 2021 

seasons in response to foliar normal, nano-sized silicon, normal and nano-sized 

chitosan treatments under salinity stress conditions. 

In both seasons, leaf peroxidase activities rise significantly in response to salt 

stress (Fig. 3). For both rootstocks, nano chitosan treatment resulted in the maximum 

peroxidase activity over both growing seasons. Volkamer lemon rootstock performed 

better than sour orange rootstock when subjected to salt stress. The Volkamer lemon 

rootstock, however, showed substantial growth after being exposed to any of the 

nanomaterial treatments. 
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Table (4): Means of leaf sodium content (Na) leaf chloride content (Cl) of sour orange 

and Volkamer lemon during 2020 and 2021 seasons in response to foliar normal, 

nano-sized silicon, normal and nano-sized chitosan treatments under salinity stress 

conditions. 
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Figure (2): Impact of (CS NPs), SiO2 NPs, foliar normal silicon, and chitosan on proline content   of 

sour orange and Volkamer lemon during 2020 and 2021 seasons under salinity stress conditions. 

According to the least significant difference LSD, means that share the same letter are not different 

from one another at the 0.05 level of significance. Vertical bars indicate the mean ± SE. 
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Fig. 3. Effect of CS NPs, SiO2 NPs, foliar normal silicon, and chitosan on peroxidase of sour orange 

and Volkamer lemon during 2020 and 2021 seasons under salinity stress conditions. The Least 

Significant Difference (LSD) at the 0.05 level indicates that means sharing a letter do not vary 

statistically. The vertical bars represent the mean ± SE. 
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Figure (4): Phenotypic effects (CS NPs), SiO2 NPs, foliar normal silicon and chitosan on sour orange 

and Volkamer lemon during 2020 season. a. Volkamer lemon with 0 mM NaCl; b. Volkamer lemon 

with 50 mM NaCl; c. sour orange with 0 mM NaCl; d, sour orange with 50 mM NaCl. 

 

Plants are profoundly affected by salinity stress. While several studies have 

considered how salinity and silicon (Si) interact in higher plants, few investigations 

are introduced how Nano-silicon treatment can help reduce salt stress damage in 

citrus rootstocks. In this analysis, we compared the effectiveness of CS NPs and SiO2 

NPs in protecting citrus rootstocks from the harmful effects of salt stress. Growth 

rate, leaf area, stem diameter, number of growths, root, and plant fresh weight, and 

root and plant dry weight were all negatively impacted by salinity in the present 

research (Tables 1 and 2). Zayed et al., 2017 reported that plants with nano-chitosan 

under salinity stress led to high significant increase in value of salt tolerance index 

for all growth indices (plant height, leaf area and fresh and dry weight of shoot and 

root) [42].  It can be attributed to a drop in N, P, and K content with increasing leaf 

salt content (Tables 3 and 4). Reduced plant growth and morphology are a result of 

salt stress's influence on photosynthesis, antioxidant responses, proline metabolism, 

and osmolyte build up [43,44]. Several pathways are triggered in plants in response 

to saline stress, making them more resistant to the effects of salt . 

Increased reactive oxygen species (ROS) scavenging has been identified as 

one of the most prominent indicators of oxidation caused by saline stress [45,46]. 

This is facilitated by pathways including the upregulation of certain osmotic 

substances like proline and the continued upregulation of osmotic pressure and 

interactions of cells' oxygen-oxidizing [47]. Which agrees with the current 

investigation results (Table 3 and Figures 2 and 3). Numerous previous studies have 

examined whether or not SiO2 may mitigate oxidative damage in plants [48,49,50]. 

Previous works has shown that silicon is essential for maintaining the integrity of the 

cell wall and reducing cellular damage and toxicity in a variety of crops, including 

bananas [28,51] and strawberries, sunflowers, maize, and grapes [52,53,54,55,56]. 

The role of SiO2 in citrus has only been studied by a few researchers thus far. To 

further understand how SiO2 NPs mitigate salt stress on citrus rootstocks, we 



Mesopotamia Journal of Agriculture, Vol. 51, No. 2, 2023 (147-166) 

159 

conducted the present investigation. After being watered with NaCl solution, citrus 

rootstocks decreased their mineral content dramatically. Under conditions of osmotic 

stress, plant water absorption decreases drastically. Various cellular processes, 

including metabolic rate, cellular development, and stomatal activity, are affected by 

these shifts in water balance [57]. Additionally, Na+ and Cl- toxicity hinders citrus 

plants' capacity to absorb carbon dioxide, severely slowing photosynthesis and 

disturbing the electron transport chain (Piero, 2020). Salt accumulation in the 

cytoplasm may inhibit glucose-metabolizing enzymes, much as it does in the 

chloroplasts, where it can slow down photosynthesis. In addition, dehydration of cells 

may result from salt build up in the apoplast  [58.]  

Our findings demonstrate that citrus rootstocks' vegetative growth rate, fresh 

and dry weight for both root and plant, N, P, K, Ca, and Mg are all significantly 

increased after acquiring a foliar spray containing SiO2 NP and CS NPs, confirming 

nano-treatment results in reduced salt-induced osmotic stress. Applying the SiO2 NPs 

influences the activity of antioxidant enzymes [22,27,59] and nonenzymatic 

antioxidants [60]. Redox homeostasis is also controlled by silica [57]. Our findings 

reflect that the SiO2 NPs treatment increased the total antioxidant capacity and 

controlled plants' total soluble protein level. A cascade of physiological, 

pharmacological, and transcriptional changes occurs in response to Si, which 

alleviates salt stress's effects. Protein, lipid, and carbohydrate metabolism, as well as 

the adsorption and transport of metal ions and the creation of cell walls, are all under 

its control [57].  Under salt stress, proline functions as an osmolyte in plant cells, 

reducing oxidative damage and promoting growth  [61,62].The proline content 

revealed a significant decreased after the SiO2 NPs treatment compared to the control 

treatments. This decline may result from SiO2's inductive influence on other 

antioxidants, which reduces oxidative stress in the plant cell. After subjecting the 

leaves to Si treatments, we observed a Na+ and Cl- levels reduction. Among the 

several mechanisms that contribute to salt tolerance, the regulation of cytosolic Na+ 

concentration is important. The tolerant plants had a reduced rate of Na+ inflow into 

the cytosol and a higher rate of Na+ sequestration in the vacuole [58]. Root vacuolar 

Na+ sequestration under NaCl stress regulates cellular water potential and promotes 

water uptake by hairy roots [63]. Application of CS NPs reflected in more plant 

growth than that was observed in the control group. Chitosan's ability to activate some 

hormone signalling pathways, including those for auxin and gibberellins [64], as well 

as its regulation of several metabolic processes, likely account for its growth-

promoting activity. When it comes to protecting themselves from damage caused by 

reactive oxygen species (ROS), plants have developed many different defensive 

mechanisms, one of the most notable being the metabolism of antioxidants [65]. In 

the present investigation, salt boosted the antioxidant enzyme peroxidase activity, and 

CS NPs treatment boosted it even more (Fig. 3). Enzymatic antioxidants are essential 

to plant responses against numerous abiotic stressors due to their principal function 

as scavengers of reactive oxygen species (ROS) [66,67,68]. While peroxidase activity 

was likely elevated in salinity-stressed plants, this may not have been enough to shield 

the plants from ROS and prevent the negative consequences of the salt. In this 

experiment, CS NPs administration also caused significant peroxidase activity. 
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CONCLUSIONS 

The study of nanotechnology, which is still relatively new and novel, has a lot 

of potential for lessening biotic and abiotic plant stress. In the present study, the 

beneficial role of nano-silicon and nano-chitosan application, in alleviating the 

adverse effect of salinity stress on osmotic adjustment and antioxidant systems in 

citrus rootstock is well not documented. Our research on plants exposed to NaCl 

stress conditions revealed that nanomaterials have a key role in regulating several 

physiological functions and morphology. Plants' ability to absorb nitrogen, 

phosphorus, potassium, calcium, and magnesium from nanomaterials improved 

dramatically. However, under salt stress, the leaves Na+ and Cl- content increased 

dramatically. The recent research helped shed light on the precise function of 

nanomaterials in promoting plant development despite salt stress. This information 

may be useful in finding ways to enhance citrus plant development when under salt 

stress. The present research results should be relevant in formulating optimal 

management strategies to improve citrus' resistance to stress. 
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تأثير النانو السيليكون والنانو الشيتوزان على النمو ، ومحتوى الأيونات ، والإنزيم الدفاعي المضاد 
 للأكسدة لاثنين من جذور الموالح تحت ظروف الملوحة

 
 2وليد محمد الحنفي فكري1,  1,احمد محمد عبده عيس 1هدي علي عبد المحسن خليل ،1مريم كامل محمد صهبي
 جامعة الإسكندرية –(الشاطبى (كلية الزراعة   –قسم الفاكهة  1

 التكنولوجيةقسم الإنتاج النباتي ، معهد بحوث زراعة الأراضي الجافة ، مدينة البحث العلمي والتطبيقات 2 

 
 الخلاصة

ان دراسة تقنية النانو ، والتي لا تزال واعده ولديها الكثير من الإمكانات لتقليل إجهاد النبات الحيوي وغير الحيوي. ، 

حتى الان لم يتم التطرق الى الدورالمفيد لتطبيق النانو شيتوزان والنانو سيليكا في التخفيف من التأثير الضار لإجهاد 

اصول الموالح. اظهر بحثنا على النباتات المعرضة لظروف إجهاد كلوريد الصوديوم أن المواد النانوية لها الملوحة في 

دور رئيسي في تنظيم العديد من الوظائف الفسيولوجية والمورفولوجية. تحسنت قدرة النباتات على امتصاص النيتروجين 

د النانوية بشكل كبير. ومع ذلك ، تحت ضغط الملح ، زاد محتوى والفوسفور والبوتاسيوم والكالسيوم والمغنيسيوم من الموا

بشكل كبير. ساعد البحث في إلقاء الضوء على الوظيفة الدقيقة للمواد النانوية في تعزيز النبات على  Cl و  Na الأوراق
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تحت ضغط الملح. يجب  الرغم من إجهاد الملح. قد تكون هذه المعلومات مفيدة في إيجاد طرق لتعزيز نمو نباتات الموالح

 أن تكون نتائج البحث الحالية ذات صلة في صياغة استراتيجيات الإدارة المثلى لتحسين مقاومة الموالح  للإجهاد.

 النانو سيليكون ،النانو شيتوزان ،النمو ،إجهاد الملوحة ، أصول الموالحلكلمات المفتاحية: ا
 

REFERENCES 

]1[ M.A. El-Esawi, A.A. Alayafi, Overexpression of rice Rab7 gene improves 

drought and heat tolerance and increases grain yield in rice (Oryza sativa L.)، 

Genes (Basel). 10 (2019) 56. https://doi.org/10.3390/genes10010056  

]2[ M. Haghighi, S. Khosravi, S. Sehar, I.H. Shamsi, Foliar-sprayed calcium-

tryptophan mediated improvement in physio-biochemical attributes and 

nutritional profile of salt stressed Brassica oleracea var. italica, Sci. Hortic. 

(Amsterdam). 307 (2023) 111529. 

https://doi.org/10.1016/j.scienta.2022.111529  

]3[ A.A. Elkelish, T.S. Alnusaire, M.H. Soliman, S. Gowayed, H.H. Senousy, S. 

Fahad, Calcium availability regulates antioxidant system, physio-biochemical 

activities and alleviates salinity stress mediated oxidative damage in soybean 

seedlings, J. Appl. Bot. Food Qual. 92 (2019) 258–266. 

https://doi.org/10.5073/JABFQ.2019.092.036  

]4[ N. Loutfy, Y. Sakuma, D.K. Gupta, M. Inouhe, Modifications of water status, 

growth rate and antioxidant system in two wheat cultivars as affected by 

salinity stress and salicylic acid, J. Plant Res. 133 (2020) 549–570. 

]5[ H.A. Khalil, D.O. El-Ansary, Z.F.R. Ahmed, Mitigation of Salinity Stress on 

Pomegranate (Punica granatum L. cv. Wonderful) Plant Using Salicylic Acid 

Foliar Spray, Horticulturae. 8 (2022). 

https://doi.org/10.3390/horticulturae8050375  

]6[ H.A. Khalil, A.M. Eissa, S.M. El-Shazly, A.M. Aboul Nasr, Improved growth 

of salinity-stressed citrus after inoculation with mycorrhizal fungi, Sci. Hortic. 

(Amsterdam). 130 (2011) 624–632. 

https://doi.org/10.1016/j.scienta.2011.08.019  

]7[ S.K. Sen, D. Chouhan, D. Das, R. Ghosh, P. Mandal, Improvisation of salinity 

stress response in mung bean through solid matrix priming with normal and 

nano-sized chitosan, Int. J. Biol. Macromol. 145 (2020) 108–123. 

https://doi.org/10.1016/j.ijbiomac.2019.12.170  

]8[ N.M. Youssef, Z.F. Ghareeb, A.I. Ali, L.S. Taha, Mitigation of salinity stress 

on in vitro growth of Eustoma grandiflorum using zinc nanoparticles, Plant 

Arch. 2 (2020) 4547–4554. 

]9[ L.M. Mahmoud, A.M. Shalan, M.S. El-Boray, C.I. Vincent, M.E. El-Kady, 

J.W. Grosser, M. Dutt, Application of silicon nanoparticles enhances oxidative 

stress tolerance in salt stressed ‘Valencia’ sweet orange plants, Sci. Hortic. 

(Amsterdam). 295 (2022) 110856. 

https://doi.org/10.1016/j.scienta.2021.110856  

]10[ T. Shah, S. Latif, F. Saeed, I. Ali, S. Ullah, A.A. Alsahli, S. Jan, P. Ahmad, 

Seed priming with titanium dioxide nanoparticles enhances seed vigor, leaf 

water status, and antioxidant enzyme activities in maize (Zea mays L.) under 

salinity stress, J. King Saud Univ. 33 (2021) 101207. 

https://doi.org/10.3390/genes10010056
https://doi.org/10.1016/j.scienta.2022.111529
https://doi.org/10.5073/JABFQ.2019.092.036
https://doi.org/10.3390/horticulturae8050375
https://doi.org/10.1016/j.scienta.2011.08.019
https://doi.org/10.1016/j.ijbiomac.2019.12.170
https://doi.org/10.1016/j.scienta.2021.110856


Mesopotamia Journal of Agriculture, Vol. 51, No. 2, 2023 (147-166) 

162 

]11[ H. Etesami, H. Fatemi, M. Rizwan, Interactions of nanoparticles and salinity 

stress at physiological, biochemical and molecular levels in plants: A review, 

Ecotoxicol. Environ. Saf. 225 (2021). 

https://doi.org/10.1016/j.ecoenv.2021.112769  

]12[ A.A. Feregrino-Perez, E. Magaña-López, C. Guzmán, K. Esquivel, A general 

overview of the benefits and possible negative effects of the nanotechnology 

in horticulture, Sci. Hortic. (Amsterdam). 238 (2018) 126–137. 

https://doi.org/10.1016/j.scienta.2018.03.060  

]13[ R. Pichyangkura, S. Chadchawan, Biostimulant activity of chitosan in 

horticulture, Sci. Hortic. (Amsterdam). 196 (2015) 49–65  

]14[ H.M.P.C. Kumarihami, Y.H. Kim, Y.B. Kwack, J. Kim, J.G. Kim, Application 

of chitosan as edible coating to enhance storability and fruit quality of 

Kiwifruit: A Review, Sci. Hortic. (Amsterdam). 292 (2022) 110647. 

https://doi.org/10.1016/j.scienta.2021.110647  

]15[ Y. Liu, R. Xu, Y. Tian, H. Wang, F. Ma, C. Liu, W. Liang, C. Li, Exogenous 

chitosan enhances the resistance of apple to Glomerella leaf spot, Sci. Hortic. 

(Amsterdam). 309 (2023) 111611. 

https://doi.org/10.1016/j.scienta.2022.111611  

]16[ Y.Z. Hassanein, S.S.A. Abdel-Rahman, W.S. Soliman, S. Salaheldin, Growth, 

yield, and quality of roselle (Hibiscus sabdariffa L.) plants as affected by nano 

zinc and bio-stimulant treatments, Hortic. Environ. Biotechnol. 62 (2021) 

879–890. https://doi.org/10.1007/s13580-021-00371-w  

]17[ N.R. Sudarshan, D.G. Hoover, D. Knorr, Antibacterial Action of Chitosan, 

Food Biotechnol. 6 (1992) 257–272. 

https://doi.org/10.1080/08905439209549838  

]18[ V.N. Davydova, V.P. Nagorskaia, V.I. Gorbach, A.A. Kalitnik, A. V. Reunov, 

T.F. Solov’eva, I.M. Ermak, [Chitosan antiviral activity: dependence on 

structure and depolymerization method].، Prikl. Biokhim. Mikrobiol. 47 

(2011) 113–118. 

]19[ Y.-E. Chen, S. Yuan, H.-M. Liu, Z.-Y. Chen, Y.-H. Zhang, H.-Y. Zhang, A 

combination of chitosan and chemical fertilizers improves growth and disease 

resistance in Begonia× hiemalis Fotsch, Hortic. Environ. Biotechnol. 57 

(2016) 1–10. 

]20[ M.M.A. Mondal, A.B. Puteh, N.C. Dafader, M.Y. Rafii, M.A. Malek, Foliar 

application of chitosan improves growth and yield in maize, J. Food Agric. 

Env. 11 (2013) 520–523. 

]21[ A. Ingle, A. Gade, S. Pierrat, C. Sonnichsen, M. Rai, Mycosynthesis of Silver 

Nanoparticles Using the Fungus Fusarium acuminatum and its Activity 

Against Some Human Pathogenic Bacteria, Curr. Nanosci. 4 (2008) 141–144. 

https://doi.org/10.2174/157341308784340804  

]22[ A. Manivannan, P. Soundararajan, L.S. Arum, C.H. Ko, S. Muneer, B.R. 

Jeong, Silicon-mediated enhancement of physiological and biochemical 

characteristics of Zinnia elegans ‘Dreamland Yellow’ grown under salinity 

stress, Hortic. Environ. Biotechnol. 56 (2015) 721–731. 

https://doi.org/10.1007/s13580-015-1081-2  

https://doi.org/10.1016/j.ecoenv.2021.112769
https://doi.org/10.1016/j.scienta.2018.03.060
https://doi.org/10.1016/j.scienta.2021.110647
https://doi.org/10.1016/j.scienta.2022.111611
https://doi.org/10.1007/s13580-021-00371-w
https://doi.org/10.1080/08905439209549838
https://doi.org/10.2174/157341308784340804
https://doi.org/10.1007/s13580-015-1081-2


Mesopotamia Journal of Agriculture, Vol. 51, No. 2, 2023 (147-166) 

163 

]23[ T. Abbas, A. Sattar, M. Ijaz, M. Aatif, S. Khalid, A. Sher, Exogenous silicon 

application alleviates salt stress in okra, Hortic. Environ. Biotechnol. 58 

(2017) 342–349. https://doi.org/10.1007/s13580-017-0247-5  

]24[ I. Sivanesan, S.W. Park, The role of silicon in plant tissue culture, Front. Plant 

Sci. 5 (2014) 571. https://doi.org/10.3389/fpls.2014.00571  

]25[ H.M. Laane, The effects of foliar sprays with different silicon compounds, 

Plants. 7 (2018) 45. https://doi.org/10.3390/plants7020045  

]26[ M.N. Helaly, H. El-Hoseiny, N.I. El-Sheery, A. Rastogi, H.M. Kalaji, 

Regulation and physiological role of silicon in alleviating drought stress of 

mango, Plant Physiol. Biochem. 118 (2017) 31–44. 

https://doi.org/10.1016/j.plaphy.2017.05.021  

]27[ P. Soundararajan, A. Manivannan, Y.G. Park, S. Muneer, B.R. Jeong, Silicon 

alleviates salt stress by modulating antioxidant enzyme activities in Dianthus 

caryophyllus ‘Tula,’ Hortic. Environ. Biotechnol. 56 (2015) 233–239. 

https://doi.org/10.1007/s13580-015-0111-4  

]28[ L.M. Mahmoud, M. Dutt, A.M. Shalan, M.E. El-Kady, M.S. El-Boray, Y.M. 

Shabana, J.W. Grosser, Silicon nanoparticles mitigate oxidative stress of in 

vitro-derived banana (Musa acuminata ‘Grand Nain’) under simulated water 

deficit or salinity stress, South African J. Bot. 132 (2020) 155–163. 

https://doi.org/10.1016/j.sajb.2020.04.027  

]29[ G.A. Jana, L. Al Kharusi, R. Sunkar, R. Al-Yahyai, M.W. Yaish, Metabolomic 

analysis of date palm seedlings exposed to salinity and silicon treatments, 

Plant Signal. Behav. 14 (2019) 1663112. 

]30[ Y.G. Park, S. Muneer, S. Kim, S.J. Hwang, B.R. Jeong, Foliar or 

subirrigational silicon supply modulates salt stress in strawberry during 

vegetative propagation, Hortic. Environ. Biotechnol. 59 (2018) 11–18. 

https://doi.org/10.1007/s13580-018-0002-6  

]31[ M. Haghighi, M. Pessarakli, Influence of silicon and nano-silicon on salinity 

tolerance of cherry tomatoes (Solanum lycopersicum L.) at early growth stage, 

Sci. Hortic. (Amsterdam). 161 (2013) 111–117. 

https://doi.org/10.1016/j.scienta.2013.06.034  

]32[ Z.X. Tang, J.Q. Qian, L.E. Shi, Preparation of chitosan nanoparticles as carrier 

for immobilized enzyme, Appl. Biochem. Biotechnol. 136 (2007) 77–96. 

https://doi.org/10.1007/BF02685940  

]33[ A.F. Hashim, K. Youssef, K.A. Abd-Elsalam, Ecofriendly nanomaterials for 

controlling gray mold of table grapes and maintaining postharvest quality, Eur. 

J. Plant Pathol. 154 (2019) 377–388. 

]34[ L.S. Bates, R.P. Waldren, I.D. Teare, Rapid determination of free proline for 

water-stress studies, Plant Soil. 39 (1973) 205–207. 

https://doi.org/10.1007/BF00018060  

]35[ B. Evenhuis, P.W.F. de Waard, Principles and practices in plant analysis  ,

.)1980( 

]36[ A. Cottenie, M. Verloo, L. Kiekers, G. Velghe, R. Camrbynek, L. Kiekens, G. 

Velghe, R. Camerlynck, Chemical Analysis of Plants and Soils., IWONL, 

Brussels. 63 (1982) 1–63. 

]37[ R.K. Jackson, J.G. Brown, Ante on the potentionmetric determination of 

chloride, HortScience Washington, DC, USA. (1955) 65–178. 

https://doi.org/10.1007/s13580-017-0247-5
https://doi.org/10.3389/fpls.2014.00571
https://doi.org/10.3390/plants7020045
https://doi.org/10.1016/j.plaphy.2017.05.021
https://doi.org/10.1007/s13580-015-0111-4
https://doi.org/10.1016/j.sajb.2020.04.027
https://doi.org/10.1007/s13580-018-0002-6
https://doi.org/10.1016/j.scienta.2013.06.034
https://doi.org/10.1007/BF02685940
https://doi.org/10.1007/BF00018060


Mesopotamia Journal of Agriculture, Vol. 51, No. 2, 2023 (147-166) 

164 

]38[ X. Shen, Q. Wang, Y. Liu, W. Xue, L. Ma, S. Feng, M. Wan, F. Wang, C. 

Mao, Manganese Phosphate Self-assembled Nanoparticle Surface and Its 

application for Superoxide Anion Detection, Sci. Rep. 6 (2016) 1–9. 

https://doi.org/10.1038/srep28989  

]39[ Y. Osuna, K.M. Gregorio-Jauregui, J.G. Gaona-Lozano, I.M. De La Garza-

Rodríguez, A. Ilyna, E.D. Barriga-Castro, H. Saade, R.G. López, Chitosan-

coated magnetic nanoparticles with low chitosan content prepared in one-step, 

J. Nanomater. 2012 (2012). https://doi.org/10.1155/2012/327562  

]40[ A. Drabczyk, S. Kudłacik-Kramarczyk, M. Głab, M. Kedzierska, A. Jaromin, 

D. Mierzwiński, B. Tyliszczak, Physicochemical investigations of chitosan-

based hydrogels containing Aloe vera designed for biomedical use, Materials 

(Basel). 13 (2020) 1–20. https://doi.org/10.3390/ma13143073  

]41[ C. Lustriane, F.M. Dwivany, V. Suendo, M. Reza, Effect of chitosan and 

chitosan-nanoparticles on post harvest quality of banana fruits, J. Plant 

Biotechnol. 45 (2018) 36–44. https://doi.org/10.5010/JPB.2018.45.1.036  

]42[ M. Zayed, S. Elkafafi, A. Zedan, S. Dawoud, Effect of Nano Chitosan on 

Growth, Physiological and Biochemical Parameters of Phaseolus vulgaris 

under Salt Stress, J. Plant Prod. 8 (2017) 577–585. 

https://doi.org/10.21608/jpp.2017.40468  

]43[ P.A. Roussos, D. Gasparatos, C. Kyriakou, K. Tsichli, E. Tsantili, C. Haidouti, 

Growth, nutrient status, and biochemical changes of sour orange plants 

subjected to sodium chloride stress, Commun. Soil Sci. Plant Anal. 44 (2013) 

805–816. 

]44[ X. Ma, J. Zheng, X. Zhang, Q. Hu, R. Qian, Salicylic acid alleviates the 

adverse effects of salt stress on dianthus superbus (Caryophyllaceae) by 

activating photosynthesis, protecting morphological structure, and enhancing 

the antioxidant system, Front. Plant Sci. 8 (2017) 600. 

https://doi.org/10.3389/fpls.2017.00600  

]45[ P. Parihar, S. Singh, R. Singh, V.P. Singh, S.M. Prasad, Effect of salinity stress 

on plants and its tolerance strategies: a review, Environ. Sci. Pollut. Res. 22 

(2015) 4056–4075. https://doi.org/10.1007/s11356-014-3739-1  

]46[ M. Zhang, J.A.C. Smith, N.P. Harberd, C. Jiang, The regulatory roles of 

ethylene and reactive oxygen species (ROS) in plant salt stress responses, 

Plant Mol. Biol. 91 (2016) 651–659. https://doi.org/10.1007/s11103-016-

0488-1  

]47[ A. Läuchli, S.R. Grattan, Plant growth and development under salinity stress, 

in: Adv. Mol. Breed. Towar. Drought Salt Toler. Crop., Springer, 2007: pp. 1–

32. https://doi.org/10.1007/978-1-4020-5578-2_1  

]48[ J. Hoffmann, R. Berni, J.-F. Hausman, G. Guerriero, A review on the 

beneficial role of silicon against salinity in non-accumulator crops: tomato as 

a model, Biomolecules. 10 (2020) 1284. 

]49[ A. Khan, A.L. Khan, S. Muneer, Y.-H. Kim, A. Al-Rawahi, A. Al-Harrasi, 

Silicon and salinity: Crosstalk in crop-mediated stress tolerance mechanisms, 

Front. Plant Sci. 10 (2019) 1429. 

]50[ P. Liu, L. Yin, S. Wang, M. Zhang, X. Deng, S. Zhang, K. Tanaka, Enhanced 

root hydraulic conductance by aquaporin regulation accounts for silicon 

https://doi.org/10.1038/srep28989
https://doi.org/10.1155/2012/327562
https://doi.org/10.3390/ma13143073
https://doi.org/10.5010/JPB.2018.45.1.036
https://doi.org/10.21608/jpp.2017.40468
https://doi.org/10.3389/fpls.2017.00600
https://doi.org/10.1007/s11356-014-3739-1
https://doi.org/10.1007/s11103-016-0488-1
https://doi.org/10.1007/s11103-016-0488-1
https://doi.org/10.1007/978-1-4020-5578-2_1


Mesopotamia Journal of Agriculture, Vol. 51, No. 2, 2023 (147-166) 

165 

alleviated salt-induced osmotic stress in Sorghum bicolor L, Environ. Exp. 

Bot. 111 (2015) 42–51. 

]51[ M.E. EL-Kady, M.S. El-Boray, A.M. Shalan, L.M. Mohamed, Effect of silicon 

dioxide nanoparticles on growth improvement of banana shoots in vitro within 

rooting stage, J. Plant Prod. 8 (2017) 913–916. 

]52[ S. Avestan, M. Ghasemnezhad, M. Esfahani, C.S. Byrt, Application of nano-

silicon dioxide improves salt stress tolerance in strawberry plants, Agronomy. 

9 (2019) 246. https://doi.org/10.3390/agronomy905024  

]53[ P. Bosnic, D. Bosnic, J. Jasnic, M. Nikolic, Silicon mediates sodium transport 

and partitioning in maize under moderate salt stress, Environ. Exp. Bot. 155 

(2018) 681–687. https://doi.org/10.1016/j.envexpbot.2018.08.018  

]54[ S.S. Conceição, C.F. de Oliveira Neto, E.C. Marques, A.V.C. Barbosa, J.R. 

Galvão, T.B. de Oliveira, R.S. Okumura, J.T. da S. Martins, T.C. Costa, E. 

Gomes-Filho, Silicon modulates the activity of antioxidant enzymes and 

nitrogen compounds in sunflower plants under salt stress, Arch. Agron. Soil 

Sci. 65 (2019) 1237–1247. https://doi.org/10.1080/03650340.2018.1562272  

]55[ Z. Iqbal, A. Sarkhosh, R.M. Balal, C. Gómez, M. Zubair, N. Ilyas, N. Khan, 

M.A. Shahid, Silicon Alleviate Hypoxia Stress by Improving Enzymatic and 

Non-enzymatic Antioxidants and Regulating Nutrient Uptake in Muscadine 

Grape (Muscadinia rotundifolia Michx.)، Front. Plant Sci. 11 (2021) 618873. 

https://doi.org/10.3389/fpls.2020.618873  

]56[ Y.X. Zhu, H.J. Gong, J.L. Yin, Role of silicon in mediating salt tolerance in 

plants: A Review, Plants. 8 (2019) 147. https://doi.org/10.3390/plants8060147  

]57[ B. Liu, P. Soundararajan, A. Manivannan, Mechanisms of silicon-mediated 

amelioration of salt stress in plants, Plants. 8 (2019) 307. 

https://doi.org/10.3390/plants8090307  

]58[ R. Munns, M. Tester, Mechanisms of salinity tolerance, Annu. Rev. Plant Biol. 

59 (2008) 651–681. 

https://doi.org/10.1146/annurev.arplant.59.032607.092911  

]59[ Z. Zhu, G. Wei, J. Li, Q. Qian, J. Yu, Silicon alleviates salt stress and increases 

antioxidant enzymes activity in leaves of salt-stressed cucumber (Cucumis 

sativus L.)، Plant Sci. 167 (2004) 527–533. 

https://doi.org/10.1016/j.plantsci.2004.04.02 . 

]60[ P. Soundararajan, A. Manivannan, C.H. Ko, B.R. Jeong, Silicon Enhanced 

Redox Homeostasis and Protein Expression to Mitigate the Salinity Stress in 

Rosa hybrida ‘Rock Fire,’ J. Plant Growth Regul. 37 (2018) 16–34. 

https://doi.org/10.1007/s00344-017-9705-7  

]61[ C.S. V Rajendrakumar, B.V.B. Reddy, A.R. Reddy, Proline-protein 

interactions: protection of structural and functional integrity of M4 lactate 

dehydrogenase, Biochem. Biophys. Res. Commun. 201 (1994) 957–963. 

]62[ P. Behzadi Rad, M.R. Roozban, S. Karimi, R. Ghahremani, K. Vahdati, 

Osmolyte accumulation and sodium compartmentation has a key role in 

salinity tolerance of pistachios rootstocks, Agriculture. 11 (2021) 708 . 

]63[ H. Shi, L. Xiong, B. Stevenson, T. Lu, J.K. Zhu, The Arabidopsis salt overly 

sensitive 4 mutants uncover a critical role for vitamin B6 in plant salt 

tolerance, Plant Cell. 14 (2002) 575–588. https://doi.org/10.1105/tpc.010417  

https://doi.org/10.3390/agronomy905024
https://doi.org/10.1016/j.envexpbot.2018.08.018
https://doi.org/10.1080/03650340.2018.1562272
https://doi.org/10.3389/fpls.2020.618873
https://doi.org/10.3390/plants8060147
https://doi.org/10.3390/plants8090307
https://doi.org/10.1146/annurev.arplant.59.032607.092911
https://doi.org/10.1016/j.plantsci.2004.04.02
https://doi.org/10.1007/s00344-017-9705-7
https://doi.org/10.1105/tpc.010417


Mesopotamia Journal of Agriculture, Vol. 51, No. 2, 2023 (147-166) 

166 

]64[ S. Safikhan, K. Khoshbakht, M.R. Chaichi, A. Amini, B. Motesharezadeh, 

Role of chitosan on the growth, physiological parameters and enzymatic 

activity of milk thistle (Silybum marianum (L.) Gaertn.) in a pot experiment, 

J. Appl. Res. Med. Aromat. Plants. 10 (2018) 49–58. 

https://doi.org/10.1016/j.jarmap.2018.06.002  

]65[ M. Idrees, M. Naeem, T. Aftab, M.M.A. Khan, Moinuddin, Salicylic acid 

mitigates salinity stress by improving antioxidant defence system and 

enhances vincristine and vinblastine alkaloids production in periwinkle 

[Catharanthus roseus (L.) G. Don]، Acta Physiol. Plant. 33 (2011) 987–999. 

https://doi.org/10.1007/s11738-010-0631-6  

]66[ F.A.S. Hassan, M.I. Fetouh, Does moringa leaf extract have preservative effect 

improving the longevity and postharvest quality of gladiolus cut spikes?, Sci. 

Hortic. (Amsterdam). 250 (2019) 287–293. 

https://doi.org/10.1016/j.scienta.2019.02.059  

]67[ F. Hassan, H. Al-Yasi, E. Ali, K. Alamer, K. Hessini, H. Attia, S. El-Shazly, 

Mitigation of salt-stress effects by moringa leaf extract or salicylic acid 

through motivating antioxidant machinery in damask rose, Can. J. Plant Sci. 

101 (2021) 157–165. https://doi.org/10.1139/cjps-2020-0127  

[68] F.A.S. Hassan, R. Mazrou, A. Gaber, M.M. Hassan, Moringa extract preserved 

the vase life of cut roses through maintaining water relations and enhancing 

antioxidant machinery, Postharvest Biol. Technol. 164 (2020) 111156. 

https://doi.org/10.1016/j.postharvbio.2020.111156  

https://doi.org/10.1016/j.jarmap.2018.06.002
https://doi.org/10.1007/s11738-010-0631-6
https://doi.org/10.1016/j.scienta.2019.02.059
https://doi.org/10.1139/cjps-2020-0127
https://doi.org/10.1016/j.postharvbio.2020.111156

