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Abstract
Rice is among the most crucial food grain crops cultivated globally, including in India. A field study was carried out in Kharif 2023–24 and 2024–25 to assess the impact of various concentrations of nanoparticles synthesized from Pseudomonas fluorescens on rice growth inducer under pathogen stress. The treatments comprised silver (Ag NPs), zinc oxide (ZnO NPs), and silicon dioxide (SiO₂ NPs) at different concentrations, in addition to a standard fungicide (copper oxychloride) and control samples. Of all treatments, Ag NPs at 300 ppm (T₃) consistently showed the best results, significantly improving shoot length (46.58–107.45 cm), fresh shoot weight (65.45–185.20 g/plant), fresh root weight (20.95–25.95 g/plant), dry shoot weight (30.25–71.59 g/plant), and dry root weight (8.65–12.35 g/plant) in comparison to control and inoculated control. ZnO NPs at 300 ppm (T₇) and copper oxychloride (T₁₃) exhibited moderate enhancements, whereas the lowest growth metrics were observed in inoculated (T₁₄) and untreated controls (T₁₅), underscoring the harmful impact of Ustilaginoidea virens infection. The findings show that Ag NPs synthesized from P. fluorescens at 300 ppm not only reduced pathogen effects but also enhanced vegetative growth and biomass development. These results indicate that bio-synthesized nanoparticles may act as efficient, eco-friendly substitutes for chemical fungicides in boosting rice yield during disease stress situations.
Keywords: Rice, false smut, Ustilaginoidea virens, Nano Particles, P. fluorescens, bio-synthesized, management


1.0 Introduction
Rice is a crucial food grain crop cultivated globally, including in India, and serves as a staple for most of the world's population. In the year 2022-23, rice occupies approximately 165.04 million hectares globally, with a production of 787 million tons (Anonymous, 2022). India occupies the top position in the area of cultivated rice, with China in second place, and ranks second in rice production, again behind China. In 2022, India produced 130.29 million tons of rice from 46.38 million hectares, achieving a yield of 28.09 q/ha. In U.P., rice is grown over an area of 5.70 million hectares, the largest among Indian states, and it ranks second in production (15.27 million tons), following West Bengal, with a yield of 26.79 q/ha (Anonymous, 2022-23). Among the rice diseases, false smut is one of the most emerging and destructive diseases, leading to considerable harm to rice yield and quality globally (Abbas et al., 2014; 2008; Brooks et al., 2010; Aishwaza et al., 2011; Ladhalakshmi et al., 2012; Bashyal et al., 2020). False smut disease was initially documented in Tirunelveli, Tamil Nadu (Cooke, 1878). Recently, Claviceps oryzae sativae (Hashioka, 1971) has been renamed Villosiclava virens as the teleomorphic stage (Tanaka et al., 2008). The False smut pathogen infects the plant at the flowering stage, causing healthy grains to initially transform from yellowish-orange to green velvety spores, which eventually turn a greenish-black color (Baite et al., 2014 and Tanaka et al., 2016). The fungus primarily infects the stamen filaments of rice during the booting stage and develops intercellularly within the host tissues (Hu et al., 2014 and Yong et al., 2016).Since 2001, false smut disease has been noted in a severe manner across key rice cultivation states in India, including Haryana, Punjab, Uttar Pradesh, Uttarakhand, Tamil Nadu, Karnataka, Andhra Pradesh, Bihar, Jharkhand, Gujarat, Maharashtra, Jammu & Kashmir, and Puducherry. In general, few grains of a panicle are affected or sometimes may be several. Present-day strategies for managing the disease primarily depend on chemical fungicides however, their extensive use raises serious concerns regarding environmental safety and human health (Nimse et al., 2025).These issues have driven scientists to investigate sustainable and environmentally friendly approaches to disease control, with particular attention on botanical extracts and nanotechnology as potential alternatives. Nanotechnology a new emerging and interesting field of science is currently applied in many areas. It has great impact on application in the field of agriculture and biotechnology. These nanoparticles have renewed a great interest towards alternative methods of prevention and control of plant diseases being widely used in the field of agriculture. Nanotechnology can be termed as the fabrication, characterization, exploration and application of nanosized (1-100 nm) materials for the development of science. It deals with the study of extremely minute structures and the prefix “nano” is a Greek word which means “dwarf of miniature” (Siddqui et al., 2015).
Nanoparticles are substances measuring between 1 to 100 nanometers (nm) that could be utilized directly as a foliar spray for defense against various pathogens, including fungi, bacteria, and viruses, among others. In the age of climate change, worldwide agricultural systems encounter many unprecedented challenges. To attain food security, cutting-edge nanotechnology serves as a means to enhance crop yields and ensure sustainability. Nanotechnology enhances agricultural output by boosting input efficiency and reducing associated losses (Shang et al., 2019). P. fluorescens serves as a biocontrol agent in farming. It includes a collection of typical, non-harmful saprophytes that inhabit soil, water, and the surfaces of plants. It is a typical gram-negative, rod-shaped bacterium, as indicated by its name, and it produces a soluble greenish fluorescent pigment known as fluorescein, especially in situations of low iron availability. It is an obligate aerobe, moving with the aid of several polar flagella. It has straightforward nutritional needs and thrives in mineral salts media enriched with a variety of carbon sources (Palleroni, 1984). The creation of nanoparticles with the help of helpful microbes, like Pseudomonas fluorescens, is a novel and environmentally friendly method in nanobiotechnology and management of plant diseases. This approach merges the inherent bioactive traits of P. fluorescens—a recognized plant growth-promoting rhizobacterium (PGPR)—with the distinctive properties of nanoparticles, resulting in highly efficient, sustainable, and targeted strategies for disease control. Nanotechnology, an intriguing and newly developing branch of science, is presently utilized in various domains. It significantly affects applications in agriculture and biotechnology. Silver and zinc nanoparticles synthesized through green methods demonstrate broad-spectrum antifungal activity, enhanced plant defense responses, and minimal toxicity to beneficial organisms (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. Recent research demonstrates the antifungal efficacy of plant-synthesized nanoparticles. Prasad et al. (2017) found size-dependent effects of Stevia rebaudiana-derived silver nanoparticles on crop germination and growth. Gomaa et al. (2021) showed that neem-derived silver nanoparticles (800 μL L⁻¹) completely prevented Fusarium oxysporum growth while improving plant biomass. Zhao et al. (2022) demonstrated that silver and copper oxide nanoparticles enhance crop stress resilience, while Abdelaziz et al. (2023) showed Ag NPs significantly suppressed Fusarium oxysporum infection, providing 75% protection. Attia et al. (2024) reported that bimetallic Ag-Se nanoparticles demonstrated superior efficacy against Ralstonia solanacearum wilt disease in eggplant, achieving 78.1% protection and reducing disease index to 17.5.
2.0 Materials and Methods
2.1Experimental Site
The present investigation was carried out during 2023-24 and 2024-25 in the laboratory of Department of Plant Pathology and Student Instructional Farm (SIF), Chandra Shekhar Azad University of Agriculture and Technology, Kanpur, 208002 (Uttar Pradesh). 
2.2 Collection of false smut infected specimen
The false smut samples (infected panicles bearing smutted balls) were collected in air tight polythene bags from Student’s Instructional Farm (S.I.F) of Chandra Shekhar Azad University of Agriculture and Technology, Kanpur (U.P.). Diseased samples were stored at 20-25ºC (Singh 1997). The infected grains were separated from panicles and store in air tight glass vials.
2.3 Isolation and purification of the pathogen (Ustilaginoidea virens)
The false smut balls were surface sterilized by dipping in 1% sodium hypochlorite solution for 1–2 minutes followed by 70% ethanol wash for 1-2 minute and finally repeated washing (2-3 times) with sterilized distilled water. The smut balls were then dried between two sterilized filter papers. The outer portion of dark powdery mass of spores was teased out into small pieces which were then placed over the media and incubated at 27±2°C. To avoid bacterial contamination streptomycin @ 100 ppm was added in the medium at luke warm stage before pouring into Petri plates. Since it is a slow growing fungus, the culture was often contaminated during incubation with fast growing saprophytes, so hyphal tip method was used for sub culturing of the fungus in PSA (Potato Sucrose Agar) slants or Petri plates in order to get the pure culture of the fungus. The culture was periodically transferred to fresh media during the study. All the work of isolation and transfer of fungal inoculum were carried out in laminar air flow to avoid contamination.
2.4 Maintenance of the cultures 
The pure culture was maintained on potato sucrose agar (PSA) medium at 27°C in BOD incubator throughout the studies. Whenever the need arises, the fungus was transferred to fresh slants. The cultures were stored in refrigerator at 40C for further studies.
2.5 Synthesis of Ag NPs ZnO NPs and SiO2 NPs from Pseudomonas fluorescens 
The culture of Pseudomonas fluorescens was collected from culture collection laboratory of Department of Plant Pathology, C.S. Azad University of Agriculture & Technology Kanpur (U.P). The culture of the Pseudomonas fluorescens was sub-cultured on King’s B medium and used for the biosynthesis of Silver nanoparticles (Ag NPs), Zinc oxide nanoparticles (ZnO NPs) and Silicon dioxide Nanoparticles (SiO2 NPs). Biomass production of Pseudomonas fluorescens was done in King’s B medium. After production of biomass, the bacterial cell pellets was used for the biosynthesis of nanoparticles. Inoculums of the bacteria was grown freshly in King’s B media and incubated for 72-120 hours at 320C for mass culture.
Silver (Ag), Zinc Oxide (ZnO), and Silicon Dioxide (SiO₂) nanoparticles were synthesized through Pseudomonas fluorescens culture, and their antifungal effectiveness against Ustilaginoidea virens was assessed. In the synthesis process, 100 ml of sterile King’s B broth medium was prepared and inoculated with a 12-hour-old bacterial culture, then incubated at 32°C for 36–48 hours while shaking continuously at 150 rpm. Following incubation, bacterial cell pellets were collected via centrifugation at 10,000 rpm for 10 minutes at 4°C to acquire biomass for the synthesis of intracellular nanoparticles. The obtained biomass was rinsed three times with sterile distilled water to remove any leftover medium elements.
To synthesize silver nanoparticles, 5 g of bacterial biomass was mixed in 100 ml of 1 mM Ag NO₃ solution and incubated at room temperature for 72–120 hours. A noticeable color shift from colorless to brownish-red indicated the creation of Ag NPs resulting from the reduction of Ag⁺ to Ag⁰ In the same way, for the synthesis of zinc oxide nanoparticles (ZnO NP), 5 g of biomass was resuspended in 100 ml of a 1 mM Zn(NO₃)₂•6H₂O solution and kept in the dark for 72–120 hours, leading to a dark brown color that signals the formation of ZnO NPs. For the synthesis of silicon dioxide nanoparticles (SiO₂ NP), the identical method was employed utilizing a 1 mM SiO₂ solution, with incubation in the dark for 72–120 hours
The biosynthesized nanoparticles (Ag, ZnO, and SiO₂) were purified through centrifugation at 10,000 rpm for 7 minutes at 4°C. The obtained pellets were either dried or resuspended in double-distilled water for additional characterization and assessment of their antifungal activity against U. virens.
2.6 Treatment details
The experiment was conducted in Randomized Block Design (RBD) with 15 treatments and 3 replications during Kharif season of year 2023-24 and 2024-25 using Damini variety of paddy with 20×10 cm spacing.

T1= Seed treatment + foliar spray with Ag NPs of P. fluorescens at booting and before milking stage @ 100ppm, T2= Seed treatment + foliar spray with Ag NPs of P. fluorescens at booting and before milking stage @ 200ppm, T3= Seed treatment + foliar spray. with Ag NPs of P. fluorescens at booting and before milking stage @ 300ppm, T4= Seed treatment + foliar spray with Ag NPs of P. fluorescens at booting and before milking stage @ 500ppm, T5= Seed treatment + foliar spray with ZnO NPs of P. fluorescens at booting and before milking stage @ 100ppm, T6= Seed treatment + foliar spray with ZnO NPs of P. fluorescens at booting and before milking stage @ 200ppm, T7= Seed treatment + foliar spray with ZnO NPs of P. fluorescens at booting and before milking stage @ 300ppm, T8= Seed treatment + foliar spray with ZnO NPs of P. fluorescens at booting and before milking stage @ 500ppm, T9= Seed treatment + foliar spray with SiO2 NPs of P. fluorescens at booting and before milking stage @ 100ppm, T10= Seed treatment + foliar spray with SiO2 NPs of P. fluorescens at booting and before milking stage @ 200ppm, T11= Seed treatment + foliar spray with SiO2 NPs of P. fluorescens at booting and before milking stage @ 300ppm, T12= Seed treatment + foliar spray with SiO2 NPs of P. fluorescens at booting and before milking stage @ 500ppm,T13= foliar spray with standard fungicide copper oxychloride at booting and before milking stage @ 2500ppm, T14= Control (inoculated) and, T15= Control (untreated).
2.7 Observations recorded
· Length of shoot recorded at 45, 60, 75 and 90 days after transplanting (cm). 
· Weight of fresh shoot and root, weight of dry shoot and root has been taken on 45, 60, 75 and 90 days after transplanting.
2.7 Statistical Analysis 
Each treatment was replicated thrice and the values are means ± SE. The data were computed using SPSS software version 21.



3.0 RESULTS AND DISCUSSION
3.1 Effect of synthesized Silver (Ag), Zinc oxide (ZnO) and Silicon dioxide (SiO2) Nanoparticles (NPs) from Pseudomonas fluorescens and fungicide as inducer on shoot length of rice under field conditions during kharif 2023-24 and 2024-25.
The result shown in Table 1 indicates that varying concentrations of synthesized nanoparticles of Pseudomonas fluorescens had a notable impact on the shoot length of rice in field conditions during Kharif 2023–24 and 2024–25. Among all treatments, T₃ (Ag NPs @ 300 ppm)  achieved the highest shoot length at every growth stage (46.58, 65.84, 94.02, and 106.85 cm in 2023–24; 47.70, 66.84, 95.42, and 107.45 cm in 2024–25), indicating an enhancement of 22.13–25.10% and 22.87–25.57% compared to control and inoculated control, respectively. T7 followed closely with 104.01 cm and 104.93 cm, showing 18.88% and 19.99% increase over control. The fungicide treatment T13 recorded moderate increases of 98.23% and 97.42% over control, demonstrating that while chemical treatments provide benefits, nanoparticles offer superior growth enhancement. The shortest shoot length was noted in T₁₄ (inoculated control), succeeded by T₁₅ (untreated control). 
Table 1: Effect of synthesized Silver (Ag), Zinc oxide (ZnO) and Silicon dioxide (SiO2) Nanoparticles (NPs) from Pseudomonas fluorescens and fungicide as inducer on shoot length of rice under field conditions during kharif 2023-24 and 2024-25.
	


Treatments
	2023-24
	2024-25

	
	Shoot length (cm)
	Shoot length increase over control (%)
	Shoot length increase over inoculated (%)
	Shoot length (cm)
	Shoot length increase over control (%)
	Shoot length increase over inoculated (%)

	
	45 DAT
	60 DAT
	75 DAT
	90 DAT
	
	
	45 DAT
	60 DAT
	75 DAT
	90 DAT
	
	

	T1
	40.60
	58.12
	82.12
	94.76
	8.31
	10.95
	40.11
	58.10
	83.80
	94.35
	7.89
	10.26

	T2
	44.75
	63.05
	90.80
	102.11
	16.71
	19.55
	45.53
	64.12
	92.10
	102.90
	17.67
	20.25

	T3
	46.58
	65.84
	94.02
	106.85
	22.13
	25.10
	47.70
	66.84
	95.42
	107.45
	22.87
	25.57

	T4
	41.35
	59.63
	83.45
	96.89
	10.74
	13.44
	41.19
	59.38
	85.46
	95.88
	9.64
	12.05

	T5
	39.10
	56.29
	79.94
	91.15
	4.18
	6.72
	37.94
	55.73
	80.48
	90.02
	2.94
	5.20

	T6
	43.60
	62.44
	88.21
	100.95
	15.38
	18.19
	44.45
	63.04
	90.44
	101.12
	15.63
	18.17

	T7
	45.90
	64.02
	92.41
	104.01
	18.88
	21.78
	46.62
	65.33
	93.76
	104.93
	19.99
	22.62

	T8
	39.85
	57.36
	81.50
	92.45
	5.67
	8.24
	39.02
	57.02
	82.14
	92.15
	5.37
	7.69

	T9
	38.35
	55.01
	77.82
	90.25
	3.15
	5.67
	36.85
	54.45
	78.82
	89.65
	2.52
	4.77

	T10
	37.60
	54.24
	76.31
	89.23
	1.99
	4.47
	35.77
	53.36
	77.16
	89.12
	1.91
	4.15

	T11
	42.85
	61.38
	87.23
	99.12
	13.29
	16.05
	43.36
	61.75
	88.78
	98.95
	13.15
	15.64

	T12
	36.85
	53.08
	74.70
	88.31
	0.94
	3.40
	35.02
	52.65
	75.50
	88.25
	0.91
	3.13

	T13
	42.10
	60.75
	85.21
	98.23
	12.28
	15.01
	42.28
	60.47
	87.12
	97.42
	11.40
	13.85

	T14
	35.32
	51.01
	71.41
	85.41
	-2.38
	0.00
	33.01
	52.20
	72.21
	85.57
	-2.15
	0.00

	T15
	36.10
	52.17
	73.09
	87.49
	0.00
	2.44
	34.98
	51.72
	73.84
	87.45
	0.00
	2.20

	C.D. at 5%
	1.661
	2.182
	3.652
	4.064
	-
	-
	1.479
	2.780
	3.280
	3.740
	-
	-

	SE (m) ±
	0.570
	0.749
	1.254
	1.396
	-
	-
	0.508
	0.955
	1.126
	1.284
	-
	-

	SE (d)
	0.807
	1.060
	1.774
	1.974
	-
	-
	0.718
	1.350
	1.593
	1.816
	-
	-

	C.V.
	2.425
	2.226
	2.632
	2.541
	-
	-
	2.185
	2.831
	2.328
	2.341
	-
	-



3.2 Effect of synthesized Silver (Ag), Zinc oxide (ZnO) and Silicon dioxide (SiO2) Nanoparticles (NPs) from Pseudomonas fluorescens and fungicide as inducer on fresh shoot weight of rice under field conditions during kharif 2023-24 and 2024-25.
The data presented in Table 2 indicate that different concentrations of synthesized nanoparticles of Pseudomonas fluorescens significantly influenced the fresh shoot weight of rice under field conditions during Kharif 2023–24 and 2024–25. Among the treatments, T₃ (Ag NPs @ 300 ppm) achieved the highest fresh shoot weight at every growth stage, with measurements of 65.45, 134.85, 152.02, and 186.11 g/plant in 2023–24, and 66.23, 135.11, 151.19, and 185.20 g/plant in 2024–25. This treatment exhibited an increase ranging from 15.45% to 16.25% compared to control and 14.43% to 15.53% compared to inoculated control. The subsequent best performance was noted in T₇ (ZnO NPs @ 300 ppm), then T₂ (Ag NPs @ 200 ppm). Among chemical checks, T13 recorded 55.33, 121.10, 142.42 and 176.61cm in 2023-24, and 54.63, 123.26, 141.05, and 176.02 cm in 2024-25, showing 9.56% and 8.76% increase over control at 90 DAT. The smallest shoot weight was observed in T₁₄ (inoculated control) and T₁₅ (untreated control). The gradual rise in shoot weight up to 90 DAT across all treatments indicates the beneficial effect of nanoparticle application on vegetative development. 


Table 2: Effect of synthesized Silver (Ag), Zinc oxide (ZnO) and Silicon dioxide (SiO2) Nanoparticles (NPs) from Pseudomonas fluorescens and fungicide as inducer on fresh shoot weight of rice under field conditions during kharif 2023-24 and 2024-25.
	


Treatments
	2023-24
	2024-25

	
	Fresh shoot weight (g/plant)
	Shoot weight increase over control (%)
	Shoot weight increase over inoculated (%)
	Fresh shoot weight (g/plant)
	Shoot weight increase over control (%)
	Shoot weight increase over inoculated (%)

	
	45 DAT
	60 DAT
	75 DAT
	90 DAT
	
	
	45 DAT
	60 DAT
	75 DAT
	90 DAT
	
	

	T1
	49.88
	115.60
	138.58
	172.81
	7.20
	7.94
	49.99
	118.52
	137.47
	172.32
	6.47
	7.50

	T2
	61.01
	129.35
	148.18
	182.31
	13.10
	13.87
	61.59
	130.37
	146.92
	181.52
	12.15
	13.24

	T3
	65.45
	134.85
	152.02
	186.11
	15.45
	16.25
	66.23
	135.11
	151.19
	185.20
	14.43
	15.53

	T4
	52.10
	118.35
	140.50
	174.71
	8.38
	9.13
	52.31
	120.89
	139.26
	174.16
	7.61
	8.65

	T5
	45.43
	110.10
	134.74
	169.01
	4.84
	5.57
	45.35
	113.78
	133.89
	168.64
	4.20
	5.20

	T6
	58.78
	126.60
	146.26
	180.41
	11.92
	12.69
	59.27
	128.01
	144.63
	179.68
	11.02
	12.09

	T7
	63.22
	132.10
	150.10
	184.21
	14.27
	15.06
	63.91
	132.74
	149.21
	183.36
	13.29
	14.39

	T8
	47.66
	112.85
	136.66
	170.91
	6.02
	6.75
	47.67
	116.15
	135.68
	170.48
	5.33
	6.35

	T9
	43.21
	108.75
	132.82
	167.11
	3.67
	4.38
	43.03
	111.41
	132.10
	166.80
	3.06
	4.05

	T10
	40.99
	107.40
	130.90
	165.21
	2.49
	3.19
	40.71
	109.04
	130.31
	164.96
	1.92
	2.91

	T11
	56.55
	123.85
	144.34
	178.51
	10.74
	11.50
	56.95
	125.63
	142.84
	177.84
	9.88
	10.94

	T12
	38.76
	106.25
	128.98
	163.31
	1.31
	2.00
	38.39
	106.67
	128.52
	163.12
	0.78
	1.76

	T13
	55.33
	121.10
	142.42
	176.61
	9.56
	10.31
	54.63
	123.26
	141.05
	176.02
	8.76
	9.81

	T14
	35.02
	103.25
	124.84
	160.10
	-0.68
	0.00
	34.87
	102.02
	125.07
	160.30
	-0.96
	0.00

	T15
	37.48
	105.50
	126.91
	161.20
	0.00
	0.69
	36.63
	104.34
	126.85
	161.85
	0.00
	0.97

	C.D. at 5%
	2.099
	4.371
	7.103
	8.481
	-
	-
	1.638
	4.862
	5.564
	8.164
	-
	-

	SE (m) ±
	0.721
	1.501
	2.439
	2.913
	-
	-
	0.563
	1.670
	1.911
	2.804
	-
	-

	SE (d)
	1.019
	2.123
	3.450
	4.119
	-
	-
	0.796
	2.361
	2.702
	3.965
	-
	-

	C.V.
	2.494
	2.221
	3.050
	2.919
	-
	-
	1.945
	2.440
	2.404
	2.816
	-
	-





3.3 Effect of synthesized Silver (Ag), Zinc oxide (ZnO) and Silicon dioxide (SiO2) Nanoparticles (NPs) from Pseudomonas fluorescens and fungicide as inducer on fresh root weight of rice under field conditions during kharif 2023-24 and 2024-25.
The data presented in Table 3 show that different concentrations of synthesized nanoparticles of Pseudomonas fluorescens significantly affected the fresh root weight of rice under field conditions during Kharif 2023–24 and 2024–25. Fresh root weight recorded at 90 DAT during 2023-24 and 2024–25 as observed from Table 3 revealed that T3 (Ag NPs @ 300 ppm) produced the highest fresh root weight with 25.85 g and 25.95 g, showing 46.05% and 50.43% increase over control. This treatment showed the greatest improvement compared to control and inoculated control. It was closely succeeded by T₇ (ZnO NPs @ 300 ppm) and T₂ (Ag NPs @ 200 ppm), both of which demonstrated significant enhancements in root biomass.T7 followed with 24.45 g and 25.08 g (38.14% and 45.39% increase), while T2 and T6 recorded 23.25 g and 24.21 g (31.36% and 40.35%), and 22.15 g and 23.64 g (25.14% and 37.04%), respectively. The fungicide check T13 gave 20.45 g and 21.60 g fresh root weight. The smallest root weights were recorded in T₁₄ (inoculated control) and T₁₅ (untreated control). Treatments involving SiO₂ NPs revealed moderate enhancements relative to controls. Finally, Ag NPs at 300 ppm were the most effective in promoting root growth and biomass accumulation in rice, with ZnO NPs at 300 ppm following closely, showing that nanoparticle applications not only reduced disease impacts but also fostered enhanced root system development for improved plant health and nutrient absorption.
Table 3: Effect of synthesized Silver (Ag), Zinc oxide (ZnO) and Silicon dioxide (SiO2) Nanoparticles (NPs) from Pseudomonas fluorescens and fungicide as inducer on fresh root weight of rice under field conditions during kharif 2023-24 and 2024-25.
	


Treatments
	2023-24
	2024-25

	
	Fresh root weight (g/plant)
	Root weight increase over control (%)
	Root weight increase over inoculated (%)
	Fresh root weight (g/plant)
	Root weight increase over control (%)
	Root weight increase over inoculated (%)

	
	45 DAT
	60 DAT
	75 DAT
	90 DAT
	
	
	45 DAT
	60 DAT
	75 DAT
	90 DAT
	
	

	T1
	17.40
	18.50
	19.67
	20.05
	13.28
	17.60
	16.42
	17.25
	18.45
	19.86
	15.13
	16.69

	T2
	19.95
	21.05
	21.95
	23.25
	31.36
	36.36
	19.41
	21.50
	23.20
	24.21
	40.35
	42.24

	T3
	20.97
	22.99
	24.10
	25.85
	46.05
	51.61
	20.95
	22.45
	24.15
	25.95
	50.43
	52.47

	T4
	17.91
	18.35
	19.15
	20.25
	14.41
	18.77
	16.76
	18.30
	19.15
	20.73
	20.17
	21.80

	T5
	16.38
	16.95
	17.40
	19.05
	7.63
	11.73
	15.74
	16.35
	17.51
	18.53
	7.42
	8.87

	T6
	19.44
	20.95
	21.35
	22.15
	25.14
	29.91
	18.64
	20.15
	22.05
	23.64
	37.04
	38.90

	T7
	20.46
	21.85
	23.25
	24.45
	38.14
	43.40
	20.18
	22.50
	24.16
	25.08
	45.39
	47.36

	T8
	16.89
	17.05
	18.25
	19.65
	11.02
	15.25
	16.08
	17.25
	18.10
	19.05
	10.43
	11.93

	T9
	15.87
	16.25
	17.45
	18.68
	5.54
	9.56
	15.40
	16.30
	17.01
	18.06
	4.70
	6.11

	T10
	15.61
	16.15
	17.51
	18.34
	3.62
	7.57
	15.18
	15.95
	16.54
	17.78
	3.07
	4.47

	T11
	18.93
	19.76
	20.25
	21.05
	18.93
	23.46
	17.87
	19.10
	21.20
	22.47
	30.26
	32.02

	T12
	15.35
	16.11
	17.25
	18.01
	1.75
	5.63
	14.96
	15.35
	16.22
	17.50
	1.45
	2.82

	T13
	18.42
	18.60
	19.15
	20.45
	15.54
	19.94
	17.10
	18.05
	20.18
	21.60
	25.22
	26.91

	T14
	14.51
	15.35
	16.08
	17.05
	-3.67
	0.00
	14.83
	15.45
	16.05
	17.02
	-1.33
	0.00

	T15
	15.01
	15.85
	16.75
	17.70
	0.00
	3.81
	14.89
	15.80
	16.50
	17.25
	0.00
	1.35

	C.D. at 5%
	0.732
	0.811
	0.938
	0.734
	-
	-
	0.681
	0.770
	0.743
	0.899
	-
	-

	SE (m) ±
	0.251
	0.278
	0.322
	0.252
	-
	-
	0.234
	0.264
	0.255
	0.309
	-
	-

	SE (d)
	0.355
	0.394
	0.456
	0.356
	-
	-
	0.331
	0.374
	0.361
	0.436
	-
	-

	C.V.
	2.481
	2.624
	2.892
	2.139
	-
	-
	2.387
	2.527
	2.283
	2.597
	-
	-



3.4 Effect of synthesized Silver (Ag), Zinc oxide (ZnO) and Silicon dioxide (SiO2) Nanoparticles (NPs) from Pseudomonas fluorescens and fungicide as inducer on dry shoot weight of rice under field conditions during kharif 2023-24 and 2024-25.
The data presented in Table 4 results revealed that the dry shoot weight increased progressively with plant age across all treatments. Among all treatments, T₃ (Ag NPs @ 300 ppm) consistently recorded the highest dry shoot weight across all stages, with values of 30.25 g, 47.11 g, 58.89 g, and 70.15 g at 45, 60, 75, and 90 DAT respectively. This corresponded to a 13.09% increase over the control and 13.95% over the inoculated check. T₇ (ZnO NPs @ 300 ppm) followed closely with dry shoot weights of 29.64 g, 46.42 g, 57.12 g, and 69.82 g, showing 12.56% and 13.42% increases over control and inoculated treatments, respectively. T2 also performed well, with values of 28.92 g, 45.95 g, 56.30 g, and 69.57 g, showing an improvement of 12.16% over control and 13.01% over inoculated. T6 recorded shoot weights of 28.31 g, 45.31 g, 55.95 g, and 68.44 g, indicating increases of 10.33% and 11.18% over control and inoculated, respectively, while T11 showed similar trends with values of 27.72 g, 44.71 g, 55.12 g, and 67.74 g (9.21% and 10.04% increases). T₁₃ (copper oxychloride @ 2500 ppm) also exhibited notably greater dry shoot weights than other treatments. The lowest dry shoot weight was recorded in T₁₄ (inoculated control), succeeded by T₁₅ (untreated control). 
Table 4: Effect of synthesized Silver (Ag), Zinc oxide (ZnO) and Silicon dioxide (SiO2) Nanoparticles (NPs) from Pseudomonas fluorescens and fungicide as inducer on dry shoot weight of rice under field conditions during kharif 2023-24 and 2024-25.


	


Treatments
	2023-24
	2024-25

	
	Dry shoot weight (g/plant)
	Dry shoot increase over control (%)
	Dry shoot increase over inoculated (%)
	Dry shoot weight (g/plant)
	Dry shoot increase over control (%)
	Dry shoot increase over inoculated (%)

	
	45 DAT
	60 DAT
	75 DAT
	90 DAT
	
	
	45 DAT
	60 DAT
	75 DAT
	90 DAT
	
	

	T1
	25.81
	43.01
	53.12
	65.60
	5.76
	6.56
	27.28
	43.51
	52.33
	65.70
	8.02
	9.66

	T2
	28.92
	45.95
	56.30
	69.57
	12.16
	13.01
	30.41
	46.61
	57.68
	69.89
	14.91
	16.66

	T3
	30.25
	47.11
	58.89
	70.15
	13.09
	13.95
	31.85
	47.95
	59.82
	71.59
	17.71
	19.50

	T4
	26.42
	43.60
	54.01
	63.13
	1.77
	2.55
	27.81
	44.20
	53.40
	66.23
	8.90
	10.55

	T5
	24.90
	42.10
	52.11
	64.32
	3.69
	4.48
	26.05
	42.42
	50.19
	63.72
	4.77
	6.36

	T6
	28.31
	45.31
	55.95
	68.44
	10.33
	11.18
	29.81
	46.01
	56.61
	68.99
	13.43
	15.16

	T7
	29.64
	46.42
	57.12
	69.82
	12.56
	13.42
	31.10
	47.20
	58.75
	70.21
	15.44
	17.19

	T8
	25.23
	42.51
	52.61
	64.91
	4.64
	5.44
	26.52
	42.98
	51.26
	64.72
	6.41
	8.03

	T9
	24.51
	41.70
	51.21
	63.85
	2.93
	3.72
	25.61
	41.98
	49.12
	62.99
	3.57
	5.14

	T10
	24.34
	41.30
	50.45
	63.50
	2.37
	3.15
	25.01
	41.21
	48.05
	62.50
	2.76
	4.32

	T11
	27.72
	44.71
	55.12
	67.74
	9.21
	10.04
	29.10
	45.41
	55.54
	68.11
	11.99
	13.69

	T12
	24.10
	40.72
	50.01
	62.91
	1.42
	2.19
	24.64
	40.35
	47.25
	61.62
	1.32
	2.85

	T13
	27.12
	44.11
	54.51
	67.01
	8.03
	8.85
	28.52
	44.80
	54.47
	67.31
	10.67
	12.35

	T14
	23.25
	39.02
	49.02
	61.56
	-0.76
	0.00
	22.67
	38.42
	45.10
	59.91
	-1.50
	0.00

	T15
	24.01
	40.10
	49.51
	62.03
	0.00
	0.76
	23.68
	39.76
	46.50
	60.82
	0.00
	1.52

	C.D. at 5%
	1.063
	2.066
	2.661
	2.925
	-
	-
	1.239
	1.964
	2.300
	2.512
	-
	-

	SE (m) ±
	0.365
	0.710
	0.914
	1.005
	-
	-
	0.426
	0.674
	0.790
	0.863
	-
	-

	SE (d)
	0.516
	1.004
	1.292
	1.421
	-
	-
	0.602
	0.954
	1.117
	1.220
	-
	-

	C.V.
	2.404
	2.847
	2.968
	2.651
	-
	-
	2.697
	2.684
	2.610
	2.277
	-
	-



3.5 Effect of synthesized Silver (Ag), Zinc oxide (ZnO) and Silicon dioxide (SiO2) Nanoparticles (NPs) from Pseudomonas fluorescens and fungicide as inducer on dry root weight of rice under field conditions during kharif 2023-24 and 2024-25.
The data presented in Table.5 demonstrate that different concentrations of synthesized nanoparticles of P. fluorescens significantly affected the dry root weight of rice under field conditions during Kharif 2023–24 and 2024–25. Among  the treatments, T₃ (Ag NPs @ 300 ppm) achieved the highest dry root weight at every growth stage (9.05, 9.95, 11.45, and 12.65 g/plant at 45, 60, 75, and 90 DAT, respectively, in 2023–24) showing an increase of 107.38–129.58% compared to control and inoculated control. In the same way, during 2024–25, the identical treatment noted 8.65, 10.15, 11.65, and 12.35 g/plant, demonstrating an improvement of 84.60–108.97% compared to the control and inoculated control. This was followed by T7 (ZnO NPs @ 300 ppm) which recorded 12.10 g and 11.80 g in 2023–24 and 2024-25 at 90 DAT, with an increase of 98.36% - 119.60% and 76.38 – 99.66% compared to control and inoculated control. T2 also performed well, with values of 8.15 g, 8.75 g, 9.95 g, and 11.55 g, showing an improvement of 89.34% over control and 109.62% over inoculated. T6 recorded shoot weights of 7.70g, 8.30 g, 9.20 g, and 11.01 g, indicating increases of 80.49% and 99.82% in 2023–24 and 59.94% and 81.05% in 2024-25 over control and inoculated, respectively. The fungicide check T13 recorded 9.81 g and 9.60 g in both years respectively, which was lower than nanoparticle-based treatments at 300 and 200 ppm, but superior to their 100 ppm doses. The lowest dry shoot weight was recorded in T₁₄ (inoculated control), succeeded by T₁₅ (untreated control).
Table 5: Effect of synthesized Silver (Ag), Zinc oxide (ZnO) and Silicon dioxide (SiO2) Nanoparticles (NPs) from Pseudomonas fluorescens and fungicide as inducer on dry root weight of rice under field conditions during kharif 2023-24 and 2024-25.
	


Treatments
	2023-24
	2024-25

	
	Dry root weight (g/plant)
	Dry root increase over control (%)
	Dry root increase over inoculated (%)
	Dry root weight (g/plant)
	Dry root increase over control (%)
	Dry root increase over inoculated (%)

	
	45 DAT
	60 DAT
	75 DAT
	90 DAT
	
	
	45 DAT
	60 DAT
	75 DAT
	90 DAT
	
	

	T1
	5.90
	6.10
	6.20
	8.80
	44.26
	59.71
	5.40
	5.95
	6.40
	8.50
	27.06
	43.82

	T2
	8.15
	8.75
	9.95
	11.55
	89.34
	109.62
	7.65
	8.95
	10.15
	11.25
	68.16
	90.36

	T3
	9.05
	9.95
	11.45
	12.65
	107.38
	129.58
	8.65
	10.15
	11.65
	12.35
	84.60
	108.97

	T4
	6.35
	6.61
	6.95
	9.31
	52.62
	68.97
	5.85
	6.55
	7.15
	9.05
	35.28
	53.13

	T5
	5.01
	5.40
	5.60
	7.71
	26.39
	39.93
	4.50
	5.65
	5.75
	7.60
	13.60
	28.60

	T6
	7.70
	8.30
	9.20
	11.01
	80.49
	99.82
	7.20
	8.35
	9.40
	10.70
	59.94
	81.05

	T7
	8.60
	9.40
	10.70
	12.10
	98.36
	119.60
	8.10
	9.55
	10.90
	11.80
	76.38
	99.66

	T8
	5.45
	5.70
	5.85
	8.25
	35.25
	49.73
	4.95
	5.75
	5.85
	7.95
	18.83
	34.52

	T9
	4.60
	5.15
	5.45
	7.12
	16.72
	29.22
	4.10
	5.45
	5.60
	7.30
	9.12
	23.52

	T10
	4.40
	5.10
	5.35
	6.85
	12.30
	24.32
	4.01
	5.40
	5.45
	7.15
	6.88
	20.98

	T11
	7.25
	7.75
	8.45
	10.42
	70.82
	89.11
	6.75
	7.75
	8.65
	10.15
	51.72
	71.74

	T12
	4.20
	4.99
	5.30
	6.50
	6.56
	17.97
	3.85
	5.35
	5.30
	7.01
	4.78
	18.61

	T13
	6.80
	7.20
	7.70
	9.81
	60.82
	78.04
	6.30
	7.15
	7.90
	9.60
	43.50
	62.44

	T14
	3.52
	4.20
	5.01
	5.51
	-9.67
	0.00
	3.31
	4.25
	4.99
	5.91
	-11.66
	0.00

	T15
	4.10
	4.65
	5.28
	6.10
	0.00
	10.71
	3.65
	5.20
	5.10
	6.69
	0.00
	13.20

	C.D. at 5%
	0.285
	0.199
	0.284
	0.409
	-
	-
	0.230
	0.367
	0.411
	0.343
	-
	-

	SE (m) ±
	0.098
	0.069
	0.098
	0.140
	-
	-
	0.079
	0.126
	0.141
	0.118
	-
	-

	SE (d)
	0.139
	0.097
	0.138
	0.199
	-
	-
	0.112
	0.178
	0.199
	0.167
	-
	-

	C.V.
	2.796
	1.793
	2.338
	2.729
	-
	-
	2.433
	3.230
	3.323
	2.301
	-
	-



Conclusion
The study demonstrated that various concentrations of nanoparticles produced from Pseudomonas fluorescens notably improved the growth and biomass of rice in field conditions for Kharif 2023–24 and 2024–25. Of all the treatments, Ag NPs at 300 ppm consistently showed the greatest shoot and root length, along with fresh and dry biomass, demonstrating enhanced vegetative growth and reduction of Ustilaginoidea virens disease. ZnO NPs at 300 ppm demonstrated significant enhancements, whereas SiO₂ NPs and conventional fungicide applications were relatively less effective. In general, the use of Ag NPs at 300 ppm was the most effective in improving rice growth, vigor, and yield under conditions stressed by pathogens.
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