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Fungal pathogens pose a serious threat to wheat productivity by impairing plant 
water relations, membrane integrity, and metabolic functions. Recent advances 
in nanotechnology have highlighted the potential of nanoparticles as priming 
agents to enhance plant tolerance against biotic stresses. Therefore, this study 
evaluated the efficacy of silver nanoparticles (AgNPs) and silica nanoparticles 
(SiNPs) in modulating physiological and biochemical responses of wheat under 
fungal stress. Fungal infection significantly reduced relative water content 
(RWC), membrane stability index (MSI), protein content, osmotic potential, and 
photosynthetic pigments, while increasing soluble sugars, proline accumulation, 
and antioxidant enzyme activities. However, nanoparticle priming markedly 
alleviated these adverse effects in a concentration-dependent manner. AgNPs at 
50-75 mg L⁻¹ and SiNPs at 50-100 mg L⁻¹ significantly improved RWC and MSI 
under stress. Protein content was maximized at 75 mg L⁻¹ AgNPs and 100 mg 
L⁻¹ SiNPs. Both nanoparticles further enhanced soluble sugar accumulation and 
reduced osmotic potential, indicating improved osmotic adjustment. Chlorophyll 
and carotenoid contents were notably enhanced, particularly with 75 mg L⁻¹ 
AgNPs and 100 mg L⁻¹ SiNPs. Although proline levels increased under stress, 
nanoparticle treatments generally reduced its accumulation compared to 
untreated stressed plants. Furthermore, higher concentrations of both 
nanoparticles significantly stimulated antioxidant enzyme activities (SOD, POD, 
and CAT), strengthening the plant defense system. In conclusion, AgNPs and 
SiNPs alleviate fungal stress in wheat by enhancing physiological stability and 
biochemical defenses, with 75 mg L⁻¹ AgNPs and 100 mg L⁻¹ SiNPs identified as 
optimal concentrations for improving stress tolerance and supporting 
sustainable crop protection. 
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Introduction 

Wheat (Triticum aestivum L.) is one of the most important 

and widely cultivated cereal crops worldwide (Goyal and 

Prasad, 2010). However, wheat production is severely 

constrained by various biotic stresses, particularly fungal 

diseases caused by Fusarium species. Members of the genus 

Fusarium are cosmopolitan, hemibiotrophic fungal 

pathogens that infect wheat under favorable environmental 

conditions, especially high temperatures and high humidity 

(Hu et al., 2022). Agronomic practices such as minimum 
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tillage can further promote disease development because 

Fusarium spp. are soil-borne pathogens capable of 

surviving on infected crop residues. Moreover, ongoing 

climate change, characterized by increasing temperatures 

and altered precipitation patterns, is expected to accelerate 

the spread and severity of Fusarium-associated diseases 

(Schoneberge et al., 2019). 

The development and cultivation of resistant cultivars 

represent one of the most effective strategies for managing 

fungal diseases in wheat. However, excessive reliance on a 

limited number of cultivars can lead to genetic uniformity, 

thereby reducing genetic diversity and increasing crop 

vulnerability to pathogens, pests, and environmental 

stresses (McDonald and Linde, 2002). Although fungicides 

remain widely used for controlling fungal diseases, their 

extensive application raises concerns regarding 

environmental contamination, pathogen resistance, and 

potential risks to human health (Hovmøller et al., 2016). 

In recent years, nanotechnology has emerged as a 

promising alternative or complementary approach to 

conventional disease management strategies, including 

chemical, biological, and cultural control methods. 

Nanoparticles offer several advantages, such as 

enhanced antimicrobial efficacy, reduced chemical input, 

and lower ecological toxicity (Nazir et al., 2019; Sultana 

et al., 2019; Shahbaz et al., 2023). Among the various 

nanoparticle synthesis methods, green synthesis has 

gained considerable attention because it is simple, cost-

effective, environmentally friendly, and capable of 

producing stable nanoparticles with minimal toxic 

byproducts, making it suitable for large-scale production 

(Malhotra and Alghuthaymi, 2022; Jamil et al., 2025; 

Hussain et al., 2026; Mehak et al., 2026). 

Silver nanoparticles (AgNPs) and silicon nanoparticles 

(SiNPs) have been reported to enhance plant resistance 

against several pathogens, including Fusarium species, 

by strengthening plant cell walls and activating plant 

defense responses (Sabir et al., 2022; Shuja et al., 2023). 

Nevertheless, studies exploring the potential of these 

nanoparticles for the management of soil-borne 

diseases, particularly Fusarium head blight (FHB) 

caused by Fusarium graminearum, remain limited. 

Furthermore, the physiological and biochemical 

mechanisms underlying nanoparticle-mediated disease 

suppression require further investigation. 

Therefore, the present study aimed to evaluate the 

comparative effects of biosynthesized silicon 

nanoparticles and silver nanoparticles on the 

morphophysiological and biochemical responses of wheat 

plants under F. graminearum infection. 

 

Materials and Methods 

The experiment was conducted during the 2022 wheat 

growing season. Seeds of wheat cultivar ‘Inqilab-91’ and 

the fungal isolate were obtained from the National 

Agricultural Research Center (NARC), Islamabad. 

Procedure 

Pot experiment (in vivo assay) 

The experiment was carried out in plastic pots (30 cm 

diameter). Each pot was filled with 10 kg of soil. Wheat 

seeds were surface-sterilized using a 5% sodium 

hypochlorite solution, rinsed thoroughly with distilled 

water, and sown at a rate of 20 seeds per pot. The pots 

were irrigated as required. Seed priming was performed 

prior to sowing using silver and silica nanoparticles at 

concentrations of 25, 50, 75, 100, and 125 mg L⁻¹. A 

control treatment without fungal inoculation and 

nanoparticle application was also maintained. 

Fungal stress was induced using Fusarium graminearum 

through a seed-soaking inoculation method. Each 

treatment was replicated three times, and the pots were 

arranged in a completely randomized design (CRD). The 

detail of treatments has been given in Table 1. 

 

Table 1. Details of treatments. 

Sr. No. Treatments Treatment Details 
1 Control Without fungus and without NPs. 
2 T1 25 mg/L AgNPs 
3 T2 50 mg/L AgNPs 
4 T3 75 mg/L AgNPs 
5 T4 100 mg/L AgNPs 
6 T5 125 mg/L AgNPs 
7 T6 25 mg/L SiNPs 
8 T7 50 mg/L SiNPs 
9 T8 75 mg/L SiNPs 
10 T9 100 mg/L SiNPs 
11 T10 125 mg/L SiNPs 
12 F.S Fungal stress 
13 T1 + F.S 25 mg/L AgNPs/L + Fungal stress 
14 T2 + F.S 50 mg/L AgNPs + Fungal stress 
15 T3 + F.S 75 mg/L + Fungal stress 
16 T4 + F.S 100 mg/L AgNPs + Fungal stress 
17 T5 + F.S 125 mg/L AgNPs + Fungal stress 
18 T6 + F.S 25 mg/L SiNPs + Fungal stress 
19 T7 + F.S 50 mg/L SiNPs + Fungal stress 
20 T8 + F.S 75 mg/L SiNPs + Fungal stress 
21 T9 + F.S 100 mg/L SiNPs + Fungal stress 
22 T10 + F.S 125 mg/L SiNPs + Fungal stress 
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After 10 days of germination, seedlings were thinned to 

maintain uniform plant density. Plants were irrigated as 

required. Sampling was conducted at the reproductive 

stage. After recording fresh weight, the samples were 

stored in a refrigerator for further analysis. The following 

parameters were determined. 

Physicochemical properties of soil used for the pot 

experiment 

Soil electrical conductivity (EC) was measured using a 

Milwaukee SM302 EC meter (Rayment and Higginson, 

1992). Soil pH was determined from the soil extract using a 

Milwaukee SM101 pH meter (McLean, 1982). Soil texture 

was determined following the method described by Brady 

(1990). Briefly, a 100 g soil sample was mixed with water 

and stirred for 10 min. Subsequently, 20 ml of saturated 

sodium oxalate solution was added, and the mixture was 

shaken for an additional 5 min to disperse soil aggregates. 

The suspension was then transferred to a 1000 ml 

measuring cylinder, and the temperature was recorded. 

Hydrometer readings were taken at specified intervals, 

including an initial reading and a final reading after 4 h. The 

percentages of sand, silt, and clay were calculated based on 

hydrometer readings, and soil texture was determined 

using the textural triangle. Soil organic matter content was 

estimated following the method of Estefan et al. (2013). 

The physicochemical characteristics of the soil used for the 

pot experiment are presented in Table 2. 

 

Table 2. Physicochemical characteristics of the soil used 

in the pot experiment. 

Sr. No. Physiochemical properties Test results 

1 Electrical conductivity 235µS/cm 
2 pH 6.8 

3 Soil texture clay loam 

4 Soil organic matter  40 

 

Physiological and biochemical parameters of plants 

Relative water content 

Relative water content (RWC) was determined using the 

fresh weight (FW), turgid weight (TW), and dry weight 

(DW) of leaf samples from each replicate, following the 

method of Barrs and Weatherley (1962). RWC was 

calculated using the following formula: 

      
      

     
     

Membrane stability index 

The membrane stability index (MSI) was determined 

according to the method of Premchandra (1990), later 

modified by Sairam (1994). Leaf samples (0.1 g) were 

washed thoroughly and incubated in 10 ml of distilled 

water at 40°C for 30 min in a water bath. Electrical 

conductivity (C₁) was recorded. The samples were then 

heated at 100°C for 10 min, and final conductivity (C₂) 

was measured. MSI was calculated as: 

      
   

  
     

Total soluble protein content 

Total soluble protein content was estimated using the 

method of Lowry et al. (1951). Plant tissue (0.1 g) was 

homogenized in sodium phosphate buffer and 

centrifuged. The supernatant was reacted with 

appropriate reagents, and absorbance was measured at 

650 nm. Protein concentration was determined using 

bovine serum albumin (BSA) as a standard. 

Total soluble sugars 

Total soluble sugars were determined following the 

method of Dubois et al. (1956). Leaf samples (0.5 g) 

were homogenized in distilled water and filtered. The 

filtrate was treated with 5% phenol, followed by the 

addition of concentrated sulfuric acid. After incubation 

at room temperature, absorbance was measured at 420 

nm using a spectrophotometer, and sugar content was 

calculated from a standard glucose curve. 

Osmotic potential 

Leaf sap osmotic potential was measured using a vapor 

pressure osmometer, following the method of Capell 

and Doerffling (1993). Sap extracted from frozen-

thawed leaf samples was analyzed, and osmolality 

(mmol kg⁻¹) was converted to osmotic potential (MPa) 

using the following equation: 

Osmotic potential (MPa) = − (osmolality × 0.008314 × T) 

Where T is the absolute temperature in Kelvin. 

Chlorophyll contents 

For chlorophyll estimation, fresh leaf samples (0.1 g) were 

homogenized using a mortar and pestle in 80% acetone 

and filtered. Absorbance was recorded at 663, 645, and 

470 nm using a spectrophotometer. Chlorophyll a, 

chlorophyll b, and total chlorophyll contents were 

calculated using the equations described by Arnon (1949): 

Chlorophyll a = 12.21(A₆₆₃) − 2.81(A₆₄₅) 

Chlorophyll b = 20.13(A₆₄₅) − 5.03(A₆₆₃) 

Total chlorophyll = 20.2(A₆₄₅) + 8.02(A₆₆₃) 

Carotenoid content was determined according to 

Lichtenthaler and Wellburn (1983) using the following 

formula: 
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The chlorophyll a/b ratio was calculated by dividing 

chlorophyll a by chlorophyll b. Pigment concentration 

was expressed on a fresh weight basis using the formula: 

                 
      

        
 

Where C is pigment concentration, V is the volume of 

extract, and W is the fresh weight of the leaf sample. 

Proline content 

Proline content was estimated following the method of 

Bates et al. (1973). Frozen leaf samples were extracted 

with sulfosalicylic acid and centrifuged. The supernatant 

was reacted with acid ninhydrin and glacial acetic acid, 

and then heated in a boiling water bath. The resulting 

chromophore was extracted with toluene, and absorbance 

was measured at 520 nm. Proline concentration was 

calculated using a standard curve. 

Antioxidant enzyme activities 

Enzymes were extracted by homogenizing 0.5 g of fresh 

leaf tissue in an ice bath using a mortar and pestle. The 

homogenate was prepared in 5 ml of phosphate buffer 

and subsequently centrifuged at 13,000 rpm for 20 min 

at 4°C. The supernatant was collected and used for 

enzymatic assays. 

Superoxide dismutase (SOD) activity 

SOD activity was determined following the method of 

Beauchamp and Fridovich (1971), based on the 

inhibition of the photochemical reduction of nitroblue 

tetrazolium (NBT). The reaction mixture consisted of 

methionine, NBT, Triton X-100, phosphate buffer, 

enzyme extract, and riboflavin. The reaction was 

initiated by exposing the mixture to UV light for 15 min. 

Absorbance was recorded at 560 nm using a 

spectrophotometer. SOD activity was expressed per 100 

mg fresh weight using the following formula: 

                                   
               

       
 

Peroxidase (POD) activity 

Peroxidase activity was assayed by mixing the enzyme 

extract with phosphate buffer (pH 7.0), p-

phenylenediamine, and hydrogen peroxide. The reaction 

was monitored for 3 min using a dual-beam 

spectrophotometer at 485 nm. One unit of peroxidase 

activity was defined as a unit change in optical density 

per minute at 485 nm (Vetter et al., 1958; Gorin and 

Heidema, 1976). Enzyme activity was calculated using a 

standard calibration curve and expressed as: 

POD activity = ΔA485/ mg protein 

Catalase (CAT) activity 

Catalase activity was determined by mixing 0.2 ml 

hydrogen peroxide with 0.2 ml enzyme extract and 2 ml 

potassium phosphate buffer (K₂PO₄, pH 7.2). The 

reaction was allowed to proceed for 5 min and then 

terminated by adding 2 ml of titanium reagent, resulting 

in the formation of a yellow-colored complex. The 

mixture was centrifuged at 600 rpm for 10 min, and the 

absorbance of the supernatant was measured at 410 nm. 

Catalase activity was calculated according to Teranishi et 

al. (1974) using the following expression: 

Catalase activity = ΔA410 /mg protein 

Where ΔA₄₁₀ represents the change in absorbance at 

410 nm immediately after mixing the enzyme extract 

with the substrate. 

Data analysis 

The data were subjected to one-way analysis of variance 

(ANOVA) to determine the significance of differences 

among treatments. Treatment means were considered 

significantly different at P ≤ 0.05. Tukey’s Honestly 

Significant Difference (HSD) test was used for multiple 

comparisons of means. All statistical analyses were 

performed using Statistix 8.1 software. 

 

Results 

Physiological and biochemical parameters of plants 

Relative water content 

In the present study, the relative water content (RWC) of 

wheat leaves decreased under fungal stress; however, it 

improved significantly (P < 0.05) following silver 

nanoparticle (AgNP) priming at 25, 50, and 75 mg L⁻¹ 

and silica nanoparticle (SiNP) priming at 50 and 100 mg 

L⁻¹. In contrast, higher concentrations of AgNPs (100 

and 125 mg L⁻¹), as well as the lowest (25 mg L⁻¹) and 

highest (125 mg L⁻¹) concentrations of SiNPs, exhibited 

no significant effect under fungal stress (Figure 1). 

Membrane stability index 

The membrane stability index (MSI) (Figure 2) was 

reduced in all treatments compared with the control. 

However, all concentrations of SiNPs and two 

concentrations of AgNPs (50 and 75 mg L⁻¹) significantly 

(P < 0.05) improved MSI under fungal stress compared 

with untreated diseased plants. 

Protein content 

Protein content (Figure 3) decreased significantly (P < 0.05) 

under biotic stress. The highest protein content was 

recorded in plants treated with 75 mg L⁻¹ AgNPs. SiNPs also 
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enhanced protein content in both stressed and non-stressed 

plants, with the maximum effect observed at 100 mg L⁻¹. 

Soluble sugar content 

Soluble sugar content (Figure 4) increased under biotic 

stress. Both AgNPs and SiNPs further elevated sugar 

levels in stressed plants, particularly at higher 

concentrations (≥ 75 mg L⁻¹). 

Osmotic potential 

Fungal stress significantly (P < 0.05) reduced the 

osmotic potential of leaves (Figure 5). Application of 

both nanoparticles further decreased osmotic potential 

in both stressed and non-stressed plants in a 

concentration-dependent manner. 

Chlorophyll contents 

Fungal stress significantly reduced chlorophyll a, 

chlorophyll b, total chlorophyll, carotenoids, and the 

chlorophyll a/b ratio compared with non-stressed plants 

(Figure 6, 7, 8, 9 and 10). Plants treated with 75 mg L⁻¹ 

AgNPs exhibited the highest pigment contents, whereas 

other AgNP concentrations showed either no significant 

effect or a reduction in these parameters. In contrast, 

SiNPs generally enhanced chlorophyll a, chlorophyll b, 

total chlorophyll, carotenoids, and the chlorophyll a/b 

ratio, except at 25 mg L⁻¹, which showed no significant 

effect. The highest values for all these parameters were 

observed in plants treated with 100 mg L⁻¹ SiNPs under 

both stressed and non-stressed conditions. 

Proline content 

Proline content (Figure 11) was significantly higher in 

diseased plants compared with the control, irrespective 

of nanoparticle treatment. However, AgNPs at 25, 100, 

and 125 mg L⁻¹ and all concentrations of SiNPs reduced 

proline accumulation compared with stress alone. 

Antioxidant enzyme activities 

The activities of antioxidant enzymes, superoxide 

dismutase (SOD), peroxidase (POD), and catalase (CAT), 

were significantly increased under stress conditions 

(Figure 12, 13 and 14). The lowest concentration (25 mg 

L⁻¹) of both nanoparticles had no significant effect on 

enzyme activities, whereas higher concentrations 

significantly enhanced enzyme activity under both control 

and stressed conditions. 

 
Figure 1. Effect of AgNPs and SiNPs on RWC of T. aestivum leaves under fungal stress. 

C = control, T1 = 25mg/L AgNPs, T2 = 50mg/L AgNPs, T3 = 75mg/L AgNPs, T4 = 100mg/L AgNPs, T5 = 125mg/L AgNPs, T6 

= 25mg/L SiNPs, T7 = 50mg/L SiNPs, T8 = 75mg/L SiNPs, T9 = 100mg/L SiNPs, T10 = 125mg/L SiNPs, F.S = Fungal stress, 

T1 + F.S = 25mg/L AgNPs/L + Fungal stress, T2 + F.S = 50mg/L AgNPs + Fungal stress, T3 + F.S = 75mg/L + Fungal stress, 

T4 + F.S = 100mg/L AgNPs + Fungal stress, T5 + F.S = 125mg/L AgNPs + Fungal stress, T6 + F.S = 25mg/L SiNPs + Fungal 

stress, T7 + F.S = 50mg/L SiNPs + Fungal stress, T8 + F.S = 75mg/L SiNPs + Fungal stress, T9 + F.S = 100mg/L SiNPs + 

Fungal stress, T10 = 125mg/L SiNPs + Fungal stress. Bars sharing the same letter are not significantly different at P < 0.05. 
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Figure 2. Effect of AgNPs and SiNPs on MSI of T. aestivum leaves under fungal stress. 

C = control, T1 = 25mg/L AgNPs, T2 = 50mg/L AgNPs, T3 = 75mg/L AgNPs, T4 = 100mg/L AgNPs, T5 = 125mg/L AgNPs, T6 

= 25mg/L SiNPs, T7 = 50mg/L SiNPs, T8 = 75mg/L SiNPs, T9 = 100mg/L SiNPs, T10 = 125mg/L SiNPs, F.S = Fungal stress, 

T1 + F.S = 25mg/L AgNPs/L + Fungal stress, T2 + F.S = 50mg/L AgNPs + Fungal stress, T3 + F.S = 75mg/L + Fungal stress, 

T4 + F.S = 100mg/L AgNPs + Fungal stress, T5 + F.S = 125mg/L AgNPs + Fungal stress, T6 + F.S = 25mg/L SiNPs + Fungal 

stress, T7 + F.S = 50mg/L SiNPs + Fungal stress, T8 + F.S = 75mg/L SiNPs + Fungal stress, T9 + F.S = 100mg/L SiNPs + 

Fungal stress, T10 = 125mg/L SiNPs + Fungal stress. Bars sharing the same letter are not significantly different at P < 0.05. 

 

 
Figure 3. Effect of AgNPs and SiNPs on protein content of T. aestivum leaves under fungal stress. 

C = control, T1 = 25mg/L AgNPs, T2 = 50mg/L AgNPs, T3 = 75mg/L AgNPs, T4 = 100mg/L AgNPs, T5 = 125mg/L AgNPs, T6 

= 25mg/L SiNPs, T7 = 50mg/L SiNPs, T8 = 75mg/L SiNPs, T9 = 100mg/L SiNPs, T10 = 125mg/L SiNPs, F.S = Fungal stress, 

T1 + F.S = 25mg/L AgNPs/L + Fungal stress, T2 + F.S = 50mg/L AgNPs + Fungal stress, T3 + F.S = 75mg/L + Fungal stress, 

T4 + F.S = 100mg/L AgNPs + Fungal stress, T5 + F.S = 125mg/L AgNPs + Fungal stress, T6 + F.S = 25mg/L SiNPs + Fungal 

stress, T7 + F.S = 50mg/L SiNPs + Fungal stress, T8 + F.S = 75mg/L SiNPs + Fungal stress, T9 + F.S = 100mg/L SiNPs + 

Fungal stress, T10 = 125mg/L SiNPs + Fungal stress. Bars sharing the same letter are not significantly different at P < 0.05. 
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Figure 4. Effect of AgNPs and SiNPs on sugar content of T. aestivum leaves under fungal stress. 

C = control, T1 = 25mg/L AgNPs, T2 = 50mg/L AgNPs, T3 = 75mg/L AgNPs, T4 = 100mg/L AgNPs, T5 = 125mg/L AgNPs, T6 

= 25mg/L SiNPs, T7 = 50mg/L SiNPs, T8 = 75mg/L SiNPs, T9 = 100mg/L SiNPs, T10 = 125mg/L SiNPs, F.S = Fungal stress, 

T1 + F.S = 25mg/L AgNPs/L + Fungal stress, T2 + F.S = 50mg/L AgNPs + Fungal stress, T3 + F.S = 75mg/L + Fungal stress, 

T4 + F.S = 100mg/L AgNPs + Fungal stress, T5 + F.S = 125mg/L AgNPs + Fungal stress, T6 + F.S = 25mg/L SiNPs + Fungal 

stress, T7 + F.S = 50mg/L SiNPs + Fungal stress, T8 + F.S = 75mg/L SiNPs + Fungal stress, T9 + F.S = 100mg/L SiNPs + 

Fungal stress, T10 = 125mg/L SiNPs + Fungal stress. Bars sharing the same letter are not significantly different at P < 0.05. 

 

 
Figure 5. Effect of AgNPs and SiNPs on osmotic otential of T. aestivum leaves under fungal stress. 

C = control, T1 = 25mg/L AgNPs, T2 = 50mg/L AgNPs, T3 = 75mg/L AgNPs, T4 = 100mg/L AgNPs, T5 = 125mg/L AgNPs, T6 

= 25mg/L SiNPs, T7 = 50mg/L SiNPs, T8 = 75mg/L SiNPs, T9 = 100mg/L SiNPs, T10 = 125mg/L SiNPs, F.S = Fungal stress, 

T1 + F.S = 25mg/L AgNPs/L + Fungal stress, T2 + F.S = 50mg/L AgNPs + Fungal stress, T3 + F.S = 75mg/L + Fungal stress, 

T4 + F.S = 100mg/L AgNPs + Fungal stress, T5 + F.S = 125mg/L AgNPs + Fungal stress, T6 + F.S = 25mg/L SiNPs + Fungal 

stress, T7 + F.S = 50mg/L SiNPs + Fungal stress, T8 + F.S = 75mg/L SiNPs + Fungal stress, T9 + F.S = 100mg/L SiNPs + 

Fungal stress, T10 = 125mg/L SiNPs + Fungal stress. Bars sharing the same letter are not significantly different at P < 0.05. 
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Figure 6. Effect of AgNPs and SiNPs on chlorophyll a content of T. aestivum leaves under fungal stress. 

C = control, T1 = 25mg/L AgNPs, T2 = 50mg/L AgNPs, T3 = 75mg/L AgNPs, T4 = 100mg/L AgNPs, T5 = 125mg/L AgNPs, T6 

= 25mg/L SiNPs, T7 = 50mg/L SiNPs, T8 = 75mg/L SiNPs, T9 = 100mg/L SiNPs, T10 = 125mg/L SiNPs, F.S = Fungal stress, 

T1 + F.S = 25mg/L AgNPs/L + Fungal stress, T2 + F.S = 50mg/L AgNPs + Fungal stress, T3 + F.S = 75mg/L + Fungal stress, 

T4 + F.S = 100mg/L AgNPs + Fungal stress, T5 + F.S = 125mg/L AgNPs + Fungal stress, T6 + F.S = 25mg/L SiNPs + Fungal 

stress, T7 + F.S = 50mg/L SiNPs + Fungal stress, T8 + F.S = 75mg/L SiNPs + Fungal stress, T9 + F.S = 100mg/L SiNPs + 

Fungal stress, T10 = 125mg/L SiNPs + Fungal stress. Bars sharing the same letter are not significantly different at P < 0.05. 

 

 
Figure 7. Effect of AgNPs and SiNPs on chlorophyll b content of T. aestivum leaves under fungal stress. 

C = control, T1 = 25mg/L AgNPs, T2 = 50mg/L AgNPs, T3 = 75mg/L AgNPs, T4 = 100mg/L AgNPs, T5 = 125mg/L AgNPs, T6 

= 25mg/L SiNPs, T7 = 50mg/L SiNPs, T8 = 75mg/L SiNPs, T9 = 100mg/L SiNPs, T10 = 125mg/L SiNPs, F.S = Fungal stress, 

T1 + F.S = 25mg/L AgNPs/L + Fungal stress, T2 + F.S = 50mg/L AgNPs + Fungal stress, T3 + F.S = 75mg/L + Fungal stress, 

T4 + F.S = 100mg/L AgNPs + Fungal stress, T5 + F.S = 125mg/L AgNPs + Fungal stress, T6 + F.S = 25mg/L SiNPs + Fungal 

stress, T7 + F.S = 50mg/L SiNPs + Fungal stress, T8 + F.S = 75mg/L SiNPs + Fungal stress, T9 + F.S = 100mg/L SiNPs + 

Fungal stress, T10 = 125mg/L SiNPs + Fungal stress. Bars sharing the same letter are not significantly different at P < 0.05. 
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Figure 8. Effect of AgNPs and SiNPs on total chlorophyll content of T. aestivum leaves under fungal stress. 

C = control, T1 = 25mg/L AgNPs, T2 = 50mg/L AgNPs, T3 = 75mg/L AgNPs, T4 = 100mg/L AgNPs, T5 = 125mg/L AgNPs, T6 

= 25mg/L SiNPs, T7 = 50mg/L SiNPs, T8 = 75mg/L SiNPs, T9 = 100mg/L SiNPs, T10 = 125mg/L SiNPs, F.S = Fungal stress, 

T1 + F.S = 25mg/L AgNPs/L + Fungal stress, T2 + F.S = 50mg/L AgNPs + Fungal stress, T3 + F.S = 75mg/L + Fungal stress, 

T4 + F.S = 100mg/L AgNPs + Fungal stress, T5 + F.S = 125mg/L AgNPs + Fungal stress, T6 + F.S = 25mg/L SiNPs + Fungal 

stress, T7 + F.S = 50mg/L SiNPs + Fungal stress, T8 + F.S = 75mg/L SiNPs + Fungal stress, T9 + F.S = 100mg/L SiNPs + 

Fungal stress, T10 = 125mg/L SiNPs + Fungal stress. Bars sharing the same letter are not significantly different at P < 0.05. 

 

 
Figure 9. Effect of AgNPs and SiNPs on carotenoids of T. aestivum leaves under fungal stress. 

C = control, T1 = 25mg/L AgNPs, T2 = 50mg/L AgNPs, T3 = 75mg/L AgNPs, T4 = 100mg/L AgNPs, T5 = 125mg/L AgNPs, T6 

= 25mg/L SiNPs, T7 = 50mg/L SiNPs, T8 = 75mg/L SiNPs, T9 = 100mg/L SiNPs, T10 = 125mg/L SiNPs, F.S = Fungal stress, 

T1 + F.S = 25mg/L AgNPs/L + Fungal stress, T2 + F.S = 50mg/L AgNPs + Fungal stress, T3 + F.S = 75mg/L + Fungal stress, 

T4 + F.S = 100mg/L AgNPs + Fungal stress, T5 + F.S = 125mg/L AgNPs + Fungal stress, T6 + F.S = 25mg/L SiNPs + Fungal 

stress, T7 + F.S = 50mg/L SiNPs + Fungal stress, T8 + F.S = 75mg/L SiNPs + Fungal stress, T9 + F.S = 100mg/L SiNPs + 

Fungal stress, T10 = 125mg/L SiNPs + Fungal stress. Bars sharing the same letter are not significantly different at P < 0.05. 
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Figure 10. Effect of AgNPs and SiNPs on chlorophyll a/b content of T. aestivum leaves under fungal stress. 

C = control, T1 = 25mg/L AgNPs, T2 = 50mg/L AgNPs, T3 = 75mg/L AgNPs, T4 = 100mg/L AgNPs, T5 = 125mg/L AgNPs, T6 

= 25mg/L SiNPs, T7 = 50mg/L SiNPs, T8 = 75mg/L SiNPs, T9 = 100mg/L SiNPs, T10 = 125mg/L SiNPs, F.S = Fungal stress, 

T1 + F.S = 25mg/L AgNPs/L + Fungal stress, T2 + F.S = 50mg/L AgNPs + Fungal stress, T3 + F.S = 75mg/L + Fungal stress, 

T4 + F.S = 100mg/L AgNPs + Fungal stress, T5 + F.S = 125mg/L AgNPs + Fungal stress, T6 + F.S = 25mg/L SiNPs + Fungal 

stress, T7 + F.S = 50mg/L SiNPs + Fungal stress, T8 + F.S = 75mg/L SiNPs + Fungal stress, T9 + F.S = 100mg/L SiNPs + 

Fungal stress, T10 = 125mg/L SiNPs + Fungal stress. Bars sharing the same letter are not significantly different at P < 0.05. 

 

 
Figure 11. Effect of AgNPs and SiNPs on proline content of T. aestivum leaves under fungal stress. 

C = control, T1 = 25mg/L AgNPs, T2 = 50mg/L AgNPs, T3 = 75mg/L AgNPs, T4 = 100mg/L AgNPs, T5 = 125mg/L AgNPs, T6 

= 25mg/L SiNPs, T7 = 50mg/L SiNPs, T8 = 75mg/L SiNPs, T9 = 100mg/L SiNPs, T10 = 125mg/L SiNPs, F.S = Fungal stress, 

T1 + F.S = 25mg/L AgNPs/L + Fungal stress, T2 + F.S = 50mg/L AgNPs + Fungal stress, T3 + F.S = 75mg/L + Fungal stress, 

T4 + F.S = 100mg/L AgNPs + Fungal stress, T5 + F.S = 125mg/L AgNPs + Fungal stress, T6 + F.S = 25mg/L SiNPs + Fungal 

stress, T7 + F.S = 50mg/L SiNPs + Fungal stress, T8 + F.S = 75mg/L SiNPs + Fungal stress, T9 + F.S = 100mg/L SiNPs + 

Fungal stress, T10 = 125mg/L SiNPs + Fungal stress. Bars sharing the same letter are not significantly different at P < 0.05. 
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Figure 12. Effect of AgNPs and SiNPs on SOD activity of T. aestivum leaves under fungal stress. 

C = control, T1 = 25mg/L AgNPs, T2 = 50mg/L AgNPs, T3 = 75mg/L AgNPs, T4 = 100mg/L AgNPs, T5 = 125mg/L AgNPs, T6 

= 25mg/L SiNPs, T7 = 50mg/L SiNPs, T8 = 75mg/L SiNPs, T9 = 100mg/L SiNPs, T10 = 125mg/L SiNPs, F.S = Fungal stress, 

T1 + F.S = 25mg/L AgNPs/L + Fungal stress, T2 + F.S = 50mg/L AgNPs + Fungal stress, T3 + F.S = 75mg/L + Fungal stress, 

T4 + F.S = 100mg/L AgNPs + Fungal stress, T5 + F.S = 125mg/L AgNPs + Fungal stress, T6 + F.S = 25mg/L SiNPs + Fungal 

stress, T7 + F.S = 50mg/L SiNPs + Fungal stress, T8 + F.S = 75mg/L SiNPs + Fungal stress, T9 + F.S = 100mg/L SiNPs + 

Fungal stress, T10 = 125mg/L SiNPs + Fungal stress. Bars sharing the same letter are not significantly different at P < 0.05. 

 

 
Figure 13. Effect of AgNPs and SiNPs on POD activity of T. aestivum leaves under fungal stress. 

C = control, T1 = 25mg/L AgNPs, T2 = 50mg/L AgNPs, T3 = 75mg/L AgNPs, T4 = 100mg/L AgNPs, T5 = 125mg/L AgNPs, T6 

= 25mg/L SiNPs, T7 = 50mg/L SiNPs, T8 = 75mg/L SiNPs, T9 = 100mg/L SiNPs, T10 = 125mg/L SiNPs, F.S = Fungal stress, 

T1 + F.S = 25mg/L AgNPs/L + Fungal stress, T2 + F.S = 50mg/L AgNPs + Fungal stress, T3 + F.S = 75mg/L + Fungal stress, 

T4 + F.S = 100mg/L AgNPs + Fungal stress, T5 + F.S = 125mg/L AgNPs + Fungal stress, T6 + F.S = 25mg/L SiNPs + Fungal 

stress, T7 + F.S = 50mg/L SiNPs + Fungal stress, T8 + F.S = 75mg/L SiNPs + Fungal stress, T9 + F.S = 100mg/L SiNPs + 

Fungal stress, T10 = 125mg/L SiNPs + Fungal stress. Bars sharing the same letter are not significantly different at P < 0.05. 
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Figure 14. Effect of AgNPs and SiNPs on CAT activity of T. aestivum leaves under fungal stress. 

C = control, T1 = 25mg/L AgNPs, T2 = 50mg/L AgNPs, T3 = 75mg/L AgNPs, T4 = 100mg/L AgNPs, T5 = 125mg/L AgNPs, T6 

= 25mg/L SiNPs, T7 = 50mg/L SiNPs, T8 = 75mg/L SiNPs, T9 = 100mg/L SiNPs, T10 = 125mg/L SiNPs, F.S = Fungal stress, 

T1 + F.S = 25mg/L AgNPs/L + Fungal stress, T2 + F.S = 50mg/L AgNPs + Fungal stress, T3 + F.S = 75mg/L + Fungal stress, 

T4 + F.S = 100mg/L AgNPs + Fungal stress, T5 + F.S = 125mg/L AgNPs + Fungal stress, T6 + F.S = 25mg/L SiNPs + Fungal 

stress, T7 + F.S = 50mg/L SiNPs + Fungal stress, T8 + F.S = 75mg/L SiNPs + Fungal stress, T9 + F.S = 100mg/L SiNPs + 

Fungal stress, T10 = 125mg/L SiNPs + Fungal stress. Bars sharing the same letter are not significantly different at P < 0.05. 

 

Discussion 

Under fungal stress, the decline in relative water content 

(RWC) of wheat leaves observed in this study is likely 

attributable to pathogen-induced damage to cellular 

membranes, impaired root function, and disrupted 

water uptake, all of which adversely affect plant water 

status. Fungal infection can also exacerbate oxidative 

stress, leading to increased cellular dehydration (Wang 

et al., 2010). The significant improvement in leaf RWC at 

specific concentrations of silver (25-75 mg/L) and silica 
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protective effects of nano-priming are dose-dependent. 

At optimal concentrations, nanoparticles may enhance 

antioxidant defense systems, stabilize cell membranes, 

and improve osmotic adjustment. In the case of silica, 

additional strengthening of cell walls may further reduce 

water loss and help maintain cellular turgor under stress 

conditions (Kumari et al., 2024). The absence of 
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may be insufficient to activate defense mechanisms, 
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stability index (MSI), indicating membrane damage 

likely caused by oxidative stress induced by pathogen 
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production of reactive oxygen species (ROS), resulting in 
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membrane integrity compared to healthy control plants 

(Hou et al., 2020; Khan et al., 2020). The observed 

improvement in MSI with all concentrations of silica 
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nanoparticles (50 and 75 mg/L) suggests enhanced 
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strengthen cell walls, improve structural rigidity, and 

reduce membrane permeability, thereby limiting 

pathogen penetration and electrolyte leakage. Moreover, 

both silica and silver nanoparticles at optimal 

concentrations may stimulate antioxidant enzyme 

systems (e.g., catalase and peroxidase), reducing ROS 

accumulation and protecting membrane lipids from 

peroxidation (Maghsoudi et al., 2016). 

The significant reduction in protein content under biotic 

stress may be attributed to increased proteolytic 

activity, oxidative damage, and the diversion of 
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metabolic energy toward defense responses rather than 

protein synthesis. Pathogen infection disrupts normal 

cellular metabolism, leading to degradation of structural 

and enzymatic proteins (Rithesh et al., 2023). The 

highest protein content observed at 75 mg/L AgNPs 

suggests that an optimal concentration of silver 

nanoparticles enhances stress tolerance by stimulating 

antioxidant defense systems (Khan et al., 2020), thereby 

protecting the cellular machinery involved in protein 

synthesis. This concentration likely maintains cellular 

redox balance and reduces oxidative damage. Similarly, 

the improvement in protein content at 100 mg/L SiNPs 

in both stressed and non-stressed plants indicates that 

silica nanoparticles may enhance nitrogen metabolism, 

enzyme activity, and cellular structural stability. Silica is 

known to improve nutrient uptake and strengthen plant 

tissues, thereby supporting enhanced protein 

biosynthesis (Verma et al., 2022). 

Soluble sugars play a fundamental role in cellular 

homeostasis and act as key organic osmolytes. In 

addition to their metabolic function, sugars serve as 

signaling molecules that interact with hormonal 

pathways and influence plant immune responses 

(Ahmad et al., 2016). Under biotic stress, plants often 

accumulate soluble sugars as a protective mechanism to 

maintain osmotic balance, provide energy, and support 

the synthesis of defense compounds. The observed 

increase in sugar content in wheat leaves may be 

attributed to stress signaling and enhanced metabolic 

activity. At higher nanoparticle concentrations (≥ 75 

mg/L), additional stress signaling may stimulate greater 

osmolyte accumulation, thereby strengthening plant 

defense responses. Alternatively, increased sugar 

accumulation may result from improved photosynthetic 

efficiency, protection of chloroplast integrity, and 

enhanced metabolic activity induced by silver and silica 

nanoparticles (Nasirzadeh et al., 2022). 

Under fungal stress, a reduction in leaf osmotic potential 

is a commonly reported response, as disease conditions 

disrupt normal water relations. This was consistent with 

the present study, where reduced RWC was observed 

under pathogen invasion. Fungal infection compromises 

membrane integrity and leads to resource reallocation 

toward defense mechanisms, resulting in decreased 

water potential in leaf tissues. This reduction reflects the 

accumulation of solutes (e.g., sugars and proline), as also 

observed in the present study. Similar responses have 

been documented under salinity and other stress 

conditions, where osmotic potential declines as part of 

stress adaptation, reducing cellular turgor and water 

balance (Naseem et al., 2023). AgNPs and SiNPs further 

reduced osmotic potential in both stressed and non-

stressed plants in a concentration-dependent manner. 

These nanoparticles may alter membrane permeability 

and influence hormonal and antioxidant signaling 

pathways (Zanetti et al., 2016), thereby affecting solute 

accumulation and water potential. However, these 

effects appear to be dual in nature: while osmotic 

adjustment may represent a protective response, 

excessive nanoparticle concentrations may impose 

additional stress or disrupt normal cellular processes. 

This highlights that nanoparticle effects on osmotic 

potential are dose-, species-, and stress-dependent. 

Silver nanoparticles at 75 mg/L resulted in the highest 

chlorophyll content compared to other treatments. 

Under biotic stress, plants often modulate chlorophyll 

levels as part of their adaptive response, and 

nanoparticles may facilitate this adjustment (Perez-

Bueno et al., 2019; Javad et al., 2023). AgNPs have been 

reported to improve physiological processes by 

inhibiting fungal growth and reducing toxin production 

(Salama, 2012). Similarly, optimal concentrations of 

green-synthesized AgNPs have been shown to enhance 

chlorophyll and carotenoid contents in rice (Gupta et al., 

2018). Chlorophyll a and b are essential pigments for 

photosynthesis (Motyka et al., 2020), and their reduction 

under pathogen stress is a common indicator of leaf 

senescence. Previous studies have reported decreased 

chlorophyll and carotenoid contents in infected plants 

compared to controls and nanoparticle-treated plants 

(Hossain et al., 1999; Barickman et al., 2014). 

Proline accumulation is a typical adaptive response to 

both abiotic and biotic stresses. As a free amino acid, 

proline functions as an osmoprotectant, stabilizes 

proteins and membranes, and scavenges ROS, thereby 

maintaining cellular redox balance. The significantly 

higher proline content observed in stressed plants 

compared to controls reflects a general defense 

mechanism to mitigate stress-induced damage (Jaleel et 

al., 2008; Hayat et al., 2012; Ahmed et al., 2016). 

However, the reduction in proline content at specific 

AgNP concentrations and at all levels of SiNPs relative to 

stress alone suggests that these nanoparticle treatments 

may have alleviated stress severity. The antimicrobial 

properties of AgNPs (Anum et al., 2024) likely reduced 

pathogen load, while silica nanoparticles enhanced 
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structural integrity and antioxidant defenses (Verma et 

al., 2022). Furthermore, nanoparticles may influence 

nitrogen metabolism and proline biosynthesis pathways. 

In the present study, biotic stress significantly increased 

the activities of antioxidant enzymes, including SOD, 

POD, and CAT, indicating activation of ROS-scavenging 

defense mechanisms. Fungal infection disrupts cellular 

redox balance, leading to the accumulation of ROS such 

as superoxide radicals and hydrogen peroxide, which 

can damage membranes, proteins, and chloroplasts 

(Abbasi et al., 2018). Similar increases in antioxidant 

enzyme activities have been reported in infected plants, 

where enhanced antioxidant responses are associated 

with improved stress tolerance and reduced oxidative 

damage (Farida et al., 2020; Hirpara and Gajera, 2020; 

Iswarya et al., 2020). Thus, the elevated antioxidant 

activity observed in wheat reflects an adaptive 

protective response against Fusarium head blight (FHB)-

induced oxidative stress. 

Nano-priming with AgNPs and SiNPs further modulated 

these enzymatic activities in a concentration-dependent 

manner. The lack of significant effects at the lowest 

concentrations suggests that these levels were insufficient 

to activate defense signaling pathways. In contrast, higher 

concentrations significantly enhanced antioxidant enzyme 

activities under both control and stressed conditions, 

indicating effective induction of stress-responsive 

mechanisms. Both nanoparticles exhibited maximum 

positive effects at 100 mg/L, likely due to their distinct 

functional roles. Silicon contributes to strengthening 

structural barriers and enhancing antioxidant capacity, 

thereby improving ROS detoxification efficiency (Alzahrani 

et al., 2018; Fatemi et al., 2021); while silver nanoparticles 

provide antimicrobial activity coupled with mild oxidative 

signaling that activates defense enzymes. Overall, these 

findings demonstrate that nano-priming at optimal doses 

enhances wheat tolerance to fungal stress by reinforcing 

the antioxidant defense system and maintaining cellular 

redox homeostasis (Anum et al., 2024). 

 

Conclusion 

The present study demonstrates that seed priming with 

green-synthesized silver and silica nanoparticles can 

effectively enhance physiological performance and 

antioxidant defense, thereby inducing resistance against 

Fusarium head blight in wheat in a dose-dependent 

manner. Optimal concentrations were identified as 75 

mg/L for AgNPs and 100 mg/L for SiNPs, which 

significantly improved key attributes, including membrane 

stability, chlorophyll content, osmolyte accumulation, and 

antioxidant enzyme activities. However, higher 

concentrations exhibited potential toxicity, highlighting the 

importance of precise dose optimization for nano-priming 

applications. Overall, these nanoparticles effectively 

mitigated the adverse effects of fungal stress. Future 

research should focus on long-term field evaluations, 

environmental safety, and toxicity assessments to ensure 

the sustainable and practical application of nanoparticle-

based technologies in agriculture. 
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