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Introduction

Nanotechnology has emerged as a transformative tool in agriculture, particularly in the field of plant disease
management. Nanoparticles (NPs), which are materials with dimensions between 1 and 100 nanometers,
possess unique physicochemical properties that make them highly effective in combating plant pathogens.
Their high surface area, reactivity, and ability to interact at the molecular level enable enhanced detection,
prevention, and treatment of plant diseases. Metallic nanoparticles such as silver, copper, and zinc oxide
exhibit strong antimicrobial activity against a broad range of plant pathogens, including bacteria, fungi, and
viruses. Additionally, nano-formulations of pesticides and fungicides allow for controlled and targeted delivery,
reducing environmental contamination and improving efficiency. Some nanoparticles can also activate plant
defense mechanisms, boosting natural resistance to disease. Despite these advantages, concerns remain
regarding nanoparticle toxicity, environmental safety, and regulatory frameworks. As research progresses,
nanotechnology offers the potential for more sustainable and precise plant protection strategies, supporting
global efforts in ensuring food security and sustainable agriculture.

1. What Are Nanoparticles?
Nanoparticles (NPs) are particles between 1 and 100 nanometers in size. Due to their small size and high
surface area-to-volume ratio, they exhibit unique physical, chemical, and biological properties.

2. Types of Nanoparticles Used in Plant Disease Management

*  Metallic nanoparticles: Silver (AgNPs), copper (CuNPs), zinc oxide (ZnO NPs), titanium dioxide
(TiO2 NPs), etc.

» Carbon-based nanoparticles: Fullerenes, carbon nanotubes (CNTs), graphene oxide.

+ Silica nanoparticles

* Polymeric nanoparticles: Biodegradable polymers like chitosan.

* Nano-formulations of pesticides/fungicides: Encapsulation or emulsification of conventional
agrochemicals.

3. Applications of Nanoparticles in Plant Disease Management

Nanotechnology has brought forth innovative solutions in agriculture, particularly in the area of plant disease
management. The application of nanoparticles (NPs) is revolutionizing traditional practices by enabling
early detection of diseases, enhancing antimicrobial activity, improving delivery systems for pesticides and
fungicides, and inducing plant defense responses. Below is a detailed examination of the primary applications
of nanoparticles in managing plant diseases.

A. Disease Detection and Diagnostics

Early and accurate detection of plant diseases is critical for effective management and control. Nanoparticles,
especially in the form of nano-biosensors, are transforming plant disease diagnostics by offering sensitive,
rapid, and specific detection methods.

1. Nano-biosensors: Nano-biosensors incorporate biological recognition elements with nanomaterials to
detect pathogens at early stages, even before visible symptoms appear. These sensors use nanoparticles
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like gold (AuNPs), carbon nanotubes, and quantum dots to enhance signal sensitivity.

Example: Gold nanoparticle-based biosensors have been developed to detect Ralstonia solanacearum, a
bacterial wilt pathogen in tomatoes. These sensors can detect the pathogen within minutes, enabling timely
intervention.

2. Gold and magnetic nanoparticles in diagnostics: Gold nanoparticles (AuNPs) are widely used in
lateral flow assays (similar to home pregnancy tests) to detect plant pathogens. When conjugated with
specific antibodies, they bind to target pathogens and produce a visible color change.

Magnetic nanoparticles (MNPs), such as iron oxide (Fe304), are used in magnetic separation techniques
to isolate pathogens from plant tissues. These are often integrated with PCR (polymerase chain reaction)
methods for enhanced pathogen detection.

Example: A lateral flow immunoassay using AuNPs was developed for the detection of Phytophthora
infestans, the pathogen responsible for late blight in potatoes.

B. Antimicrobial Activity

Many nanoparticles exhibit intrinsic antimicrobial properties, which make them suitable alternatives or

complements to conventional chemical treatments.
1. Direct action against pathogens: Nanoparticles such as silver (AgNPs), copper (CuNPs), and zinc
oxide (ZnO NPs) possess broad-spectrum antimicrobial properties. These nanoparticles are effective
against bacterial, fungal, and viral pathogens.

Silver nanoparticles: AgNPs have been shown to inhibit the growth of Xanthomonas campestris, the
causal agent of black rot in crucifers.

Copper nanoparticles: CuNPs are effective against fungal pathogens like Alternaria alternata and
Colletotrichum gloeosporioides, reducing spore germination and mycelial growth.

Zinc oxide nanoparticles: ZnO NPs exhibit antifungal activity against Fusarium oxysporum, a soil-borne
pathogen responsible for vascular wilt in many crops.

2. Mechanisms of antimicrobial action: The antimicrobial effects of nanoparticles are attributed to several
mechanisms:
» Disruption of cell membranes: Nanoparticles attach to the pathogen's cell membrane, causing structural
damage and leakage of cellular contents.
* Generation of reactive oxygen species (ROS): ROS like hydrogen peroxide (H202), hydroxyl radicals
(OH?), and superoxide anions (O2e-) are generated, leading to oxidative stress and cell death.
» Inhibition of enzymes and DNA replication: Nanoparticles interfere with key metabolic processes by
binding to enzymes and DNA, ultimately halting cell division and growth.

These mechanisms are particularly effective in managing pathogens that have developed resistance to
conventional treatments.

C. Nano-enabled Pesticides and Fungicides
Nano-formulations of agrochemicals are improving the efficacy and environmental safety of plant protection
products.
1. Controlled release: Nanocarriers such as polymeric nanoparticles, liposomes, and mesoporous silica
nanoparticles (MSNs) allow for the slow and sustained release of active ingredients. This reduces the
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frequency of application and ensures prolonged protection.
Example: Encapsulation of the fungicide hexaconazole in chitosan nanoparticles led to extended release
over several days, improving control of rice sheath blight caused by Rhizoctonia solani.

2. Targeted delivery: Targeted delivery ensures that the pesticide or fungicide is released only at the site
of infection, reducing off-target effects and minimizing environmental contamination.

Example: Researchers have developed magnetic nanoparticle-based delivery systems that can be guided
using external magnetic fields to specific areas of the plant.

3. Improved solubility and stability: Nanoparticles can improve the solubility of poorly water-soluble
agrochemicals, enhancing their bioavailability and efficacy.

Example: Nano-emulsions of neem oil have shown improved antifungal activity against Botrytis cinerea,
the causal agent of grey mold, due to better dispersion and increased contact with the pathogen.

D. Induction of Plant Defense Mechanisms
Some nanoparticles not only act directly against pathogens but also enhance the plant's own immune response.

1. Systemic Acquired Resistance (SAR): Certain nanoparticles can activate SAR pathways, leading to
the production of pathogenesis-related (PR) proteins and other defense compounds throughout the plant.
Example: Silicon nanoparticles (SiNPs) have been reported to induce SAR in cucumber plants, enhancing
resistance against powdery mildew (Podosphaera xanthii).

2. Priming plant immunity: Nanoparticles can act as elicitors, priming plants to respond more quickly and
effectively to pathogen attacks.

Example: Chitosan nanoparticles have been shown to prime tomato plants against Alternaria solani,
reducing disease severity and enhancing yield.

3. Enhanced expression of defense-related genes: Studies have demonstrated that treatment with
nanoparticles can upregulate genes involved in plant defense, such as those encoding for peroxidases,
phenylalanine ammonia-lyase (PAL), and glucanases.

Example: Zinc oxide nanoparticles induced the expression of PAL and catalase genes in maize, enhancing
resistance to Curvularia lunata.

4. Advantages of Nanotechnology in Plant Disease Management
* Higher efficacy at lower doses
* Reduced environmental impact
* Minimized development of resistance in pathogens
» Enhanced shelf-life and stability of agrochemicals
» Potential for integration with precision agriculture tools

5. Challenges and Concerns
* Phytotoxicity: Potential harmful effects on plants at higher concentrations.
* Environmental and human safety: Long-term impacts on soil health, non-target organisms, and human
exposure need more study.
» Regulatory issues: Lack of standardized guidelines for the use of NPs in agriculture.
» Cost and scalability: Some NPs are expensive or challenging to mass-produce.

el Www. krishinetra.com

28



—

&

Volume 3 / Issue 6 / June 2025 g/l(srsriégo g\g/;f

6. Future Perspectives
* Development of smart nanosystems for real-time disease monitoring and on-demand pesticide release.
* Combining NPs with biological control agents (e.g., beneficial microbes) for synergistic effects.
» Use of green synthesis methods using plant extracts for eco-friendly NP production.

7. Conclusion

The integration of nanotechnology into plant disease management offers promising solutions for sustainable
agriculture. Nanoparticles contribute to early disease detection, potent antimicrobial activity, effective
pesticide delivery, and the enhancement of plant immune responses. However, further research is essential to
understand their long-term environmental impact, optimize formulations, and develop appropriate regulatory
guidelines. With responsible innovation, nanoparticles can play a vital role in securing global food production
against the threat of plant diseases.
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