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ABSTRACT  

Soil salinization and sodication adversely affect soil fertility and agricultural output, 

particularly in arid and semi-arid regions. This research sought to assess the effects of soil 

application of nano-gypsum (NG), inoculation with salt-tolerant plant growth-promoting 

bacteria (PGPB), and foliar application of nano-calcium oxide (NCaO), nano-zinc oxide 

(NZnO), and nano-silica (NSiO2) on wheat cultivated in saline-sodic soil. The results 

demonstrated significant enhancements in various growth parameters of wheat, including 

pigments, proline acid (PA), total soluble sugars (TSS), ascorbic acid (ASA), biomass yield, 

and wheat grain production. The levels of essential nutrients in the wheat increased as a result 

of applying NG, PGPB, and the foliar application of nanoparticles, with foliar application of 

NZnO exhibiting the most significant effect, followed by NSiO2. Additionally, the 

concentration of Na+ in the wheat tissues was reduced. In conclusion, the combined application 

of NG, PGPB, and foliar nanoparticles markedly improved the growth and productivity of 

wheat in saline-sodic conditions, particularly through the foliar application of NZnO and 

NSiO2, as well as soil application of NG and subsequent inoculation with PGPB.  

Keywords: Nanoparticles; Nano-gypsum; Nano-calcium oxide; Nano-zinc oxide; Nano-silica; 

Plant growth promoting-bacteria (PGPB); Salt stress; Wheat. 

1 Introduction 

Salinity stress poses a significant environmental challenge that obstructs plant growth and 

development, as noted by various researchers (Ali F. et al., 2023; Ayman et al., 2024; 

Bouabdallah et al., 2022; Shahzadi et al., 2024; Shereen et al., 2022). On a global scale, soil 

salinization represents a critical issue, affecting approximately 836 million hectares (Ayman et 

al., 2024; Ud Din et al., 2023). Projections indicate that by the year 2050, salinity is expected 

to impact more than 50% of the world's agricultural land (Kumar et al., 2020; Zhou et al., 2024). 

The presence of elevated saline levels in soil or irrigation water disrupts the normal 

physiological functions of plants, leading to a variety of detrimental effects (Khan et al., 2021; 

Naz et al., 2019; Shahzadi et al., 2024). Salinity stress predominantly hinders plant growth (Hu 

et al., 2021; Omara et al., 2022). The presence of sodium (Na+) and chloride (Cl−) ions in plants 

disrupts osmotic balance and transpiration rates, thereby reducing crop yield (Javaid et al., 

2019). High salt concentrations in the soil also obstruct root water uptake, resulting in water 
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deficits within plant tissues (Ait-El-Mokhtar et al., 2020). This water deficiency, combined 

with osmotic stress due to excess salts, inhibits cell expansion and overall plant development 

(Kravchik and Bernstein, 2013; Naz et al., 2021). As a result, plants may exhibit suppressed 

growth, reduced shoot and root development, as well as diminished biomass accumulation 

(Ahmed et al., 2020; Farooq et al., 2022; Huang et al., 2023; Kaya et al., 2018; Zafar-Ul-Hye 

et al., 2022). Furthermore, salinity stress leads to oxidative damage within plants, as elevated 

salt levels trigger the production of reactive oxygen species (ROS) in plant cells. These reactive 

species, such as hydrogen peroxide (H2O2) and superoxide radicals (O2
-), cause oxidative harm 

to essential cellular components, including lipids, proteins, and DNA. Consequently, oxidative 

stress disrupts normal cellular functions and may culminate in cellular mortality 

(Hasanuzzaman et al., 2021; Hossen et al., 2022). Elevated levels of salt have a detrimental 

effect on the synthesis of chlorophyll, leading to its instability. As a result, plants experiencing 

salt stress often show a reduction in chlorophyll levels, which in turn negatively affects their 

ability to carry out photosynthesis effectively (Ali F. et al., 2023). To counteract this challenge, 

both traditional and modern strategies have been employed to support plant growth in saline 

environments. These solutions include the use of nano-gypsum, along with plant growth-

promoting bacteria (PGPB), and foliar treatments incorporating nanoparticles such as iron, 

selenium, titanium, silicon, calcium, magnesium, and zinc. Gypsum is particularly valuable 

because of its rich composition of calcium and sulfur, which can significantly enhance plant 

growth, emergence, and yield potentials in soils characterized by salinity and high sodium 

content (with electrical conductivity greater than 4 dS/m, exchangeable sodium percentage 

over 15, and pH less than 8.5) (Qayyum et al., 2017; Sparks, 2003). The application of gypsum 

effectively reduces the impacts of salt stress by raising calcium ion availability on the surfaces 

of clay particles, subsequently improving soil structure and lowering sodium levels in saline-

sodic soils (Abdul Qadir et al., 2022). When gypsum is applied to salt-stressed plants, it 

contributes to increases in grain weight, overall crop yield, and the uptake of essential nutrients 

while simultaneously reducing sodium concentrations in leaves, largely due to its sulfur content 

(Ghafoor et al., 2008). Moreover, El-Henawy et al. (2024) demonstrated that utilizing gypsum 

in its nano form enhances its efficacy by increasing surface area and further improving soil 

conditions affected by salinity. In a complementary role, PGPB has emerged as an important 

factor in fostering plant growth under conditions of salt stress (Ayman et al., 2024). This has 

resulted in heightened interest among researchers regarding the application of PGPB (Poria et 

al., 2022; Ruiu, 2020; Stegelmeier et al., 2022). A range of studies have highlighted the 

advantages of using various species of PGPB, including Bacillus, Azospirillum, Pseudomonas, 

Halomonas, Azotobacter, Enterobacter, and Nitrosomonas, among others (Costa et al., 2018; 

Khan et al., 2023). Research endeavors are ongoing to explore how these beneficial microbes 

can provide protection for crops against a variety of abiotic stressors such as drought, salinity, 

and toxic heavy metals (Meng et al., 2023; Mishra et al., 2022). Additionally, recent 

investigations have focused on the application of bacteria as PGPB, as well as bio fungicides 

and bioinsecticides, reflecting a growing understanding of how these microorganisms can 

suppress the growth of harmful pathogens, supply vital nutrients to plants (Ali et al., 2021), 

regulate plant hormone levels (Orozco-Mosqueda et al., 2023), and detoxify hazardous 

substances present in the soil (Orozco-Mosqueda et al., 2020). The application of nanoparticles 

is increasingly recognized as a strategy to alleviate salt stress effects (Taqdees et al., 2022). 

Oxide nanoparticles like SeO2, CaO, SiO2, TiO2, FeO, CeO2, Al2O3, and ZnO are used for 

fertilization and enhancing plant growth under various stresses, including salt stress (Ayman 

et al., 2024; Carrasco-Correa et al., 2023; Herrera et al., 2024; Hussan et al., 2024; Mazhar et 

al., 2023). Their unique physicochemical properties make them effective for improving plant 

resilience to salt stress. One approach is precise delivery of essential nutrients and growth 

promoters (Azmat et al., 2023). Salinity stress disrupts nutrient absorption in plants, causing 
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shortages (Shahzadi et al., 2024). Utilizing nanoparticles for nutrient administration can help 

counteract imbalances caused by salt stress and support optimal growth (Adhikari et al., 2022). 

Additionally, nanoparticles can carry beneficial substances like antioxidants and growth 

regulators, protecting them from degradation and ensuring their direct delivery to plant tissues 

(Kareem et al., 2022). 

Following rice and maize, wheat ranks third in global production, supplying 35% of the world's 

food grain (Ghonaim et al., 2021). Its production reaches around 700 million tons from 200 

million hectares (Shahzadi et al., 2024). As a predominant cereal from the Poaceae family, 

wheat accounts for about 50% of global commerce and 30% of grain output (Sharma et al., 

2020). Wheat serves as a staple for nearly one-third of the population, valued for its 

affordability and nutrition (Teshager, 2023). It is a rich source of protein, carbs, vitamins, and 

calories, making it essential for a balanced diet compared to other cereals (Desoky et al., 2020). 

Wheat (Triticum aestivum L.) provides fatty acids, minerals, tocopherols, and phytosterols, 

with over one-third of the global population relying on it as a primary food crop (Shahzadi et 

al., 2024). 

Despite advances in nanotechnology for enhancing plant tolerance to salt stress, research hasn't 

explored the combined effects of these materials with PGPB in soil alongside foliar treatments. 

This study investigates the synergistic application of NG, PGPB inoculation, and foliar 

nanomaterials NCaO, NZnO, and NSiO2 on wheat in saline soil.  

2. Materials and Methods 

2.1 Experimental design and treatments 

 A pot experiment was undertaken to evaluate the influence of the application of nano-gypsum 

(NG), soil inoculation with plant growth-promoting bacteria (PGPB), and the foliar application 

of nano-calcium oxide (50 mg NCaO L-1), nano-zinc oxide (50 mg NZnO L-1), and nano-silica 

(300 mg NSiO2 L-1) on the growth of wheat cultivated in saline-sodic soil. The experimental 

design employed a split-plot arrangement, wherein the main factor comprised three treatments: 

Soil, Soil+NG, and Soil inoculated with PGPB. The sub-factor consisted of four foliar 

treatments, namely distilled water (DW), 50 mg NCaO L-1, 50 mg NZnO L-1, and 300 mg SiO2 

L-1. Thus, the total number of plots accounted for 36 pots, being a product of three soil treatment 

variations, four foliar application treatments, and three replicates. Soil samples were gathered 

from the surface layer (0.2 m) of salt-affected soil located in the San El Hagar area, Sharkia 

Governorate, Egypt (geographical coordinates: latitude 31◦02′16.8″ N, longitude 31◦51′

30.1″ E). The wheat cultivar utilized in the study was Misr1 (Triticum aestivum), sourced 

from the Agricultural Research Center in Giza City, Egypt, and was grown in a pot experiment 

within the wirehouse of the Faculty of Technology & Development in Zagazig City, Egypt 

(geographical coordinates: latitude 30◦35′ 23.7″  N, longitude 31◦28′ 53.2″  E) 

commencing on November 25, 2022, coinciding with the 2022/2023 winter season. The wheat 

grains underwent soaking treatments with 0.05 M CaCl2 L-1 for 12 hours, 10 mg ZnO L-1 for 

18 hours, and 300 mg NSiO2 L
-1 for 18 hours. One-third of the pots (12 pots) were filled with 

7 kg of control soil, the second third contained soil augmented with 210 g (0.25 g NG hg-1 or 

17.5 g pot-1), and the final third included soil inoculated with PGPB (Bacillus_sp_Esmail_NVU) 

using 1 mL of inoculum equivalent to 10^7 CFU mL−1 from the tested bacterial strains. The 

characteristics of this strain are documented as per Abdelhafez et al. (2023), noting its tolerance 

to salinity levels of up to 27.5% NaCl. Each pot was sown with 15 grains at a uniform depth 

and spacing. Irrigation was conducted with fresh water (EC= 0.41 dSm−1) whenever 75% of 

the available water was depleted (approximately 0.5 L every 1.5 to 2 weeks). Plants were 

harvested at intervals of 80 and 140 days post-sowing.  
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2.2  Soil, water, and plant analysis methods 

 The determination of particle size distribution was accomplished through the application of a 

hydrometer protocol. The assessment of bulk density (BD) and particle density (PD) was 

carried out utilizing core sampling and a pycnometer, respectively. The pH of soil and water 

were measured employing a pH-meter. The quantification of organic matter (OM) was 

executed through a wet oxidation method that utilized K2CrO7, with subsequent back titration 

performed using NaOH. Available nitrogen (N) was extracted utilizing potassium chloride 

(KCl) and distilled employing the Kjeldahl method. The electrical conductivity (EC) of both 

extracts and water was measured utilizing an EC-meter. Soluble potassium (K) and sodium 

(Na) were assessed with a flame photometer, while soluble calcium (Ca) and magnesium (Mg) 

underwent titration using 0.01M EDTA-Na2. The titration of soluble bicarbonate (HCO3) and 

carbonate (CO3) was conducted with 0.01M hydrochloric acid (HCl), and soluble chloride (Cl) 

was determined following the Mohr method. The cation exchange capacity (CEC) of the soil 

was evaluated using a 1M sodium acetate (NaOAc) solution. Extractable phosphorus (P) was 

obtained using 1M sodium bicarbonate (NaHCO3) at a pH of 8.5 and subsequently analyzed 

using a colorimetric technique via spectrophotometry. The quantification of ammonium acetate 

potassium (NH4OAc-K) and sodium (Na) in the soil was performed using a flame photometer. 

Plant-available silicon (Si) was extracted with a 0.01M calcium chloride (CaCl2) solution, with 

measurement conducted through spectrophotometry. The micronutrients iron (Fe), zinc (Zn), 

manganese (Mn), and copper (Cu) were extracted using diethylene triamine pentaacetic acid 

(DTPA) prepared in a solution of 0.005M DTPA, 0.1M triethanolamine, and 0.1M CaCl2, with 

quantification performed using atomic absorption spectroscopy (AAS-PerkinElmer). 

Analytical techniques were carried out in accordance with the guidelines established by Estefan 

(2013). A comprehensive summary of the various physical and chemical parameters of soil and 

water is presented in Table 1.  

Wheat samples were subjected to oven drying, grinding, and wet digestion employing a mixture 

of sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) at a temperature of 420 °C, following 

the methodology outlined by Parkinson and Allen (1975). The determinations of total nitrogen 

(N), phosphorus (P), and potassium (K) levels were executed using the Kjeldahl, colorimetric, 

and flame photometry techniques, respectively. The analysis of micronutrients (Fe, Zn, Mn, 

and Cu) was performed utilizing atomic absorption spectroscopy (AAS-PerkinElmer). Total 

silicon (Si) in wheat straw was subjected to digestion using a 50% sodium hydroxide (NaOH) 

and 50% hydrogen peroxide (H2O2) solution, with measurement conducted via 

spectrophotometry in accordance with Estefan (2013). Additionally, wheat samples were 

prepared for the analysis of various parameters including pigments (chlorophyll a, b, total 

chlorophyll, and carotenoids), non-enzymatic antioxidants (ascorbic acid), and organic 

osmolytes (free proline and total soluble sugars) utilizing a method of preparation and 

measurement specifically applied by Lalarukh et al. (2022). 

2.3 Characterization of NG, NCaO, NZnO and NSiO2 

A detailed investigation of the physio-chemical properties of NG, NCaO, NZnO, and NSiO2 

was conducted utilizing an X-ray diffractometer (X’ Pert Pro, Netherlands). This analysis 

employed Cu Kα radiation (λ = 1.5406 Å) and covered a 2θ range of 10° to 80° at a temperature 

of 293°K, which facilitated the exploration of the crystalline structure of the silica samples. 

Additionally, the morphology and dimensions of NG, NCaO, NZnO, and NSiO2 were 

scrutinized using transmission electron microscopy (TEM) tools (CM 200, Philips, USA). The 

mean diameter of the particles was effectively determined through the use of a particle size 

analyzer from Particle Sizing Systems, Inc. located in Santa Barbara, California, USA. 

2.4  Statistical analysis 
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For statistical assessment, an analysis of variance (ANOVA) was conducted utilizing the R 

software package (version 4.3.3). Differences among means were determined using Duncan’s 

test for significant differences, with a significance level set at 5% to assess the disparities 

between treatment averages. All graphical representations were generated using the OriginLab 

software package (version 9). 

Table (1). Some physical and chemical analysis of soil and water 

Analyses Soil Water 

Physical chaacreization 

Bulk density (BD), g cm-3 1.10 

- 

 

 

 

Particles density (PD), g cm-3 2.39 

Water holding capacity, % 55 

Field Capacity, % 26 

Permanent wilting pointe, % 14 

Particle size distribution % Sand Silt Clat 

 21.4 41.6 37 

Textural class Clay loam 

Chemical characterization 

EC, dS m-1 11.32 0.41 

pH 7.80 7.81 

ESP, % 16.18 1.71 

CaCO3, g kg-1 50.70 

- 

Organic matter, % 0.83 

CEC, cmol(+) kg-1 38.5 

KCl-N, mg kg-1 28 

NaHCO3-P, mg kg-1 23 

NH4OAc-K, g kg-1 0.313 

NH4OAc-Ca, mg kg-1 6.90 

NH4OAc-Mg, mg kg-1 2.06 

CaCl2 –Si, mg kg-1 26.22 

DTPA-Zn, μg g-1 1.39 

DTPA-Mn, μg g-1 6.60 

DTPA-Fe, μg g-1 6.30 

DTPA-Cu, μg g-1 0.94 

Soulble ions 

K+, meq L-1 17.5 0.26 

Ca2+, meq L-1 2.2 1.06 

Mg2+, meq L-1 1.1 0.81 

Na+, meq L-1 89 1.97 

Cl-, meq L-1 70 1.73 

HCO3
-, meq L-1 1.5 1.01 

CO3
2-, meq L-1 0.00 0.00 

SO4
2-, % 39.6 1.36 

3 RESULTS  & DISCUSSION 

3.1 Effect of applied NG, inoculation with PGPB and foliar application of NCaO, NZnO and 

NSiO2 on growth attributes of wheat grown on a saline-sodic soil  

The data presented in Figure 1. delineate the outcomes of the analysis conducted on the 

nanomaterials, incorporating transmission electron microscope imagery (Figures 1A-1D). 

Furthermore, Figures 1E-1H illustrate the X-ray diffraction patterns corresponding to each 
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material. The analysis of the nanoparticles revealed average particle diameters of 40 nm, 35 

nm, 8 nm, and 9 nm, respectively. The peaks identified in the X-ray diffraction patterns 

substantiate that the materials in question are nano gypsum (NG), nano-calcium oxide (NCaO), 

nano-zinc oxide (NZnO), and nano-silica oxide (NSiO2). These findings confirm the purity of 

the employed nanomaterials, with particle diameters consistently measuring below 100 nm. 

Conversely, the data presented in Table 2 substantiate the existence of statistically significant 

enhancements in the majority of wheat growth parameters when cultivated in saline-sodic soil, 

attributable to the soil application of NG and the inoculation with PGPB, alongside the foliar 

applications of the employed nanomaterials. The findings detailed in the aforementioned table 

reveal that soil application of NG yielded superior results in comparison to the subsequent 

inoculation with PGPB, relative to the control treatment concerning the principal study variable. 

Conversely, the foliar application of nanomaterials similarly resulted in advancements in most 

wheat growth characteristics within saline-sodic soils, when juxtaposed with the untreated 

control utilizing distilled water. Notably, the foliar application of NZnO and NSiO2 surpassed 

the efficacy of the other treatments, particularly alongside the soil application of NG. Overall, 

the average values for the NG soil application treatment—specifically, wheat height, leaf area, 

spike length, shoot weight, spike weight, 1000-grain weight, grain weight per pot, and biomass 

yield—demonstrated increases of 3.71%, 29.10%, 8.33%, 11.45%, 22.76%, 2.79%, 7.67%, and 

18.94%, respectively, in relation to the untreated control. In a similar vein, the foliar application 

of NZnO resulted in growth parameter enhancements of 4.40%, 56.48%, 26.00%, 31.12%, 

25.69%, 10.60%, 42.03%, and 27.37% for the aforementioned wheat growth metrics. Table 2 

further illustrates various growth characteristics of wheat cultivated in saline-sodic soils, 

corroborating that the soil application of NG or PGPB, along with the foliar application of the 

tested nanomaterials, contributed to significant improvements in the majority of growth 

characteristics for wheat in saline-sodic soil, compared to the untreated control. Additionally, 

the foliar application of nanomaterials exhibited marked enhancements in wheat growth 

parameters. The soil application utilizing the NG treatment exhibited the most favorable 

outcomes in comparison to the other treatments, particularly in conjunction with the foliar 

application of NZnO. This reinforces the conclusion that our applied treatments had a 

substantial effect in augmenting wheat growth under conditions of salt stress. 

According to the findings presented in Table 3, the concentrations of various compounds in 

wheat, specifically chlorophyll A (Ch. A), chlorophyll B (Ch. B), chlorophyll T (Ch. T), 

carotenoids (CART), polyphenolic acid (PA), total soluble sugars (TSS), and ascorbic acid 

(ASA), exhibited a range of values. Ch. A ranged from 1.92 to 2.77 mg g-1, Ch. B from 0.54 to 

1.65 mg g-1, Ch. T from 2.47 to 4.42 mg g-1, CART from 0.70 to 1.05 mg g-1, PA from 19.21 

to 67.06 µg g-1, TSS from 21.39 to 65.27 µg g-1, and ASA from 0.13 to 0.19 µg g-1. At both the 

primary and secondary factor levels, the application of nitrogen fertilizer (NG) and plant 

growth-promoting bacteria (PGPB) led to a notable enhancement in the concentrations of these 

compounds, with increases of 14.77% and 8.11% for Ch. A; 18.27% and 6.09% for Ch. B; 

15.92% and 7.47% for Ch. T; 29.71% and 19.21% for PA; 66.44% and 23.62% for TSS; and 

6.49% and 17.12% for ASA, when compared with untreated soil samples, as detailed in Table 

3. Moreover, foliar applications of nanomaterials such as NCaO, NZnO, and NSiO2 resulted in 

substantial increases as well, reported as 13.70%, 32.12%, and 24.08% for Ch. A; 41.39%, 

95.08%, and 81.17% for Ch. B; 21.16%, 49.06%, and 39.44% for Ch. T; 38.41%, 135.69%, 

and 95.43% for PA; 14.57%, 101.87%, and 47.09% for TSS; and -1.80%, 0.00%, and 13.05% 

for ASA, respectively. Overall, the observed trends in some bio-physiological characteristics 

remained consistent, with the NG treatment yielding the highest values for Ch. A, Ch. B, Ch. 

T, PA, TSS, and ASA. In contrast, this same treatment coincidentally resulted in the lowest 

values for CART.  



M. Saleh, Sh.M.Metwally, A.M. Abdelghany, et al.,  Biochar & Compost Technology, 1(1), 36-55 

 

42 

 

Salt stress poses a significant challenge to global agriculture, impacting plant growth and crop 

yields (Ayman et al., 2024; Duan et al., 2024). It negatively affects early growth stages and 

physiological functions, leading to ionic toxicity, nutrient imbalance, and oxidative damage 

from reactive oxygen species (ROS) like hydrogen peroxide (H2O2) (El-ramady et al., 2024). 

Additionally, osmolyte accumulation and limited cell division contribute to reduced growth 

(Kanwal et al., 2018). This study explored the mitigation of salt stress in wheat on saline-sodic 

soil using nano-gypsum (NG) and plant growth-promoting bacteria (PGPB) with nanoparticles 

(NCaO, NZnO, NSiO2). Salt stress led to decreased growth metrics, but NG and PGPB 

improved these conditions, particularly with NZnO and NSiO2 (Akhtar et al., 2015).  

The application of NG and PGPB, along with foliar nanomaterial treatments, greatly improved 

wheat growth in saline-sodic soils. Statistical analysis indicated a 7.67% and 1.84% increase 

in grain yield from NG and PGPB respectively, while biomass yield rose by 18.94% and 13.26% 

over the control. Gypsum helps reduce sodium levels in affected soils, especially sodic ones, 

diminishing harmful plant effects. Nano gypsum is particularly effective due to its larger 

surface area and smaller particle size. Studies confirm that NG improves soil properties and 

plant growth in saline conditions (Abd El-Halim et al., 2023; Amer et al., 2023; El-Henawy et 

al., 2024). Specific PGPB strains, particularly Bacillus, promote plant growth under salt stress. 

Bacillus_sp_Esmail_NVU can tolerate up to 27.5% NaCl and enhances plant growth when 

combined with nanomaterials. Prior research shows that PGPB can accelerate seed germination 

and establish crops faster (Mehrabi et al., 2024). The benefits of PGPB arise from their ACC 

deaminase metabolism, phosphate mineral solubilization, and IAA production, which greatly 

aid wheat growth amid salt stress (Ali et al., 2024; Albdaiwi et al., 2024; Anees et al., 2020; 

Mehrabi et al., 2024). These findings collectively suggest that beneficial bacteria enhance plant 

growth and soil properties in saline conditions, improving the rhizosphere and soil biodiversity, 

representing a sustainable alternative to traditional reclamation methods. 

Most wheat growth parameters improved, with grain yield increasing by 15.81%, 42.03%, and 

27.89%, and biomass yield by 10.76%, 27.37%, and 17.76% for NCaO, NZnO, and NSiO2, 

respectively. This improvement stems from Ca and Zn being vital nutrients, while silicon 

boosts tolerance to abiotic stress like salinity. Studies show NCaO, NZnO, and NSiO2 enhance 

plant tolerance to salt. Research indicates NCaO promotes growth under salt stress, aligning 

with findings that foliar nanoparticles enhance salinity tolerance. Overall, these studies confirm 

that foliar applications of NCaO, NZnO, and NSiO2 improve wheat's salt stress tolerance, 

consistent with our research. 

The fresh wheat tissue contents of certain pigments, including Ch. A, Ch. B, Ch. T, CART, PA, 

TSS, and ASA, were reduced in the control treatment, except for CART, which had the highest 

values. This aligns with Akhtar et al. (2015), indicating that increased chlorophyllase activity 

and ROS production led to inhibited photosynthesis and unstable pigment protein compositions. 

Treatments with NG, PGPB inoculation, and nanomaterials enhanced levels of chlorophyll, PA, 

TSS, and ASA in wheat tissues when compared to controls. Salt treatment notably increased 

chlorophyll in some plants, particularly wheat, while decreased chlorophyllase activity may 

explain the reduction in chlorophyll content (Akhtar et al., 2015). Numerous studies document 

the adverse effects of salt stress, emphasizing decreased chlorophyll due to saline conditions. 

Research by Shahzadi et al. (2024) showed that salt stress elevated PA, TSS, and ASA, 

indicating plant resilience against salinity, with PA and TSS being crucial compatible solutes 

that accumulate to aid growth under stress. Proline acid is vital for protein synthesis, metabolic 

activities, and immune responses during stress (Kanwal et al., 2018). Clearly, This evidence 

underscores the advantageous contributions of NG and PGPB soil inoculation, alongside the 

application of specific foliar nanomaterials like NCaO, NZnO, and NSiO2.
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Fig. 1.  Transmission electronic microscope (TEM) images of NG (Fig. 1A), NCaO (Fig. 1B), NZnO (Fig. 1C), and nano-SiO2 (Fig. 1D), as well 

as, x-ray diffraction patters of NG (Fig. 1E), NCaO (Fig. 1F), NZnO (Fig. 1G), and NSiO2 (Fig. 1H).
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Table 2. Effects of applied NG, inoculation of soil with plant growth promoting bacteria (PGPB) and foliar application of NCaO, NZnO, and 

NSiO2 on some growth and yield parameters of wheat grown on a saline-sodic soil. 

Treatments 
Stem length 

(cm) 

Leaf 

area 

(cm2) 

Spike length 

(cm) 

Shoot 

weight 

(g pot-1) 

Spike weight 

(g pot-1) 

1000-grain weight 

(g) 

Grain yield 

(g pot-1) 

Biomass yield 

(g pot-1) 

Soil application (SA) 

Without 69.67±1.23 b 21.73±1.70 b 9.00±0.36 c 11.01±0.35 b 21.58±0.61 b 44.72±0.68 b 17.75±0.81 b 32.59±0.87 c 

NG 72.25±0.69 a 28.05±1.38 a 9.75±0.28 a 12.27±0.43 a 26.49±0.68 a 45.97±0.41 a 19.11±0.80 a 38.76±1.07 a 

PGPB       70.33±0.53 ab 24.81±1.23 b 9.38±0.23 b 11.77±0.37 ab 25.14±0.72 a 45.39±0.56 ab 18.08±0.70 b 36.91±1.03 b 

Foliar application (FA) 

Without 68.22±0.76 c 20.40±1.16 c 8.33±0.32 c 9.81±0.18 c 21.85±0.74 d 42.79±0.43 c 15.08±0.38 d 31.66±0.89 d 

NCaO 74.56±0.60 a 22.93±1.09 b 9.28±0.15 b 11.76±0.23 b 23.31±0.72 c 45.25±0.23 b 17.47±0.36 c 35.07±0.81 c 

NZnO 71.22±0.70 b 31.92±1.33 a 10.50±0.22 a 12.86±0.39 a 27.47±0.84 a 47.33±0.34 a 21.42±0.52 a 40.33±1.12 a 

NSiO2 69.00±0.53 c 24.20±1.16 b 9.39±0.25 b 12.31±0.23 ab 24.98±0.84 b 46.06±0.37 b 19.29±0.44 b 37.29±1.04 b 

SA Х FA Sig. NS NS NS NS NS NS NS 

 

Table 3. Effects of applied NG, inoculation of soil with plant growth promoting bacteria (PGPB) and foliar application of NCaO, NZnO, and 

NSiO2 on levels of chlorophyll A (Ch. A), B (Ch. B), total (Ch. T), carotenoids (CART), proline acid (PA), total soluble sugars (TSS) and ascorbic 

acid (ASA) in wheat plant. 

Treatments 
Ch. A  

(mg g-1) 

Ch. B  

(mg g-1) 

Ch. T  

(mg g-1) 

CART  

(mg g-1) 

PA  

(μg g-1) 

TSS  

(μg g-1) 

ASA  

(μg g-1) 

Soil application (SA) 

Without 2.18±0.07 c 1.05±0.10 b 3.22±0.15 c 0.89±0.03 a 36.75±5.18 b 26.54±2.88 b 0.15±0.01 a 

NG 2.50±0.08 a 1.24±0.10 a 3.73±0.16 a 0.79±0.03 c 47.67±3.94 b 44.17±4.63 a 0.16±0.01 a 

PGPB       2.35±0.09 b 1.11±0.09 b 3.46±0.16 b 0.84±0.02 b 43.81±4.2 8 ab 32.81±3.93 b 0.18±0.01 a 

Foliar application (FA) 

Without 1.99±0.05 d 0.73±0.07 c 2.73±0.09 d 0.97±0.02 a 25.54±1.98 d 24.49±1.11 c 0.16±0.01 a 

NCaO 2.27±0.07 c 1.03±0.05 b 3.30±0.06 c 0.87±0.02 b 35.35±2.50 c 28.06±1.30 c 0.16±0.01 a 

NZnO 2.64±0.05 a 1.43±0.07 a 4.06±0.10 a 0.73±0.01 d 60.19±2.86 a 49.44±6.10 a 0.16±0.01 a 

NSiO2 2.47±0.07 b 1.33±0.07 a 3.80±0.08 b 0.78±0.02 c 49.91±3.85 b 36.03±4.84 b 0.18±0.01 a 

SA Х FA Sig. NS NS NS NS Sig. NS 

All values =means ± standard errors of triplicate values of each treatment are presented. Different small letters in column indicate significant differences (at p ≤ 0.05) among 

treatments. 
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3.2 Effect of applied NG, inoculation with PGPB and foliar application of NCaO, NZnO and 

NSiO2 on some macro and micro-nutrients of wheat tissues grown on a saline-sodic soil 

The levels of macro and micro-nutrients in wheat significantly increased with soil 

application of NG and PGPB inoculation, combined with foliar NZnO application. 

Nutrient content in wheat straw ranged from 0.37 to 0.57g N hg-1, 0.02 to 0.24g P hg-1, and 

0.68 to 2.01g K hg-1. In grain, nitrogen ranged from 2.05 to 2.50g N hg-1, phosphorus from 

0.48 to 0.72g P hg-1, and potassium from 0.36 to 0.49g K hg-1 (Table 4). Trace elements 

in straw included Zn (38.46 to 79.43μg g-1), Mn (6.41 to 8.97μg g-1), Cu (2.35 to 6.27μg 

g-1), Si (3.05 to 7.42g hg-1), and Na (0.06 to 0.75g hg-1). Grain levels of Zn ranged from 

26.16 to 40.08μg g-1, Mn from 5.13 to 9.23μg g-1, and Na from 0.003 to 0.05g hg-1. Higher 

Zn and Si concentrations were observed with NZnO and NSiO2 (Table 5). Na content 

significantly decreased due to treatments with NZnO alongside NG. NG treatments 

improved most nutrient levels and Si, except for Fe in straw, while NZn showed the best 

levels aside from Mn, Cu, Si, and Na. Si levels increased with NG and PGPB, and the 

nutrient/Na ratio improved, particularly with foliar NZnO under NG treatment. This study 

illustrates that interventions effectively enhanced wheat growth in saline-sodic conditions; 

control treatments had the highest Na absorption, which decreased with applied treatments, 

confirming increased nutrient uptake and reduced Na absorption. The ratios of K/Na, P/Na, 

Zn/Na, and Fe/Na increased with soil and foliar treatments. Foliar NZnO yielded the 

highest K, P, Zn, or Si/Na ratios, while NSiO2 and NCaO demonstrated comparable ratios 

(Fig. 2). The application of NG or PGPB, along with foliar nanoparticles, reduced sodium 

absorption in wheat tissues, mitigating sodium's adverse effects. Furthermore, Pearson 

correlation coefficients among examined parameters indicated strong positive correlations 

in most studied parameters, with varying significance in carotenoids, manganese, and 

sodium, particularly in foliar applications with NG compared to PGPB. This indicates the 

beneficial effects of applying NG or PGPB in enhancing wheat growth and productivity, 

as well as improving soil fertility in salt-impacted soils (Fig. 3). 

Nutrient absorption in wheat straw and grains for N, P, K, Fe, Zn, and Si increased, while 

Cu, Mn, and Na decreased with applied treatments. Soil application with NG showed 

significant advantages, especially with foliar NZnO compared to others. P and Zn content 

in wheat significantly increased with all treatments, enhancing salt stress tolerance and 

growth parameters under saline conditions. Benefits of soil and foliar nanoparticle 

applications are outlined in the discussion. 

Numerous studies show the significant impact of treatments on plant growth and nutrient 

absorption amid soil salinity, effectively mitigating salinity's negative effects and 

promoting wheat growth in saline-sodic soil (Abd El-Halim et al. 2023, Amer et al. 2023, 

and Ayman et al. 2024). 

Na+ levels significantly decreased with NG soil application, PGPB inoculation, and 

nanoparticle foliar application, while control showed an increase. These treatments proved 

superior to untreated options. The K/Na, P/Na, Si/Na, and Zn/Na ratios increased, 

indicating that NG and PGPB inoculation reduced Na+ uptake in wheat, especially with 

NZnO application, attributed to NG replacing Na+ ions in the soil. 

All characters and parameters showed generally positive correlations, except for CART, 

Mn, and Na in wheat tissues, which had negative correlations with other traits. Pearson’s 

coefficient was clearly correlated with NG soil application and PGPB inoculation 

compared to control. Overall, NG application, PGPB inoculation, and NCaO, NZnO, and 

NSiO2 foliar application improve soil fertility and boost wheat growth and yield in salt 

stress.
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Table 4. Effects of applied NG, inoculation of soil with plant growth promoting bacteria (PGPB) and foliar application of NCaO, NZnO, and 

NSiO2 on some macro and micronutrients of wheat shoots and grains. 

Treatments 

 

N (g hg-1) P (g hg-1) K (g hg-1) Fe (μg g-1) 

Shoots Grains Shoots Grains Shoots Grains Shoots Grains 

Soil application (SA) 

Without 0.46±0.01 b 2.13±0.02 b 0.07±0.01 c 0.57±0.01 a 1.06±0.09 c 0.39±0.01 b 269.33±10.26 b 106.86±9.34 ab 

NG 0.51±0.01 a 2.44±0.01 a 0.16±0.02 a 0.62±0.03 a 1.59±0.09 a 0.45±0.01 a 256.72±16.45 b 117.37±10.41 a 

PGPB       0.45±0.03 ab 2.39±0.02 a 0.11±0.01 b 0.62±0.02 a 1.31±0.09 b 0.43±0.01 a 312.04±25.86 a 99.51±9.40 b 

Foliar application (FA) 

Without 0.45±0.01 c 2.26±0.06 d 0.07±0.01 d 0.53±0.03 c 0.96±0.10 d 0.40±0.01 b 239.22±19.44 b 69.28±5.02 d 

NCaO 0.43±0.03 bc 2.29±0.05 c 0.10±0.01 c 0.59±0.01 b 1.24±0.09 c 0.42±0.01 b 290.10±30.02 a 96.83±6.57 c 

NZnO 0.52±0.01 a 2.40±0.05 a 0.18±0.02 a 0.67±0.02 a 1.66±0.10 a 0.45±0.01 a 294.30±16.05 a 144.91±7.02 a 

NSiO2 0.48±0.01 ab 2.33±0.05 b 0.12±0.01 b 0.62±0.01 b 1.41±0.08 b 0.42±0.01 b 293.84±19.71 a 120.63±6.04 b 

SA Х FA NS Sig. NS NS NS NS Sig. NS 

 

Table 5. Effects of applied NG, inoculation of soil with plant growth promoting bacteria (PGPB) and foliar application of NCaO, NZnO, and 

NSiO2 on some micronutrients, Si and Na of wheat shoots and grains. 

Treatments 

 

Zn, (μg g-1) Mn, (μg g-1) Cu, (μg g-1) Na, (g hg-1) Si, (g hg-1) 

Shoots Grains Shoots Grains Shoots Grains Shoots Grains Shoots 

Soil application (SA) 

Without 53.95±3.71 b 32.1±1.34 b 7.8±0.28 a 6.35±0.32 a 6.27±0.00 a 10.20±0.00 a 0.50±0.06 a 0.03±0.00 a 4.34±0.47 a 

NG 58.68±4.15 a 34.0±1.29 a 7.4±0.43 a 6.15±0.39 a 2.35±0.00 c 10.20±0.00 a 0.30±0.05 b 0.01±0.00 b 4.40±0.43 a 

PGPB       55.27±3.67 ab 32.5±1.58 b 6.9±0.38 a 7.24±0.51 a 3.66±0.56 b 10.20±0.00 a 0.55±0.04 a 0.02±0.00 a 4.52±0.54 a 

Foliar application (FA) 

Without 40.91±1.26 c 27.8±0.75 c 6.7±0.21 a 5.98±0.42 c 4.53±0.69 a 10.20±0.00 a 0.64±0.05 a 0.03±0.01 a 3.31±0.26 b 

NCaO 56.32±1.39 b 31.8±0.65 b 7.2±0.53 a 5.73b±0.29c 4.53±0.69 a 10.20±0.00 a 0.39±0.06 c 0.02±0.01 c 3.74±0.11 b 

NZnO 74.18±1.66 a 39.4±0.26 a 7.7±0.51 a 7.09±0.40 a 3.66±.65 a 10.20±0.00 a 0.24±0.05 d 0.01±0.00 d 3.65±0.21 a 

NSiO2 52.46±2.41 b 32.5±1.25 b 7. 8±0.37 a 7.52±0.58 ab 3.66±0.65 a 10.20±0.00 a 0.52±0.04 b 0.02±0.00 b 6.99±0.21 b 

SA Х FA NS NS NS NS NS NS NS NS Sig. 

All values =means ± standard errors of triplicate values of each treatment are presented. Different small letters in column indicate significant differences (at p ≤ 

0.05) among treatments. 
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Fig. 2. Effects of soil applied NG, inoculation of soil with plant growth promoting bacteria 

(PGPB), and foliar application of Nano-Ca (Ca), Nano-Zn (Zn), and Nano-Si (Si) on K/Na 

(A), P/Na (B), Si/Na (C) and Zn/Na (D) ratios of wheat grown on a saline-sodic soil. 

4 Conclusion 

The results of this investigation indicate that the synergistic implementation of nano-gypsum 

(NG) applied to the soil, coupled with soil inoculation utilizing salt-tolerant plant growth-

promoting bacteria (PGPB), and the foliar application of nano-calcium oxide (NCaO), nano-

zinc oxide (NZnO), and nano-silica (NSiO2), significantly promotes the growth and 

productivity of wheat under saline-sodic soil conditions. These integrated treatments have 

collectively enhanced critical growth parameters, elevated essential nutrient levels, and 

minimized sodium absorption in wheat tissues, thereby alleviating the detrimental impacts of 

salinity stress. Among the various treatments applied, the foliar application of NZnO exhibited 

the most significant influence, followed closely by NSiO2, underscoring the effectiveness of 

nanomaterial-based strategies in mitigating stress conditions. 

The findings highlight the possibility of merging nanotechnology with biological inoculants to 

foster sustainable agricultural practices in soils affected by salinity. This pioneering strategy 

presents a feasible solution to improve crop resilience and productivity, thereby serving as a 

promising pathway to tackle the worldwide issue of soil salinization.
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Fig. 3. Pearson’s correlation coefficients of control treatment (A), NG (B) and PGPB (C) of plant growth attributes of wheat plant grown on a 

saline-sodic soil.



M. A. Saleh, S. M. Metwally, A. M. Abdelghany, M. Ayman. Biochar & Compost Technology, 1(1), 21-35 

 

49 

 

Author Contributions 

Conceptualization, and supervision Sh.M.M, and M.A; methodology, M.A.S, A.M.A.; 

software, Sh.M.M.; validation, Sh.M.M and M.A.; formal analysis, investigation, resources, 

data curation, writing -initial draft preparation, writing, reviewing and editing, M.A, Sh.M.M, 

A.M.A., and M.A.S. The final paper has been reviewed and approved by all authors. 

Acknowledgments 

We extend our sincere gratitude to the reviewers for their invaluable contributions to the review 

process. Their insightful comments, constructive feedback, and thoughtful suggestions greatly 

enhanced the quality and clarity of this manuscript. We deeply appreciate the time and effort 

they dedicated to providing a thorough and critical evaluation, which has been instrumental in 

refining our work. Thank you for your expertise and commitment to advancing research in this 

field. 

Conflicts of Interest 

The authors declare no conflict of interest.  

 References 

Ali, I., M.M.Al-Bardini, E., . H.H. Abbas, M., & .E.Omara, A. (2024). Potential effect of plant 

growth-promoting rhizobacteria (PGPR) on wheat (Triticum aestivum L.) under 

salinity stress. Benha Journal of Applied Sciences, 9(3), 73–79. 

https://doi.org/10.21608/bjas.2024.268380.1322 

Abd El-Halim, A. E.-H. A., Salama, A. M., Ibrahim, M. M., Aiad, M. A., & Shokr, M. (2023). 

Nano-gypsum in low dose improves the physicochemical properties of saline-sodic 

soil. Archives of Agronomy and Soil Science, 69(12), 2286–2299. 

https://doi.org/10.1080/03650340.2022.2149741 

Younis, M., Mahmoud, S., Taha, A., Abbass, M.H.H. & Abdelhafez, A.A. (2023). Synergistic 

Effects of Compost and Beneficial Bacillus Bacteria on Sudanese Grass Growth in 

Saline Soils. Biochar and Compost Technology, 0(0), 0–0. 

https://doi.org/10.21608/bct.2023.241779.1000 

Abdul Qadir, A., Murtaza, G., Zia-ur-Rehman, M., & Waraich, E. A. (2022). Application of 

Gypsum or Sulfuric Acid Improves Physiological Traits and Nutritional Status of Rice 

in Calcareous Saline-Sodic Soils. Journal of Soil Science and Plant Nutrition, 22(2), 

1846–1858. https://doi.org/10.1007/s42729-022-00776-1 

Adhikari, A., Khan, M. A., Imran, M., Lee, K.-E., Kang, S.-M., Shin, J. Y., Joo, G.-J., Khan, 

M., Yun, B.-W., & Lee, I.-J. (2022). The Combined Inoculation of Curvularia lunata 

AR11 and Biochar Stimulates Synthetic Silicon and Potassium Phosphate Use 

Efficiency, and Mitigates Salt and Drought Stresses in Rice. Frontiers in Plant Science, 

13. https://doi.org/10.3389/fpls.2022.816858 

Ahmed, N., Khalid, S., Grewal, A. G., Ali, M. A., Anjum, M. A., Rahi, A. A., & Danish, S. 

(2020). Performance of mango scion cultivars under various levels of artificially 

induced salinity stress. Pakistan Journal of Botany, 52(4). 

https://doi.org/10.30848/PJB2020-4(11) 

Ait-El-Mokhtar, M., Baslam, M., Ben-Laouane, R., Anli, M., Boutasknit, A., Mitsui, T., Wahbi, 

S., & Meddich, A. (2020). Alleviation of Detrimental Effects of Salt Stress on Date 

Palm (Phoenix dactylifera L.) by the Application of Arbuscular Mycorrhizal Fungi 



M. A. Saleh, S. M. Metwally, A. M. Abdelghany, M. Ayman. Biochar & Compost Technology, 1(1), 21-35 

 

50 

 

and/or Compost. Frontiers in Sustainable Food Systems, 4. 

https://doi.org/10.3389/fsufs.2020.00131 

Akhtar, S. S., Andersen, M. N., Naveed, M., Zahir, Z. A., & Liu, F. (2015). Interactive effect 

of biochar and plant growth-promoting bacterial endophytes on ameliorating salinity 

stress in maize. Functional Plant Biology, 42(8), 770. 

https://doi.org/10.1071/FP15054 

Ali, F., Bano, A., Hassan, T. U., Nazir, M., & Khan, R. T. (2023). Plant growth promoting 

rhizobacteria induced modulation of physiological responses in rice under salt and 

drought stresses. Pakistan Journal of Botany, 55(2). 

https://doi.org/10.30848/PJB2023-2(23) 

Ali, S. S., Kornaros, M., Manni, A., Al-Tohamy, R., El-Shanshoury, A. E.-R. R., Matter, I. M., 

Elsamahy, T., Sobhy, M., & Sun, J. (2021). Advances in microorganisms-based 

biofertilizers: Major mechanisms and applications. In Biofertilizers (pp. 371–385). 

Elsevier. https://doi.org/10.1016/B978-0-12-821667-5.00023-3 

Amer, M. M., Aboelsoud, H. M., Sakher, E. M., & Hashem, A. A. (2023). Effect of Gypsum, 

Compost, and Foliar Application of Some Nanoparticles in Improving Some 

Chemical and Physical Properties of Soil and the Yield and Water Productivity of 

Faba Beans in Salt-Affected Soils. Agronomy, 13(4), 1052. 

https://doi.org/10.3390/agronomy13041052 

Anees, M., Qayyum, A., Jamil, M., Rehman, F. ur, Abid, M., Malik, M. S., Yunas, M., & Ullah, 

K. (2020). Role of halotolerant and chitinolytic bacteria in phytoremediation of saline 

soil using spinach plant. International Journal of Phytoremediation, 22(6), 653–661. 

https://doi.org/10.1080/15226514.2019.1707160 

Ayman, M., Fahmy, M. A., Elnahal, A. S. M., Alfassam, H. E., Rudayni, H. A., Allam, A. A., 

& Farahat, E. M. (2024). Enhancing wheat tolerance to salinity using nanomaterials, 

proline, and biochar-inoculated with Bacillus subtilis. Heliyon, 10(17), e37160. 

https://doi.org/10.1016/j.heliyon.2024.e37160 

Azmat, R., Altaf, I., Moin, S., Ahmed, W., Alrefaei, A. F., & Ali, S. (2023). A study of photo-

biological reactions under TiO2 nanoparticle accumulation in Spinacia oleracea. 

Pakistan Journal of Botany, 55(4). https://doi.org/10.30848/PJB2023-4(25) 

Bouabdallah, M., Mahmoudi, H., Ghnaya, T., Hannachi, H., Taheri, A., Ouerghi, Z., & Chaffei-

Haouari, C. (2022). Spermidine as an elevator of salinity induced stress on two 

varieties of Triticum durum Desf. (Karim and Razzek). Pakistan Journal of Botany, 

54(3). https://doi.org/10.30848/PJB2022-3(3) 

Carrasco-Correa, E. J., Mompó-Roselló, Ò., & Simó-Alfonso, E. F. (2023). Calcium oxide 

nanofertilizer as alternative to common calcium products for the improvement of the 

amount of peel fruit calcium. Environmental Technology & Innovation, 31, 103180. 

https://doi.org/10.1016/j.eti.2023.103180 

Costa, S. F., Martins, D., Agacka-Mołdoch, M., Czubacka, A., & de Sousa Araújo, S. (2018). 

Strategies to Alleviate Salinity Stress in Plants. In Salinity Responses and Tolerance 

in Plants, Volume 1 (pp. 307–337). Springer International Publishing. 

https://doi.org/10.1007/978-3-319-75671-4_12 

Desoky, E.-S. M., Saad, A. M., El-Saadony, M. T., Merwad, A.-R. M., & Rady, M. M. (2020). 

Plant growth-promoting rhizobacteria: Potential improvement in antioxidant defense 

system and suppression of oxidative stress for alleviating salinity stress in Triticum 



M. A. Saleh, S. M. Metwally, A. M. Abdelghany, M. Ayman. Biochar & Compost Technology, 1(1), 21-35 

 

51 

 

aestivum (L.) plants. Biocatalysis and Agricultural Biotechnology, 30, 101878. 

https://doi.org/10.1016/j.bcab.2020.101878 

Duan, S., AL-Huqail, A. A., Alsudays, I. M., Younas, M., Aslam, A., Shahzad, A. N., Qayyum, 

M. F., Rizwan, M., Alhaj Hamoud, Y., Shaghaleh, H., & Hong Yong, J. W. (2024). 

Effects of biochar types on seed germination, growth, chlorophyll contents, grain 

yield, sodium, and potassium uptake by wheat (Triticum aestivum L.) under salt stress. 

BMC Plant Biology, 24(1), 487. https://doi.org/10.1186/s12870-024-05188-0 

El-Henawy, A., Khalifa, M., Gaheen, S., & El-Faramawy, H. (2024). Gypsum and Nano-

gypsum effects on certain soil characteristics and sorghum yield under saline-sodic 

soil conditions. Egyptian Journal of Soil Science, 64(3), 0–0. 

https://doi.org/10.21608/ejss.2024.283535.1749 

El-ramady, H., BreviK, E. C., Abowaly, M. E., Ali, R. A., Farahat, S., Gharib, M. S., Mansour, 

H., Fawzy, Z. F., Sciences, F., Sciences, P., Building, A., Illinois, S., & Relations, W. 

(2024). Soil Degradation under a Changing Climate: Management from Traditional 

to Nano-Approaches. Egyptian Journal of Soil Science, 64(1), 287–298. 

https://doi.org/10.21608/EJSS.2023.248610.1686 

Estefan, G. (2013). Methods of soil, plant, and water analysis: a manual for the West Asia and 

North Africa region. International Center for Agricultural Research in the Dry Areas 

(ICARDA). 

Farooq, F., Rashid, N., Ibrar, D., Hasnain, Z., Ullah, R., Nawaz, M., Irshad, S., Basra, S. M. 

A., Alwahibi, M. S., Elshikh, M. S., Dvorackova, H., Dvoracek, J., & Khan, S. (2022). 

Impact of varying levels of soil salinity on emergence, growth and biochemical 

attributes of four Moringa oleifera landraces. PLOS ONE, 17(2), e0263978. 

https://doi.org/10.1371/journal.pone.0263978 

Ghafoor, A., Zia-ur-raman, M., Ghafoor, A., Murtaza, G., & Sabir, M. (2008). Fractionation 

and availability of cadmium to wheat as affected by inorganic amendments. Int J Agri 

Biol, 10, 469–474. 

Ghonaim, M. M., Mohamed, H. I., & Omran, A. A. A. (2021). Evaluation of wheat (Triticum 

aestivum L.) salt stress tolerance using physiological parameters and retrotransposon-

based markers. Genetic Resources and Crop Evolution, 68(1), 227–242. 

https://doi.org/10.1007/s10722-020-00981-w 

Hasanuzzaman, M., Parvin, K., Bardhan, K., Nahar, K., Anee, T. I., Masud, A. A. C., & 

Fotopoulos, V. (2021). Biostimulants for the Regulation of Reactive Oxygen Species 

Metabolism in Plants under Abiotic Stress. Cells, 10(10), 2537. 

https://doi.org/10.3390/cells10102537 

Herrera, W., Vera, J., Hermosilla, E., Diaz, M., Tortella, G. R., Dos Reis, R. A., Seabra, A. B., 

Diez, M. C., & Rubilar, O. (2024). The Catalytic Role of Superparamagnetic Iron 

Oxide Nanoparticles as a Support Material for TiO2 and ZnO on Chlorpyrifos 

Photodegradation in an Aqueous Solution. Nanomaterials, 14(3), 299. 

https://doi.org/10.3390/nano14030299 

Hossen, M. S., Karim, M. F., Fujita, M., Bhuyan, M. H. M. B., Nahar, K., Masud, A. A. C., 

Mahmud, J. Al, & Hasanuzzaman, M. (2022). Comparative Physiology of Indica and 

Japonica Rice under Salinity and Drought Stress: An Intrinsic Study on Osmotic 

Adjustment, Oxidative Stress, Antioxidant Defense and Methylglyoxal Detoxification. 

Stresses, 2(2), 156–178. https://doi.org/10.3390/stresses2020012 



M. A. Saleh, S. M. Metwally, A. M. Abdelghany, M. Ayman. Biochar & Compost Technology, 1(1), 21-35 

 

52 

 

Hu, J., Hu, X., Duan, H., Zhang, H., & Yu, Q. (2021). Na+ and K+ homeostasis is important 

for salinity and drought tolerance of Calligonum mongolicum. Pakistan Journal of 

Botany, 53(6). https://doi.org/10.30848/PJB2021-6(13) 

Huang, X., Tang, Q., Chen, C., Li, Q., Lin, H., Bai, S., Zhao, J., Li, J., Wang, K., & Zhu, M. 

(2023). Combined analysis of transcriptome and metabolome provides insights into 

nano-selenium foliar applications to improve summer tea quality (Camellia sinensis). 

LWT, 175, 114496. https://doi.org/10.1016/j.lwt.2023.114496 

Hussan, M. U., Hussain, S., Hafeez, M. B., Ahmed, S., Hassan, M. U., Jabeen, S., Yan, M., & 

Wang, Q. (2024). Comparative role of calcium oxide nanoparticles and calcium bulk 

fertilizer to alleviate cadmium toxicity by modulating oxidative stress, photosynthetic 

performance and antioxidant-defense genes expression in alfalfa. Plant Physiology 

and Biochemistry, 215, 109002. https://doi.org/10.1016/j.plaphy.2024.109002 

Javaid, T., Farooq, M. A., Akhtar, J., Saqib, Z. A., & Anwar-ul-Haq, M. (2019). Silicon 

nutrition improves growth of salt-stressed wheat by modulating flows and partitioning 

of Na+, Cl− and mineral ions. Plant Physiology and Biochemistry, 141, 291–299. 

https://doi.org/10.1016/j.plaphy.2019.06.010 

Kanwal, S., Ilyas, N., Shabir, S., Saeed, M., Gul, R., Zahoor, M., Batool, N., & Mazhar, R. 

(2018). Application of biochar in mitigation of negative effects of salinity stress in 

wheat ( Triticum aestivum L.). Journal of Plant Nutrition, 41(4), 526–538. 

https://doi.org/10.1080/01904167.2017.1392568 

Kareem, H. A., Saleem, M. F., Saleem, S., Rather, S. A., Wani, S. H., Siddiqui, M. H., Alamri, 

S., Kumar, R., Gaikwad, N. B., Guo, Z., Niu, J., & Wang, Q. (2022). Zinc Oxide 

Nanoparticles Interplay With Physiological and Biochemical Attributes in Terminal 

Heat Stress Alleviation in Mungbean (Vigna radiata L.). Frontiers in Plant Science, 

13. https://doi.org/10.3389/fpls.2022.842349 

Kaya, C., Akram, N. A., Ashraf, M., & Sonmez, O. (2018). Exogenous application of humic 

acid mitigates salinity stress in maize ( Zea mays L.) plants by improving some key 

physico-biochemical attributes. Cereal Research Communications, 46(1), 67–78. 

https://doi.org/10.1556/0806.45.2017.064 

Khan, M. I., Afzal, M. J., Bashir, S., Naveed, M., Anum, S., Cheema, S. A., Wakeel, A., 

Sanaullah, M., Ali, M. H., & Chen, Z. (2021). Improving Nutrient Uptake, Growth, 

Yield and Protein Content in Chickpea by the Co-Addition of Phosphorus Fertilizers, 

Organic Manures, and Bacillus sp. MN-54. Agronomy, 11(3), 436. 

https://doi.org/10.3390/agronomy11030436 

Khan, N., Humm, E. A., Jayakarunakaran, A., Hirsch, A. M., & Hirsch, A. M. (2023). 

Reviewing and renewing the use of bene fi cial root and soil bacteria for plant growth 

and sustainability in nutrient-poor , arid soils. April, 1–10. 

https://doi.org/10.3389/fpls.2023.1147535 

Kravchik, M., & Bernstein, N. (2013). Effects of salinity on the transcriptome of growing 

maize leaf cells point at cell-age specificity in the involvement of the antioxidative 

response in cell growth restriction. BMC Genomics, 14(1), 24. 

https://doi.org/10.1186/1471-2164-14-24 

Kumar, A., Singh, S., Gaurav, A. K., Srivastava, S., & Verma, J. P. (2020). Plant Growth-

Promoting Bacteria: Biological Tools for the Mitigation of Salinity Stress in Plants. 

Frontiers in Microbiology, 11. https://doi.org/10.3389/fmicb.2020.01216 



M. A. Saleh, S. M. Metwally, A. M. Abdelghany, M. Ayman. Biochar & Compost Technology, 1(1), 21-35 

 

53 

 

Lalarukh, I., Zahra, N., Al Huqail, A. A., Amjad, S. F., Al-Dhumri, S. A., Ghoneim, A. M., 

Alshahri, A. H., Almutari, M. M., Alhusayni, F. S., Al-Shammari, W. B., Poczai, P., 

Mansoora, N., Ayman, M., Abbas, M. H. H., & Abdelhafez, A. A. (2022). 

Exogenously applied ZnO nanoparticles induced salt tolerance in potentially high 

yielding modern wheat (Triticum aestivum L.) cultivars. Environmental Technology 

& Innovation, 27, 102799. https://doi.org/10.1016/j.eti.2022.102799 

Mazhar, M. W., Ishtiaq, M., Maqbool, M., Ajaib, M., Hussain, I., Hussain, T., Parveen, A., 

Thind, S., Sardar, T., Akram, R., Azeem, M., & Gul, A. (2023). Synergistic 

application of calcium oxide nanoparticles and farmyard manure induces cadmium 

tolerance in mung bean (Vigna radiata L.) by influencing physiological and 

biochemical parameters. PLOS ONE, 18(3), e0282531. 

https://doi.org/10.1371/journal.pone.0282531 

Mehrabi, S. S., Sabokdast, M., Bihamta, M. R., & Dedičová, B. (2024). The Coupling Effects 

of PGPR Inoculation and Foliar Spraying of Strigolactone in Mitigating the Negative 

Effect of Salt Stress in Wheat Plants: Insights from Phytochemical, Growth, and Yield 

Attributes. Agriculture, 14(5), 732. https://doi.org/10.3390/agriculture14050732 

Meng, D., Yuan, M. M., & Li, J. (2023). Editorial: Microbe assisted plant resistance to abiotic 

stresses. Frontiers in Plant Science, 14. https://doi.org/10.3389/fpls.2023.1277682 

Mishra, P., Bhattacharya, A., Verma, P., Bharti, C., & Arora, N. K. (2022). Plant Growth-

Promoting Bacteria as Biostimulants of Crops in Saline Agroecosystems BT  - 

Microbial BioTechnology for Sustainable Agriculture Volume 1 (N. K. Arora & B. 

Bouizgarne (eds.); pp. 205–235). Springer Nature Singapore. 

https://doi.org/10.1007/978-981-16-4843-4_6 

Naz, T., Akhtar, J., Iqbal, M. M., Anwar-ul-Haq, M., Murtaza, G., Niazi, N. K., Atique-ur-

Rehman, O. F., Ali, M., & Dell, B. (2019). Assessment of gas exchange attributes, 

chlorophyll contents, ionic composition and antioxidant enzymes of bread wheat 

genotypes in boron toxic, saline and boron toxic-saline soils. Int. J. Agric. Biol, 21, 

1271–1278. 

Naz, T., Mazhar Iqbal, M., Tahir, M., Hassan, M. M., Rehmani, M. I. A., Zafar, M. I., Ghafoor, 

U., Qazi, M. A., EL Sabagh, A., & Sakran, M. I. (2021). Foliar Application of 

Potassium Mitigates Salinity Stress Conditions in Spinach (Spinacia oleracea L.) 

through Reducing NaCl Toxicity and Enhancing the Activity of Antioxidant Enzymes. 

Horticulturae, 7(12), 566. https://doi.org/10.3390/horticulturae7120566 

Omara, A. E.-D., Hafez, E. M., Osman, H. S., Rashwan, E., El-Said, M. A. A., Alharbi, K., 

Abd El-Moneim, D., & Gowayed, S. M. (2022). Collaborative Impact of Compost 

and Beneficial Rhizobacteria on Soil Properties, Physiological Attributes, and 

Productivity of Wheat Subjected to Deficit Irrigation in Salt Affected Soil. Plants, 

11(7), 877. https://doi.org/10.3390/plants11070877 

Orozco-mosqueda, C., Glick, B. R., & Santoyo, G. (2020). ACC deaminase in plant growth-

promoting bacteria ( PGPB ): An e ffi cient mechanism to counter salt stress in crops. 

Microbiological Research, 235(February), 126439. 

https://doi.org/10.1016/j.micres.2020.126439 

Orozco-Mosqueda, M. del C., Santoyo, G., & Glick, B. R. (2023). Recent Advances in the 

Bacterial Phytohormone Modulation of Plant Growth. Plants, 12(3), 606. 

https://doi.org/10.3390/plants12030606 



M. A. Saleh, S. M. Metwally, A. M. Abdelghany, M. Ayman. Biochar & Compost Technology, 1(1), 21-35 

 

54 

 

Parkinson, J. A., & Allen, S. E. (1975). A wet oxidation procedure suitable for the 

determination of nitrogen and mineral nutrients in biological material. 

Communications in Soil Science and Plant Analysis, 6(1), 1–11. 

https://doi.org/10.1080/00103627509366539 

Poria, V., Dębiec-Andrzejewska, K., Fiodor, A., Lyzohub, M., Ajijah, N., Singh, S., & Pranaw, 

K. (2022). Plant Growth-Promoting Bacteria (PGPB) integrated phytotechnology: A 

sustainable approach for remediation of marginal lands. Frontiers in Plant Science, 13. 

https://doi.org/10.3389/fpls.2022.999866 

Qayyum, M. F., Rehman, M. Z. ur, Ali, S., Rizwan, M., Naeem, A., Maqsood, M. A., Khalid, 

H., Rinklebe, J., & Ok, Y. S. (2017). Residual effects of monoammonium phosphate, 

gypsum and elemental sulfur on cadmium phytoavailability and translocation from 

soil to wheat in an effluent irrigated field. Chemosphere, 174, 515–523. 

https://doi.org/10.1016/j.chemosphere.2017.02.006 

Ruiu, L. (2020). Plant-Growth-Promoting Bacteria (PGPB) against Insects and Other 

Agricultural Pests. Agronomy, 10(6), 861. 

https://doi.org/10.3390/agronomy10060861 

Shahzadi, A., Noreen, Z., Alamery, S., Zafar, F., Haroon, A., Rashid, M., Aslam, M., Younas, 

A., Attia, K. A., Mohammed, A. A., Ercisli, S., & Fiaz, S. (2024). Effects of biochar 

on growth and yield of Wheat (Triticum aestivum L.) under salt stress. Scientific 

Reports, 14(1), 20024. https://doi.org/10.1038/s41598-024-70917-2 

Sharma, D., Ghimire, P., Bhattarai, S., & Adhikari, U. (2020). BIOFORTIFICATION OF 

WHEAT: GENETIC AND AGRONOMIC APPROACHES AND STRATEGIES TO 

COMBAT IRON AND ZINC DEFICIENCY. Sustainability in Food and Agriculture, 

1(1), 48–54. https://doi.org/10.26480/sfna.01.2020.48.54 

Shereen, A., Asma, A., Shirazi, M. U., Khan, M. A., Ali, M., & Arif, M. (2022). Physio-

biochemical analysis of salinity tolerance in sodium contrasting rice (Oryza sativa L.) 

genotypes. Pakistan Journal of Botany, 54(3). https://doi.org/10.30848/PJB2022-3(15) 

Sparks, D. L. (2003). The Chemistry of Saline and Sodic Soils. In Environmental Soil 

Chemistry (pp. 285–300). Elsevier. https://doi.org/10.1016/B978-012656446-

4/50010-4 

Stegelmeier, A. A., Rose, D. M., Joris, B. R., & Glick, B. R. (2022). The Use of PGPB to 

Promote Plant Hydroponic Growth. Plants, 11(20), 2783. 

https://doi.org/10.3390/plants11202783 

Taqdees, Z., Khan, J., Khan, W.-D., Kausar, S., Afzaal, M., & Akhtar, I. (2022). Silicon and 

zinc nanoparticles-enriched miscanthus biochar enhanced seed germination, 

antioxidant defense system, and nutrient status of radish under NaCl stress. Crop & 

Pasture Science, 73(5), 556–572. https://doi.org/10.1071/CP21342 

Teshager, M. (2023). Development and Evaluation of physicochemical, Nutritional and 

Sensory Properties of Bread Prepared from a Blend of Wheat and Amaranth Flour in 

Ethiopia. 

Ud Din, M. M., Khan, M. I., Azam, M., Ali, M. H., Qadri, R., Naveed, M., & Nasir, A. (2023). 

Effect of Biochar and Compost Addition on Mitigating Salinity Stress and Improving 

Fruit Quality of Tomato. Agronomy, 13(9), 2197. 

https://doi.org/10.3390/agronomy13092197 



M. A. Saleh, S. M. Metwally, A. M. Abdelghany, M. Ayman. Biochar & Compost Technology, 1(1), 21-35 

 

55 

 

Zafar-Ul-Hye, M., Yaseen, R., Abid, M., Abbas, M., Ahmad, M., Rahi, A. A., & Danish, S. 

(2022). Rhizobacteria having ACC-deaminase and biogas slurry can mitigate salinity 

adverse effects in wheat. Pakistan Journal of Botany, 54(1). 

https://doi.org/10.30848/PJB2022-1(7) 

Zhou, H., Shi, H., Yang, Y., Feng, X., Chen, X., Xiao, F., Lin, H., & Guo, Y. (2024). Insights 

into plant salt stress signaling and tolerance. Journal of Genetics and Genomics, 51(1), 

16–34. https://doi.org/10.1016/j.jgg.2023.08.007 


