


Effect of Green Synthesized Nanoparticles and Botanical Extracts on the Biochemical Defense Mechanisms of Tomato (Solanum lycopersicum L.) against Late Blight Disease	Comment by Sahar: According to title of the manuscript, there is no table having correlation of different biochemicals with disease severity of late blight of tomato. Add this.


ABSTRACT
Late blight, caused by the oomycete Phytophthora infestans, remains one of the most devastating diseases affecting tomato cultivation globally. As concerns over chemical residues and pathogen resistance grow, eco-friendly management strategies utilizing green-synthesized nanoparticles and botanical extracts have gained prominence as viable alternatives to conventional fungicides. The present investigation, conducted during the 2023–24 season, evaluated the efficacy of silver nanoparticles (AgNPs), copper nanoparticles (CuNPs), neem extracts, and mancozeb in modulating biochemical defense parameters in tomato foliage. The treatments were assessed for their ability to induce systemic resistance by quantifying changes in total soluble protein, total phenol content, salicylic acid levels, and peroxidase (PO) activity at 2, 5, 8, and 11 days after inoculation (DAI). The experimental results revealed that all treatments significantly bolstered the host's biochemical defenses compared to the infected control. Notably, Treatment T3 (AgNPs @ 100 ppm) emerged as the most potent elicitor, achieving peak enhancements at 8 DAI. Under this treatment, total soluble protein, phenol content, salicylic acid levels and peroxidase activity were increased by 93.37, 82.61, 87.13 and 94.96 per cent, respectively relative to the infected control. These findings strongly suggest that green-synthesized silver nanoparticles effectively prime the plant's immune system, triggering a robust defense response that limits the progression of P. infestans. Consequently, the application of AgNPs represents a highly effective and sustainable tool for the integrated management of late blight in tomato crops.
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1. Introduction
The tomato (Solanum lycopersicum L.) is a globally significant vegetable crop; however, its productivity is severely constrained by late blight, a devastating disease caused by the oomycete Phytophthora infestans. Under conducive environmental conditions, this pathogen can lead to catastrophic yield losses ranging from 70-80 per cent (Fry, 2008).
 While chemical fungicides have traditionally been the primary line of defense, their excessive application has led to significant environmental degradation, the emergence of fungicide-resistant pathogen strains, and serious risks to human health. Consequently, there is an urgent need for eco-friendly alternatives that support sustainable disease management.
Nanotechnology has emerged as a transformative frontier in agricultural science, offering innovative solutions through its potent antimicrobial properties and plant growth-promoting capabilities (Khodakovskaya et al., 2012). In particular, green-synthesized nanoparticles—produced using plant extracts—are gaining significant attention due to their reduced toxicity, environmental compatibility, and high biological efficacy (Khan et al., 2020). Previous research has highlighted that silver (AgNPs) and copper (CuNPs) nanoparticles possess robust antifungal activity and the unique ability to elicit systemic defense responses in host plants (Verma et al., 2021).
Plants naturally resist pathogenic invasion by activating complex biochemical mechanisms, including the accumulation of phenolic compounds, defense-related proteins, salicylic acid, and the upregulation of key enzymes such as peroxidase (PO) and polyphenol oxidase (PPO) (Fahad et al., 2021). Quantifying these biochemical markers provides critical insights into the mechanisms of induced resistance. Building upon these premises, the present study was designed to evaluate the efficacy of green-synthesized nanoparticles and neem extract in modulating the biochemical defense landscape of tomato plants challenged by P. infestans.
2. Materials and Methods
The field experiment was conducted during the Rabi season of 2023–24 at the Student Instructional Farm of Chandra Shekhar Azad University of Agriculture and Technology, Kanpur, India. The trial was established under natural field conditions to evaluate the efficacy of various treatments against late blight. To ensure statistical validity and account for soil heterogeneity, the experiment followed a Randomized Block Design (RBD), with each treatment replicated three times across the experimental plots.
2.1 Seed Procurement and Cultivar Characteristics	Comment by Sahar: Mention the number of seedlings for inoculation in each dose of different treatments and also cite the frequency and time of foliar spray.
The tomato cultivar 'Azad T-6' was selected for this study due to its high commercial value and widespread adoption by the farming community in the Kanpur region. However, this variety is characterized by its high susceptibility to late blight (Phytophthora infestans), making it an appropriate model for studying induced resistance and disease management. Authenticated, high-quality seeds were procured from the Vegetable Research Farm at the C. S. Azad University of Agriculture & Technology, Kalyanpur, Kanpur.
List 1 : Treatment Details: The treatments included in the study were
	Sr. No.
	Treatments
	Concentration

	T1
	Seedling treatment and foliar spray with AgNP
	50 ppm

	T2
	Seedling treatment and foliar spray with AgNP
	75 ppm

	T3
	Seedling treatment and foliar spray with AgNP
	100 ppm

	T4
	Seedling treatment and foliar spray with CuNP
	50 ppm

	T5
	Seedling treatment and foliar spray with CuNP
	75 ppm

	T6
	Seedling treatment and foliar spray CuNP 
	100 ppm

	T7
	Seedling treatment and foliar spray with Neem extract 
	250 ppm

	T8
	Seedling treatment and foliar spray with Neem extract 
	500 ppm

	T9
	Seedling treatment and foliar spray with Neem extract 
	750 ppm

	T10
	Foliar spray with Mancozeb fungicide
	2000 ppm

	T11
	Control (Healthy)
	

	T12
	Control (Infected)
	


2.3 Biochemical Analysis	Comment by Sahar: Mention the proper time of sample collection   whether after seedling inoculation along with foliar spray or only after inoculation of seedlings.
To evaluate the induction of systemic resistance, leaf samples were systematically harvested at 2, 5, 8, and 11 days after inoculation (DAI). The harvested tissues were immediately processed to quantify the following biochemical defense markers:
· 2.3.1 Total Soluble Protein: The concentration of total soluble proteins was determined using the Lowry method (Lowry et al., 1951). Protein fractions were quantified by measuring absorbance at 660 nm using a double-beam UV-visible spectrophotometer.
· 2.3.2 Total Phenolic Content: The estimation of total phenols was conducted following the colorimetric procedure described by Bray and Thorpe (1954), utilizing Folin-Ciocalteu reagent to detect aromatic compounds associated with host defense.
· 2.3.3 Salicylic Acid Content: Salicylic acid (SA) levels were extracted and analyzed spectrophotometrically. The SA concentration was determined calorimetrically by measuring the absorbance at 380 nm, in accordance with the protocols established by Raskin et al. (1989) and Warrier et al. (2013).
· 2.3.4 Peroxidase (PO) Activity: The enzymatic activity of peroxidase was assayed following the methodology of Hammerschmidt et al. (1982), which monitors the change in absorbance resulting from the oxidation of guaiacol in the presence of hydrogen peroxide.
2.4 Statistical Analysis
The experimental data were subjected to rigorous statistical evaluation using OPSTAT software. To ascertain the significance of the observed variations among treatments, an analysis of variance (ANOVA) was performed following a Randomized Block Design (RBD). Mean comparisons were conducted using the Critical Difference (CD) at a 5% level of significance (P = 0.05). Furthermore, the Standard Error of Mean (SEm±) and Coefficient of Variation (CV) were computed to validate the precision, consistency, and overall reliability of the experimental results.
3. Results and Discussion
3.1 Influence on Total Soluble Protein Content
The experimental findings indicated that all applied treatments resulted in a statistically significant elevation of total soluble protein levels compared to the infected control (T12), as detailed in Table 1 and Figure 1. At the critical observation interval of 8 days after inoculation (DAI), the highest protein concentration was recorded in Treatment T3 (AgNP @ 100 ppm), which reached 33.84 mg g⁻¹. This represents a substantial 93.37% increase over the control. Treatment T6 (CuNP @ 100 ppm) followed closely, demonstrating an 85.83% increase in protein accumulation.
The marked increase in soluble proteins in nanoparticle-treated plants, particularly under T3, suggests a robust induction of Pathogenesis-Related (PR) proteins. These proteins are essential components of the plant's systemic acquired resistance (SAR) and serve as a primary biochemical defense against Phytophthora infestans. The stimulation of protein synthesis by silver nanoparticles likely enhances the physiological preparedness of the host to mitigate the enzymatic degradation caused by the pathogen.
Table 1: Effect of green particles on Total Soluble Protein in tomato leaves at different days 
	Treatments
	Total soluble protein (2023-24)

	
	2 DAI
	5  DAI
	8 DAI
	11 DAI
	% Increased over control @ 8DAI

	T1
	27.51
	28.17
	30.10
	29.39
	72

	T2
	28.31
	29.49
	31.77
	30.82
	81.54

	T3
	30.23
	31.42
	33.84
	32.94
	93.37

	T4
	26.57
	27.66
	29.29
	28.40
	67.37

	T5
	27.79
	28.88
	31.08
	30.18
	77.6

	T6
	29.38
	30.82
	32.52
	31.90
	85.83

	T7
	24.34
	26.03
	27.91
	26.63
	59.49

	T8
	25.25
	26.24
	28.43
	27.02
	62.46

	T9
	25.91
	27.17
	28.90
	27.99
	65.14

	T10
	23.92
	25.15
	27.37
	26.16
	56.40

	T11
	18.18
	19.24
	20.89
	19.97
	19.37

	T12
	15.13
	16.10
	17.50
	16.88
	

	CD at 5%
	0.841
	1.473
	1.199
	1.182
	

	SE(m)
	0.285
	0.499
	0.406
	0.401
	

	SE(d)
	0.403
	0.706
	0.574
	0.566
	

	CV
	1.957
	3.279
	2.485
	2.536
	


The elevation in soluble protein levels serves as a key biochemical indicator of the activation of Pathogenesis-Related (PR) proteins in response to nanoparticle treatment. This induction suggests that nanoparticles act as potent elicitors, priming the plant's translational machinery to synthesize defense proteins as a proactive measure against infection. These findings are consistent with the observations of Sharma et al. (2012), who documented the nanoparticle-mediated stimulation of protein pathways. Furthermore, a similar enhancement in the protein profile of tomato plants following the application of silver nanoparticles was reported by Hasan et al. (2021), reinforcing the role of AgNPs in bolstering the host’s biochemical resilience.
3.2 Impact on Total Phenolic Content
Phenolic compounds serve as critical constituents of the plant's secondary metabolic defense, acting as both structural barriers and antimicrobial agents. The current study revealed that the accumulation of total phenols was significantly enhanced by the application of nanoparticles. At 8 DAI, the maximum phenolic concentration was observed in Treatment T3 (AgNP @ 100 ppm), which yielded 5.88 mg g⁻¹. This represents an 82.61% increase relative to the infected control. Treatment T6 (CuNP @ 100 ppm) followed with a 76.71% increase, while the lowest phenol levels were consistently recorded in the Infected Control (T12), as illustrated in Table 2 and Figure 1.
Table 2: Effect of green particles on Total Phenol content in tomato leaves at different days 
	Treatments
	Total phenol content (2023-24)

	
	2 DAI
	5  DAI
	8 DAI
	11 DAI
	% Increased over control @ 8DAI

	T1
	3.96
	4.07
	4.76
	4.51
	47.83

	T2
	4.23
	4.43
	5.29
	4.73
	64.29

	T3
	4.57
	4.89
	5.88
	5.51
	82.61

	T4
	3.88
	4.01
	4.70
	4.28
	45.96

	T5
	4.01
	4.18
	5.02
	4.66
	55.90

	T6
	4.36
	4.68
	5.69
	4.87
	76.71

	T7
	3.50
	3.67
	4.00
	3.80
	24.22

	T8
	3.66
	3.72
	4.38
	3.98
	36.02

	T9
	3.72
	3.94
	4.66
	4.13
	44.72

	T10
	3.31
	3.43
	3.81
	3.64
	18.32

	T11
	3.03
	3.26
	3.71
	3.58
	15.22

	T12
	2.58
	2.79
	3.22
	3.02
	

	CD at 5%
	0.151
	0.164
	0.162
	0.183
	

	SE(m)
	0.051
	0.056
	0.055
	0.062
	

	SE(d)
	0.072
	0.079
	0.078
	0.088
	

	CV
	2.371
	2.459
	2.075
	2.543
	


The augmentation of phenolic content following nanoparticle application is well-documented and aligns with the findings of Singh et al. (2018). It has been reported that silver and copper nanoparticles act as elicitors that activate the phenylpropanoid pathway, a key metabolic route responsible for the biosynthesis of defense-related compounds (Sharma et al., 2020). This pathway stimulation leads to higher phenol production, thereby enhancing the host's chemical resistance against P. infestans invasion, a phenomenon also supported by Kumari et al. (2021).
3.3 Modulations in Salicylic Acid Content
Salicylic acid (SA) is a fundamental signaling molecule that orchestrates Systemic Acquired Resistance (SAR), enabling plants to mount a coordinated defense against biotrophic and hemibiotrophic pathogens. Data presented in Table 3 indicate that among all the evaluated interventions, Treatment T3 (AgNP @ 100 ppm) elicited the highest accumulation of salicylic acid, reaching 1.89 µg g⁻¹ at 8 DAI. This corresponds to a significant 87.13% increase over the infected control. Significant enhancements were also observed in treatments T6 and T2, suggesting a broad-spectrum elicitation effect across the nanoparticle-treated groups.
Table 3: Effect of green particles on Salicyclic Acid content in tomato leaves at different days 
	Treatments
	Salicyclic Acid content (2023-24)

	
	2 DAI
	5  DAI
	8 DAI
	11 DAI
	% Increased over control @ 8DAI

	T1
	1.33
	1.79
	1.72
	1.60
	70.30

	T2
	1.37
	1.85
	1.79
	1.70
	77.23

	T3
	1.46
	1.91
	1.89
	1.79
	87.13

	T4
	1.33
	1.76
	1.68
	1.58
	66.34

	T5
	1.35
	1.84
	1.76
	1.64
	74.26

	T6
	1.38
	1.87
	1.85
	1.77
	83.17

	T7
	1.24
	1.68
	1.59
	1.39
	57.43

	T8
	1.26
	1.70
	1.63
	1.46
	61.39

	T9
	1.29
	1.72
	1.67
	1.51
	65.35

	T10
	1.22
	1.64
	1.54
	1.32
	52.48

	T11
	0.91
	1.23
	1.11
	1.00
	9.90

	T12
	0.88
	1.09
	1.01
	0.87
	

	CD at 5%
	0.050
	0.088
	0.067
	0.054
	

	SE(m)
	0.017
	0.030
	0.023
	0.018
	

	SE(d)
	0.024
	0.042
	0.032
	0.026
	

	CV
	2.344
	3.095
	2.460
	2.144
	


These results suggest that nanoparticles effectively trigger SA-mediated defense pathways, consistent with the foundational findings of Khodakovskaya et al. (2012). Recent studies have further elucidated that nanoparticles can act as exogenous elicitors that stimulate endogenous salicylic acid biosynthesis, thereby reinforcing the host's resistance against fungal and oomycete pathogens (Ali et al., 2020; Meena et al., 2021). The spike in SA levels observed in this study likely served as a precursor to the upregulation of pathogenesis-related genes, providing a biochemical shield against P. infestans.
3.4 Modulation of Peroxidase (PO) Activity
Peroxidase is a fundamental defense enzyme primarily responsible for the reinforcement of plant cell walls through lignification and the detoxification of reactive oxygen species (ROS) generated during pathogen attack. As shown in Table 4 and Figure 1, the highest peroxidase activity was observed in Treatment T3 (AgNP @ 100 ppm) at 8 DAI, reaching 1.739 units min⁻¹ g⁻¹, which represents a 94.96% increase relative to the control. Similarly, T6 (CuNP @ 100 ppm) exhibited substantial enzymatic induction, showing the second-highest activity with a 92.83% increase.




Table 4: Effect of green particles on activities of peroxidises in tomato leaves at different days after inoculation during 2023-24
	Treatments
	Peroxidase activity (2023-24)

	
	2 DAI
	5  DAI
	8 DAI
	11 DAI
	% Increased over control @ 8DAI

	T1
	0.994
	1.189
	1.631
	1.398
	82.85

	T2
	1.032
	1.203
	1.692
	1.476
	89.69

	T3
	1.073
	1.265
	1.739
	1.527
	94.96

	T4
	0.960
	1.169
	1.597
	1.343
	79.04

	T5
	1.006
	1.194
	1.688
	1.455
	89.24

	T6
	1.051
	1.221
	1.720
	1.502
	92.83

	T7
	0.843
	1.119
	1.483
	1.196
	66.26

	T8
	0.882
	1.132
	1.511
	1.241
	69.39

	T9
	0.915
	1.156
	1.574
	1.266
	76.46

	T10
	0.829
	1.030
	1.323
	1.163
	48.32

	T11
	0.796
	0.921
	1.105
	1.076
	23.88

	T12
	0.624
	0.731
	0.892
	0.811
	-

	CD at 5%
	0.038
	0.049
	0.067
	0.058
	

	SE(m)
	0.013
	0.017
	0.023
	0.020
	

	SE(d)
	0.018
	0.024
	0.032
	0.028
	

	CV
	2.459
	2.603
	2.610
	2.628
	


The marked elevation in PO activity demonstrates a robust state of induced resistance in the treated tomato seedlings, equipping them to better withstand the oxidative stress and mechanical pressure exerted by P. infestans. These findings align with the results of Siddiqui and Shaukat (2004), who documented the nanoparticle-mediated enhancement of peroxidase pathways. Furthermore, the ability of AgNPs and CuNPs to significantly upregulate peroxidase activity in tomato plants is well-supported by the recent work of Verma et al. (2022), confirming the role of these nanoparticles as effective biochemical elicitors.

Figure 1: Effect of green nanoparticles on biochemical parameter of tomato seedlings
A comparative assessment of the experimental data, illustrated in Figure 1, reveals that among the diverse array of treatments evaluated, T3 (AgNP @ 100 ppm) was consistently the most effective in eliciting biochemical defense responses. This was followed by T6 (CuNP @ 100 ppm) and T2 (AgNP @ 75 ppm), respectively. While neem extract treatments also contributed to the enhancement of the host's innate immunity, their efficacy was comparatively lower than that of the nanoparticle-based interventions. Furthermore, the conventional fungicide mancozeb demonstrated only a moderate induction of biochemical markers, suggesting that while it provides direct fungitoxic effects, its role as a systemic elicitor is less pronounced than that of green-synthesized nanoparticles.
4. Conclusion
The present investigation provides compelling evidence that green-synthesized nanoparticles serve as potent elicitors of the innate biochemical defense network in tomato plants. The application of AgNP @ 100 ppm (T3) was identified as the most efficacious treatment, significantly augmenting the levels of total soluble protein, phenolic compounds, and salicylic acid, while simultaneously upregulating peroxidase activity. These biochemical modulations collectively contribute to a heightened state of systemic induced resistance, effectively mitigating the impact of late blight disease caused by Phytophthora infestans. Consequently, the integration of green-synthesized nanoparticles into crop protection strategies offers a highly promising, eco-friendly, and sustainable alternative to conventional chemical fungicides for the management of tomato late blight.
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