A Comparative Assessment of Green-Synthesized Nanoparticles, Plant Extracts, and Conventional Fungicide in suppressing Phomopsis blight of Brinjal.

Abstract
Brinjal (Solanum melongena L.) is one of the most important vegetable crops, but its productivity is severely constrained by Phomopsis blight caused by Phomopsis vexans. The present study evaluated the antifungal efficacy of green-synthesized silver (Ag) and zinc oxide (ZnO) nanoparticles from different plant leaf extracts, neem aqueous extracts, and a standard fungicide (Saaf: Carbendazim 12% + Mancozeb 63% WP) using the poison food technique. Results revealed that neem-based Ag nanoparticles at 100 ppm were most effective, recording minimum radial growth (14.50 mm) with 83.89% inhibition, followed by tulsi-based Ag nanoparticles (71.85%) and hibiscus-based Ag nanoparticles (68.30%). Similarly, among ZnO nanoparticles, neem-based ZnO at 100 ppm exhibited 69.63% inhibition, while bael- and moringa-based ZnO nanoparticles showed 67.63% and 64.03% inhibition, respectively. In contrast, aqueous leaf extracts were less effective, with neem extract at 750 ppm showing 45.55% inhibition, followed by parthenium (41.97%) and tulsi (41.74%). The fungicide Saaf at 1000 ppm achieved 62.63% inhibition, outperforming plant extracts but remaining less effective than Ag NPs. A clear concentration-dependent response was observed for both Ag and ZnO nanoparticles, whereas extracts showed comparatively weaker effects even at higher doses. Overall, the findings confirm neem-based silver nanoparticles as the most promising eco-friendly and sustainable alternative to synthetic fungicides for effective management of Phomopsis blight in brinjal.	Comment by Dr. Shital phuse: Excellent summary. However, mention it in 250 words. 
In conclusion, The phrase "confirm neem-based silver nanoparticles as the most promising eco-friendly and sustainable alternative" is slightly strong for an abstract. Consider softening to "suggest that neem-based silver nanoparticles are a promising..." to maintain scientific objectivity.
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1. Introduction	Comment by Dr. Shital phuse: It provides comprehensive and good background. Stll, the change from the nutritional value of brinjal to the disease could be smoother.
Give citation of the references instead of mentioning the name of author and year. 
Eggplant (Solanum melongena L.), commonly known as brinjal, represents a globally significant vegetable crop that has earned widespread recognition for its exceptional adaptability, culinary diversity, and nutritional benefits. Originating from the Indian subcontinent, this versatile crop has expanded throughout Asia via ancient trade routes and agricultural practices, establishing itself as a fundamental dietary and farming component in major Asian economies including China, Bangladesh, the Philippines, and Pakistan (Choudhury & Kalad, 1968).
Nutritionally, brinjal provides essential components including 92.7% water content, 1.4g protein, 4.0g carbohydrates, and vital micronutrients such as vitamin A (124 IU) and vitamin C (12 mg) per 100g edible portion. Beyond its nutritional value, brinjal possesses documented medicinal properties for treating respiratory conditions, cardiovascular disorders, and neuralgic conditions (Kalra et al., 1988). Singh et al. (2009) reported that brinjal is rich in bioactive phenolic compounds like 5-caffeoylquinic acid (chlorogenic acid), which is strongly correlated with inhibiting LDL cholesterol oxidation a key mechanism in preventing cardiovascular diseases.
Despite its agricultural importance and improved cultivation practices, brinjal production faces significant challenges from various pathological constraints, with disease prevalence representing the primary limiting factor affecting yields. Among the spectrum of diseases affecting brinjal cultivation, Phomopsis blight caused by Phomopsis vexans emerges as the most devastating pathological constraint (Bhatti et al., 2013). This destructive fungal pathogen induces severe foliar necrosis, fruit decay, stem cankering, and pre-emergence seedling mortality, resulting in yield losses ranging from 15-20% under moderate infection to 40-70% in severe cases when environmental conditions favor pathogen development (Jayaramaiah et al., 2013).
The disease spreads through multiple transmission pathways including seed-borne inoculum, airborne spores, water splash dispersal, insect vectors, and contaminated agricultural implements. The pathogen thrives under warm temperatures (optimal at 28°C) and high humidity conditions, with spore germination occurring optimally at 27°C and fruiting body formation between 30-35°C (Beura et al., 2008).  Infected fruits develop characteristic small, darkened, water-soaked lesions that expand into sunken patches, often rendering produce unmarketable (Howard and David, 2007) and reducing market value by 20-30% while adversely affecting nutritional content (Akhtar et al., 2008; Hossain et al., 2013).
Current disease management strategies rely heavily on chemical fungicides including Captan, Dithane M-45, Carbendazim, and Copper oxychloride, which present significant environmental and health concerns (Pani et al., 2013). These challenges have prompted researchers to explore sustainable, eco-friendly disease management alternatives, with botanical extracts and nanotechnology emerging as a promising solution. 
Green synthesis of nanoparticles using plant-derived extracts offers environmentally safe and economically viable antimicrobial solutions. This approach utilizes bioactive compounds such as phenols, flavonoids, terpenoids, and proteins to reduce metal ions into nanoparticles while providing natural capping and stabilization (Arya, 2010).Silver and zinc nanoparticles synthesized through green methods demonstrate broad-spectrum antifungal activity, enhanced plant defense responses, and minimal toxicity to beneficial organisms(Sondi and Salopek-Sondi, 2004; Kim et al., 2007).
Baker et al. (2017) examined nano-agroparticles for sustainable agriculture and plant disease management, highlighting the antimicrobial properties of silver, zinc oxide, and titanium dioxide nanoparticles against plant pathogens. Sardar et al. (2021) tested lemon peel-synthesized ZnO nanoparticles against Alternaria citri, showing a dose-dependent response with inhibition zones increasing from 21.5 mm (10 mg ml⁻¹) to 51.5 mm (100 mg ml⁻¹), indicating high efficacy at elevated concentrations. Khatoon et al. (2024) reported that green-synthesized AgNPs from Quercus incana leaves showed over 98% inhibition of Alternaria solani at optimal concentrations.
The potential of botanicals in managing Phomopsis blight of brinjal has been widely explored due to their eco-friendly, biodegradable nature and compatibility with organic and integrated disease management systems. Chaudhary et al. (2017) found that 3% neem oil emulsion provided the best disease control and yield improvement in field and laboratory studies, especially in organic production systems. Ekka et al. (2018) tested six plant extracts garlic, tulsi, ginger, pili kaner, bael, and sadabahar against P. vexans using a 10% concentration poison food method. Among these, Allamanda cathartica showed complete inhibition (100%) of pathogenic mycelial growth in laboratory conditions.

2. Materials and Methods
2.1 Experimental site
The present investigation was carried out during 2022-23 and 2023-24 in the Biocontrol Lab and laboratory of Department of Plant Pathology ,Chandra Shekhar Azad University of Agriculture and Technology, Kanpur, 208002 (Uttar Pradesh).
2.2 Isolation and purification of the pathogen (Phomopsis vexans)
Small bits of diseased sample of 2-3 mm dimension adjacent to healthy portion were cut, washed thoroughly in tap water followed by surface sterilization with 1% sodium hypochlorite solution for 30 seconds under aseptic conditions inside laminar flow. Again the sample were washed thrice with distilled water to remove the chemical traces, and placed on PDA medium under aseptic conditions at 25±1°C. The isolated culture was purified using single-spore technique and identified based on morphological and cultural characteristics following Johnston and Booth (1983). Pure cultures were maintained on PDA slants at 28±1°C with sub-culturing every 15 days and stored at 4°C for experimental use.
2.3 Green synthesis of Silver (Ag) and Zinc oxide (ZnO) nanoparticles (NPs)	Comment by Dr. Shital phuse: Should mention the colour change for ZnONPs
	Silver nanoparticles were synthesized from leaf extracts of Neem, Tulsi, China rose, and Congress grass by heating 50g fresh leaves with 200mL water at 80-90°C for one hour, filtering, and adding the extract dropwise to 0.2M AgNO₃ solution at 60°C with magnetic stirring. Similarly, zinc oxide nanoparticles were prepared from Neem, Drumstick, Indian laburnum, and Bael leaf extracts by macerating 20g leaves with distilled water, heating at 80°C, and mixing 40mL filtered extract with 0.2M  Zinc nitrate hexahydrate solution at 60-70°C under alkaline conditions using ammonium hydroxide. Both syntheses involved centrifugation at 10,000 rpm for 20 minutes, washing thrice with distilled water, and storage at 4°C. Colour changes from yellowish to brownish indicated successful nanoparticle formation in both cases (Suresh et al., 2015; Ahmed et al., 2016; Senthilkumar et al., 2017).
2.4 Plant Extracts	Comment by Dr. Shital phuse: You list seven plants for extracts, but in section 2.3 for NPs, you use a different set (Neem, Tulsi, China rose, Congress grass for Ag; Neem, Drumstick, Indian laburnum, Bael for ZnO). This is fine, but it should be explicitly stated that the plant sources for NPs and crude extracts were not identical, to avoid confusion. 
Fresh leaves of seven plants (Neem, Tulsi, Hibiscus, Parthenium, Bael, Moringa, and Cassia) were collected from C.S.A.U.A. & T campus, washed with tap water followed by thrice washing with sterile distilled water. Fifty grams of leaves were homogenized with 200mL sterile distilled water using a high-speed blender for 3-5 minutes, then filtered through double-layered muslin cloth and Whatman No. 1 filter paper to obtain clear crude extract. The extracts were stored at 4°C in amber bottles and contained approximately 0.5-1% (w/v) active phytochemicals equivalent to 5,000-10,000 ppm (Isman, 2006; Prakash & Rao, 2018).
2.5 In vitro efficacy of green-synthesized silver and zinc oxide nanoparticles from various leaf extracts at different concentrations on mycelial growth of Phomopsis vexans after 7 days of inoculation	Comment by Dr. Shital phuse: The incubation temperature reported inconsistently: "room temperature", "25±2°C", "28±1°C". For scientific rigor, this should be a consistent, controlled temperature (25±2°C or 28±1°C) across all experiments. Choose one and stick to it.
	The in vitro efficacy of green synthesized silver and zinc oxide nanoparticles was tested at 50, 75, and 100 ppm concentrations against Phomopsis vexans using the Poison Food Technique. Nanoparticles were added to sterilized molten PDA, poured into Petri plates, and inoculated with 5mm fungal discs from seven-day-old cultures, with PDA alone serving as control. After seven days of incubation at room temperature, radial mycelial growth was measured and percent inhibition was calculated using Vincent's (1927) formula:	Comment by Dr. Shital phuse: Make it an Italics
 PGI = [(DC-DT)/DC] × 100
Where DC is control diameter and DT is treated diameter. The most effective nanoparticles were selected for further studies.
2.6 Efficacy of various plant extracts at different concentrations on radial mycelial growth of Phomopsis vexans after 7 days of inoculation (In vitro)
	Seven plant extracts (Neem, Tulsi, Hibiscus, Parthenium, Bael, Moringa, and Cassia) were tested against Phomopsis vexans using Poison Food Technique (Nene and Thapliyal, 1982). The plant extracts at 250, 500 and 750 ppm concentrations were mixed with PDA medium, poured into sterile plates, and inoculated with 5mm fungal discs from 7-day-old cultures. Plates were incubated at 25±2°C with three replicates per treatment and PDA-only controls, with inhibition calculated using Vincent's (1927) formula. The most effective extract was selected for further concentration studies. 
2.7 Efficacy of synthesized Silver(Ag) and Zinc oxide(ZnO) Nanoparticle(NPs) from neem leaves, leaf extracts and  fungicide at different concentrations on radial mycelial growth of Phomopsis vexans after 7 days of inoculation ( In vitro)
	The efficacy of synthesized Ag NPs and ZnO NPs from neem leaves at concentration 50, 75 and 100ppm , neem leaf extracts at concentration 250, 500 and 750ppm and standard fungicide Saaf (Carbendazim 12% + Mancozeb 63% WP) at concentration 1000ppm were evaluated against mycelial growth of P. vexans by poison food technique. The observation on the radial growth (mm) will be recorded from 24 h of the incubation at 28±1ºC till the complete growth of test pathogen in control plates. The per cent growth inhibition over control was calculated by using formula given by Vincent (1947).	Comment by Dr. Shital phuse: It is in future tense, this should be “was recorded”
2.8 Statistical analysis
	Each treatment was replicated thrice and the values are means ± SE. The data were computed using SPSS software version 21.
3. Results and discussion	Comment by Dr. Shital phuse: The results are clearly presented in the tables and described well.
When comparing NPs (100 ppm) to the fungicide (1000 ppm), note the ten-fold difference in concentration. This makes the NP efficacy even more impressive. explicitly state this.
Discuss this more. Is it due to fungicide resistance in the local pathogen population? Or does it truly highlight the superior efficacy of the nano-formulation? This is a very important point for your argument.
3.1 Efficacy of green-synthesized Silver(Ag) and Zinc oxide (ZnO) Nanoparticles(NPs) from various plant extracts at different concentrations on radial mycelial growth of Phomopsis vexans after 7 days of inoculation (In vitro).
The data presented in Table 1 clearly demonstrated that silver nanoparticles were consistently superior to zinc oxide nanoparticles across all the concentrations tested. Among all treatments, neem-based silver nanoparticles at 100 ppm proved significantly superior, with minimum radial growth of 14.50 mm and maximum inhibition of 83.89 percent over control, followed by tulsi-based silver nanoparticles (25.33 mm, 71.85% inhibition) and hibiscus-based silver nanoparticles (28.53 mm, 68.30% inhibition). In case of zinc oxide nanoparticles, neem-based ZnO nanoparticles at 100 ppm were most effective, exhibiting 27.33 mm radial growth with 69.63% inhibition, followed by bael-based ZnO nanoparticles (29.13 mm, 67.63% inhibition) and moringa-based ZnO nanoparticles (32.37 mm, 64.03% inhibition). 
A clear concentration-dependent response was observed with 100 ppm > 75 ppm > 50 ppm efficacy for both nanoparticle types. All treatments significantly suppressed P. vexans mycelial growth compared to control, with neem-based formulations demonstrating superior performance consistently. These findings were supported by work of various researchers such as Khot et al., (2012), Ashraf et al. (2020), Gondwal et al., (2023) reporting efficacy of nanoparticles and their concentration dependent performance.
3.2 Efficacy of various plant extracts at different concentrations on mycelial growth of Phomopsis vexans after 7 days of inoculation (In vitro)
	The data presented in Table 2 shows that at 750 ppm, all plant extracts showed maximum efficacy, with neem leaf extract recording the least radial growth (49.00 mm, 45.55% inhibition) followed by parthenium (52.23 mm, 41.97%), tulsi (52.43 mm, 41.74%), bael (53.40 mm, 40.67%), moringa (54.27 mm, 39.70%), cassia (54.87 mm, 39.03%) and hibiscus (57.06 mm, 36.60%). At 500 ppm, neem extract again proved most effective (55.83 mm, 37.96%), followed by tulsi, parthenium,  bael , moringa , cassia and hibiscus. At the lowest dose of 250 ppm, the efficacy was comparatively less, with neem (68.13 mm, 31.87%) showing the highest inhibition, followed by tulsi (64.54 mm, 28.28%), parthenium (66.70 mm, 25.89%), bael , moringa, cassia and hibiscus (71.60 mm, 20.44%).
	Statistical analysis confirmed that Neem extract was the most effective, showing consistently high inhibition across all concentrations. The results were supported by the experimental findings of Dhakate et al. (2008) who reported significant mycelial growth suppression using neem extracts against Phomopsis species. Chaudhary et al. (2017) reported neem oil emulsion (3%) providing highest disease control.
3.3  Efficacy of synthesized Silver(Ag) and Zinc oxide(ZnO) Nanoparticle(NPs) from neem leaves, leaf extracts and  fungicide at different concentrations on radial mycelial growth of Phomopsis vexans after 7 days of inoculation ( In vitro)
The data presented in Table 3 showed that silver nanoparticles (Ag NPs) from neem leaves exhibited the highest inhibition, with 50 ppm reducing growth to 45.23 mm (49.74% inhibition), 75 ppm further suppressing it to 25.43 mm (71.74% inhibition), and 100 ppm achieving the strongest effect at 16.47 mm (81.70% inhibition), confirming a dose-dependent response and supported by findings of researchers such as Krishnaraj et al., (2012), Ismail et al., (2016). Zinc oxide nanoparticles (ZnO NPs) obtained using neem leaves also showed concentration-dependent activity, with 50 ppm limiting growth to 47.80 mm (46.89% inhibition), 75 ppm to 33.63 mm (62.63% inhibition), and 100 ppm to 24.87 mm (72.36% inhibition), though they were slightly less effective than Ag NPs at equivalent concentrations (Sirelkhatim et al., 2015; Gondwal et al., 2023). In contrast, aqueous plant extracts obtained using neem leaves displayed weaker antifungal performance, with 250 ppm yielding 61.93 mm growth (31.18% inhibition), 500 ppm reducing it to 55.50 mm (38.33% inhibition), and 750 ppm reaching 45.97 mm (43.92% inhibition). The standard fungicide i.e., Saaf at 1000 ppm concentration showed moderate inhibition of 63.59% with radial mycelial growth of 45.97 mm outperforming plant extracts but weaker than silver and zinc oxide NPs at 75 and 100 ppm concentration . Similar findings were observed by work of various researchers such as (Ekka et al., 2018; Thesiya et al., 2019). The untreated control exhibited unrestricted growth of the pathogen.
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Table 1 : Efficacy of green-synthesized Silver(Ag) and Zinc oxide (ZnO) Nanoparticles(NPs) from various plant extracts at different concentrations on radial mycelial growth of Phomopsis vexans after 7 days of inoculation (In vitro).
	Sr . No.
	Treatments
	50ppm
	75ppm
	100ppm

	
	
	Radial Mycelial growth(mm)
	Per cent inhibition over control
	Radial Mycelial growth(mm)
	Per cent inhibition over control
	Radial Mycelial growth(mm)
	Per cent inhibition over control

	      1.
	       Neem based Ag NPs
	32.77
	63.59
	24.70
	72.56
	14.50
	83.89

	      2.
	       Tulsi based Ag NPs
	43.03
	52.18
	32.80
	63.55
	25.33
	71.85

	      3.
	       Hibiscus based Ag NPs
	50.37
	44.03
	36.67
	59.25
	28.53
	68.30

	      4.
	     Parthenium based Ag NPs
	49.34
	45.17
	34.63
	61.52
	28.47
	68.37

	      5.
	      Neem based ZnO NPs
	45.03
	49.97
	33.00
	63.33
	27.33
	69.63

	      6.
	      Bael based ZnO NPs
	50.74
	43.62
	37.20
	58.67
	29.13
	67.63

	      7.
	      Moringa based ZnO NPs
	55.60
	38.22
	38.80
	56.89
	32.37
	64.03

	      8.
	      Cassia based ZnO NPs
	56.50
	37.22
	40.23
	55.30
	32.40
	64.00

	      9.
	                  Control
	90.00
	 -
	90.00
	-
	90.00
	-

	
	               C.D. at 5%
	2.352
	          -
	3.109
	 - 
	1.681
	- 

	    
	                 SE (m)±
	0.786
	  - 
	1.038
	-
	0.566
	          -

	      
	                  SE(d)
	1.111
	          -
	1.468
	 -
	0.800
	-

	        
	                    C.V.
	2.587
	          -
	4.398
	 -
	2.863
	          -








Table 2: Efficacy of various plant extracts at different concentrations on radial mycelial growth of Phomopsis vexans after 7 days of inoculation (In vitro).
	Sr. No.
	            Treatments
	                250 ppm
	  500 ppm
	             750 ppm 

	
	
	Radial mycelial growth(mm)
	Per cent inhibition  over control
	Radial mycelial growth(mm)
	Per cent inhibition over control
	Radial mycelial growth (mm)
	Per cent inhibition  over control

	  1.
	        Neem leaf extract
	68.13
	31.87
	55.83
	37.96
	49.00
	45.55

	  2.
	         Tulsi leaf extract
	64.54
	28.28
	58.36
	35.15
	52.43
	41.74

	  3.
	         Hibiscus leaf extract
	71.60
	20.44
	61.30
	31.88
	57.06
	36.60

	  4.
	         Parthenium leaf extract
	66.70
	25.89
	59.37
	34.03
	52.23
	41.97

	  5.
	         Bael leaf extract
	66.47
	26.14
	59.53
	33.85
	53.40
	40.67

	  6.
	         Moringa leaf extract
	67.03
	25.52
	60.23
	33.07
	54.27
	39.70

	  7.
	         Cassia leaf extract
	67.27
	25.25
	60.80
	32.44
	54.87
	39.03

	  8.
	                Control
	90.00
	         -
	90.00
	  -
	90.00
	-

	  9.
	             C.D. at 5%
	2.093
	         -
	1.406
	     -
	2.933
	           -

	     
	               SE (m)±
	0.698
	         -
	0.465
	     -
	0.97
	           -

	     
	                SE(d)
	0.987
	         -
	0.657
	     -
	1.372
	           -

	      
	                 C.V.
	1.722
	         -
	1.274
	     -
	2.902
	           -
















Table 3 : Efficacy of synthesized Silver(Ag) and Zinc oxide(ZnO) Nanoparticle(NPs) from neem leaves, leaf extracts and  fungicide at different concentrations on radial mycelial growth of Phomopsis vexans after 7 days of inoculation ( In vitro).
	Sr. No.
	                 Treatments
	Radial  mycelial growth in (mm)
	Per cent inhibition over control

	1.
	            Ag NPs (50ppm)
	45.23
	49.74

	2.
	            Ag NPs (75ppm)
	25.43
	71.74

	3.
	            Ag NPs (100ppm)
	16.47
	81.70

	4.
	            ZnO NPs (50ppm)
	47.80
	46.89

	5.
	            ZnO NPs (75ppm)
	32.77
	63.59

	6.
	           ZnO NPs (100ppm)
	24.87
	72.36

	7.
	Neem leaf extract(250ppm)
	61.93
	31.18

	8.
	Neem leaf extract (500ppm)
	55.50
	38.33

	9.
	Neem leaf extract (750ppm)
	45.97
	43.92

	10.
	       Fungicide(SAAF-1000ppm)
	33.63
	62.63

	11.
	Control
	90.00
	-

	 
	C.D. at 5%
	3.136
	 

	 
	SE (m)±
	1.063
	 

	 
	SE(d)
	1.503
	 

	 
	C.V.
	4.221
	 













4. Conclusion	Comment by Dr. Shital phuse: Concise and accurate.
However,  Add a sentence on the future perspective. E.g., "Based on these promising in vitro results, further in vivo and field studies are recommended to validate the efficacy of neem-based AgNPs for integrated disease management programs in brinjal."

The study demonstrated that green-synthesized silver nanoparticles, particularly neem-based AgNPs at 100 ppm, were most effective in suppressing Phomopsis vexans compared to ZnO nanoparticles, neem leaf extracts, and the standard fungicide Saaf. A clear concentration-dependent inhibition was observed, with nanoparticles consistently outperforming plant extracts and chemical fungicides. Thus neem-based silver nanoparticles can be adopted as an eco-friendly and highly effective alternative to chemical fungicides for managing Phomopsis blight.
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