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Abstract:
Plant viruses are serious threat to agriculture and food security globally. Traditional methods of diagnosis often fail to detect viruses without unknown or emerging types. Metagenomics which deals with the sequencing of genetic material from environmental samples has significantly improved to detect and characterize the plant viruses. This review paper provides an overview of metagenomic approaches for the plant viruses highlighting its methodologies, and various applications in the field of biotechnology and nanotechnology, agriculture and environmental studies. 
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1. Introduction:
Plant viruses are among the most widespread and economically damaging pathogens affecting crop yields, food quality and biodiversity (Savary et al 2019). Traditional methods of detection of plant viruses relied on symptomatic observations and laboratory methods (Fang and Ramasamy 2015, Sankaran et al 2010) such as ELISA (Enzyme linked immunosorbent assay), PCR (Polymerase chain reaction), SEM (Scanning electron microscopy). However, these techniques often depend on prior knowledge of the virus sequence or morphology and are limited in detecting novel or highly divergent viruses.
The emergence of plant viral metagenomics has revolutionized the plant pathology field enabling the direct analysis of nucleic acids from the infected tissue. It avoids the need of culturing and allows unbiased identification of all viruses present in a sample, including those that are unknown and are not characterized so far (Martinelli 2015). Despite these advancements, major challenges to the viral metagenomics remains such as presence of viral sequences in low abundance relative to host and microbial DNA, complexity of plant tissue, presence of plant-based inhibitors which hinder the efficient recovery and analysis of viruses. Moreover, understanding the virus host relationships remains difficult due to limited knowledge of host specificity and dependence of bioinformatic inference (Roux et al 2021).
According to International Committee on taxonomy of Viruses (2019), nearly 6590 viruses infecting 1400 plant species were characterized but complete information of plant virus diversity remains largely unexplored. Traditionally identification methods included microscopic examinations, serological techniques, nucleic acid hybridization assays which provided limited genomic insights and were inadequate for detecting novel viral variants (Liu et al 2011).
Viral Metagenomics, utilizing next generation sequencing methods, facilitates the study of viral diversity, discovery of novel viruses and investigation of virus host interactions and evolutionary patterns (Roossinck et al 2015). 
This review discusses the approaches used in plant virus metagenomics and its applications and key limitations associated with the approach. 
2. Plant Virus metagenomics: It involves studying the viral diversity within a plant’s virome including known and newly discovered viruses (Prabha et al 2020). This field has revealed the vast diversity of plant viruses and their interactions with their hosts helping in understanding the ecological and evolutionary relationship (Chitra et al 2022, Shakir et al 2023). It can be broadly classified into the following categories: 
i) Shotgun Metagenomics (Whole genome sequencing):  It involves sequencing of all nucleic acids (DNA and RNA viruses) extracted from a sample and provides a comprehensive information of the microbial community.  This offers an unbiased identification of known and novel viruses but high cost, requirement of strong bioinformatic analysis limits its application (Tremblay et al 2022).
 
ii) Targeted Metagenomics (Enrichment based): It employs techniques to specifically isolate and amplify viral particles or nucleic acids before sequencing. The target enrichment is necessary for the analysis due to low viral load, increases sensitivity and minimize presence of non-viral sequences (Marios et 2025). Amplicon sequencing, hybrid capture enrichment and spiked primer enrichment are the common targeted metagenomic analysis tools used. The detection of false positives, difficulty in interpreting results and costly analysis limits its usage for detection. 
iii) Amplicon based Metagenomics: It is a technique that focuses on amplifying and sequencing specific regions of DNA (especially rRNA genes: 16S or 18S) helping to study the microbial community composition in detail from a complex sample. It is used less common to detect plant viruses as they lack universal marker genes but can be useful for certain viral families (Babalola et al 2025). Compared to shot gun metagenomics, amplicon sequencing is more cost effective and is relatively faster. It generates less data for the analysis making it simpler to analyze as compared to shot gun technology.
iv) Functional Metagenomics (Vargas-Albores et al 2018): This powerful technique helps in understanding the functions of genes in a microbial community using expression/ metagenomic libraries or bioinformatics. It is used rarely for plant virus detection but can explore gene functions correlating with plant defence mechanism. 
v) Meta-transcriptomics (RNA seq): This deals with the study of the entire RNA content of a microbial community providing insights into gene expression and functional activities of the microbes. Unlike the metagenomics study which deals with the genetic makeup of a community, this approach reveals the information about the transcribed genes leading to the study of gene functions, metabolic pathways, regulatory mechanisms of the microbial community (Destras et al 2024). This is a powerful technique to detect RNA viruses and plant viruses are mostly RNA viruses. It can detect actively replicating viruses, shows virus-host interactions. Stability of RNA and sample handling are the few limitations which needs to be handled carefully.
3. Plant Viral Nucleic acid analysis:
3.1 Sample sources: Plant viruses metagenomic studies involves samples from diverse sources such as: plant tissues (leaves, roots, stems, and phloem) from domestic and wild plants; insect vectors such as nematodes, flies, fungus; soil and water samples from agriculture fields (Adams et al 2009). 
3.2 Targets in Plant Virus metagenomics (Chitra et al 2022, Roossinck 2011): 
i) Total Nucleic acids: This type of extraction can capture broad range of viral sequences, including both RNA and DNA viruses.
ii) Virion associated nucleic acids (VANA): Purified viral particles and extracting nucleic acids from them provides a targeted approach as it focuses on nucleic acids associated with viral particles.
iii) Double stranded RNA (ds RNA): It is a product of RNA silencing, an important host response to viral infection. It can provide information about viruses that are actively infecting the plant.
iv) Small interfering RNAs (siRNAs): Plant viruses also produce small RNAs that can be used to detect viral infections.

3.3. Nucleic acid preparation: The Figure 1 highlights the steps involved in nucleic acid extraction and library preparation process.

1. Tissue preparation and homogenization
Plant tissues with viral symptoms or infected areas are collected and prepared by either freezing the tissue or using buffers containing protease inhibitors to prevent degradation. Tissue is homogenized to release viral particles.
2. Nucleic acid extraction
Commercial kits: Uses silica membrane or magnetic beads to isolate nucleic acids. 
Manual methods: Use of buffers, salts and enzymes to isolate DNA/RNA
3. Purification and amplification 
Purification done to remove contaminants and improve the quality of nucleic acid using DNA clean kit. The yield can be improved by amplification such as reverse transcription polymerase chain reaction (RT-PCR).
4. Library preparation and sequencing 
It involves preparing samples for sequencing by attaching adaptors and primers. Library is sequenced using NGS techniques or high throughput sequencing to generate large amounts of viral sequence data.
5. Bioinformatics and analysis 
Bioinformatic tools used to identify and characterize viral genomes including comparing sequences to databases of known viruses and identifying novel viruses.



































Figure 1. Steps for viral nucleic acid extraction for metagenomic study
3.4. Bioinformatic tools used for metagenomic data analysis: Several tools are commonly used for the metagenomic data analysis including taxonomic classification, assembly, functional analysis and binning (Pirovano et al 2015). The choice of bioinformatic tools depends on the specific goals of study, the type of data being analysed, and the available resources. A combination of tools can be used to address different aspects of metagenomic data analysis. By employing these methods, plant viral nucleic acid analysis can lead to the discovery and characterization of new plant viruses (Fancello et al 2012). The details of the various tools are mentioned in the table 1.
Table 1. Bioinformatic tools used for Plant Virus metagenomic analysis
	Type of metagenomic data
	 Bioinformatic tool
	Applications

	1. Assembly
	MEGAHIT (Dinghua et al 2014)
	De novo assembler for metagenomic sequencing data efficient for large data sets

	
	metaSPADES (Nurk et al 2017)
	De novo assembler known for its accuracy and scalability, especially useful for short read data

	
	IDBA-UD (Peng et al 2012)
	De Bruijn graph-based assembler suitable for metagenomic data offering balance between speed and accuracy

	
	NECAT, metaFLYe, and Canu (Ibañez-Lligoña et al 2023)
	These tools designed for assembling long read metagenomic data generated form nanopore and PacBio sequencing 

	2. Taxonomic classification
	Kraken (Wood 2014)
	Utilizes k-meters to identify and classify microbial species from metagenomic reads

	
	MetaPhlAn (Blanco-Míguez et al 2023)
	Provides species level analysis of microbial composition from shotgun method

	
	Centrifuge
	Utilizing custom database for more accurate and sensitive classification

	3. Functional analysis
	MG-RAST (Keegan et al 2016)
	Popular tool for functional and taxonomic profiling metagenomic data

	
	HUMAnN2 (Yadav et al 2022)
	It identifies and quantifies functional pathways and genes from data

	4. Binning
	TETRA, S-GSOM, Phylopythia and ClaMS (Oulas et al 2015)
	These are used to group sequences into different taxonomic units

	
	CARMA, MetaPhyler and Sort-ITEMS (Liu et al 2011)
	These similarity based tools group sequences based on sequence similarity

	
	PhymmBL and MetaCluster  (Oulas et al 2015)
	These tools employ a hybrid approach, combining both composition and similarity based information for binning

	5. Other tools
	BLAST (Bazinet et al 2018)
	Fundamental tool used for sequence alignment and homology searching, identifying similar sequences

	
	QIIME  (Oulas et al 2015)
	Offers a wide range of analysis for quality control, OUT clustering, taxonomic classification and phylogenetic analysis

	
	AmpliconNoise, ChimeraSlayer and UCHIME  (Hiraoka et al 2016)
	Tools for removing chimeric sequences ensuring accurate taxonomic classification



4. Applications of Plant virus metagenomics:
4.1 Biotechnology and Naotechnology:  Plant viruses have emerged as significant areas of research in the fields of biotechnology and nanotechnology owing to their unique structural properties, ability to be genetically manipulated.  These viruses serve as versatile scaffolds for a variety of applications including vaccine development, gene therapy and design of nanomaterials (Schoenfeld et al 2010). The symmetrical and uniform capsid structures enable them to be used as templates for creating nanoparticles, drug delivery vehicles and nanosensors. Recent studies have demonstrated the potential of plant viruses as drug carriers, capable of encapsulating and delivering therapeutic molecules to targeted tissues (Aumiller at al 2018; Nkanga and Steinmetz 2021). Viral nanoparticles are being engineered to serve as highly sensitive nanosensors for detecting specific molecules such as toxins, hormones, biomarkers; to improve the bioavailability and targeted delivery of small molecules including insecticides offering a novel method pest control (Bonning et al 2014; Cao et al 2015). Beyond nanotechnology, plant viruses are increasingly recognized as safe, reliable and cost-effective biomolecular tool for gene expression studies (Abrahamian et al 2020). The integration of viral vectors with Agrobacterium tumefaciens mediated delivery systems has further enhanced the expression of complex pharmaceutical proteins and peptides such as monoclonal antibodies (Nunes-Leite et al 2019). This has enhanced the scope of plant based molecular farming approach especially in producing bioactive compounds at a commercial scale. 
Moreover, the plant viruses are found useful in crop biofortification strategies including gene silencing approaches such as virus induced gene silencing (VIGS), to knock down metabolic pathways genes which are unfavourable, as well as overexpression systems to enhance the activity of key enzymes involved in beneficial biosynthetic pathways (Majer et al 2017).  
Thus, the plant viruses represent a significant molecular toolbox offering wide applications in agriculture, pharmaceuticals, nanotechnology and functional genomics. Their growing utility is highlighted across diverse studies and is summarized in Table 1.
Table 2. Applications of Plant Viruses in Biotechnology and Nanotechnology
	Name of the Plant virus
	Application
	References

	Tobacco mosaic virus
	High density data storage, imaging, sensing, catalysis and drug delivery
	Balci et al 2012

	Cowpea mosaic virus
	Biosensing, cancer immunotherapy
	Beiss et al 2020

	Potato Virus X
	Gene silencing, Protein expression
	Faivre-Rampant et al 2004

	Tomato bushy stunt virus
	Targeted delivery systems
	Lico et al 2021

	Pea enation mosaic virus
	Pest control management
	Chaudhary et al 2025

	Alalfa mosaic virus
	Gene delivery
	Baris et al 2024

	Barley stripe mosaic virus
	Gene silencing in cereals
	Lee et al 2012

	Foxtail mosaic virus
	Gene silencing
	Tiedge et al 2022

	Cabbage leaf curl virus
	Functional Genomics
	Xiao et al 2020

	Bean yellow dwarf virus
	Vaccine and antibody production
	Chen et al 2011



Next generation sequencing (NGS) proved to be the powerful tool for plant virus metagenomic studies. Illumina sequencing offers high accuracy and insights for short read data while Oxford Nanopore and PacBio provide long read capabilities that aid in resolving complex or full-length viral genomes. It enables the identification and characterisation of plant viruses and viroids without prior knowledge of the pathogens and provides high throughput and sensitivity Al (Al Rwahnih et al 2009). It also facilitates epidemiological studies of viruses in cultivated and wild plants, enabling early detection of emerging threats, supporting biosecurity measures, and guiding management strategies (Villamor et al 2019). Furthermore, NGS based analysis of co-infections, host range and viral load provide insights into virus host interactions, pathogenicity and potential for transmission (Roossinck 2011, Simmonds et al 2017).
4.2 Agriculture and Environmental applications: Plant Virus Metagenomic studies are useful in detecting viral diseases at an early stage. This aids in disease surveillance, quarantine, and biosecurity programs, preventing outbreaks and yield losses. They also guide breeding programs by identifying viruses that pose significant threats to economically important crops (Chitra et al 2022; Roossinck et al 2015; Abrahamian et al 2020; Sadvakasova et al 2025). Also, metagenomics helps in understanding the diversity and distribution of viruses in both cultivated and natural ecosystems. By studying wild plants, weeds, and insect vectors, researchers can trace how viruses are transmitted and adapt to new environments. This supports in understanding virus evolution in relation to climate change and ecosystem dynamics (Roossinck 2012, Lopez-Roblero 2023). The table 3 enlists the various applications in agricultural and environmental studies.
Table 3. Agricultural and environmental applications of plant virus metagenomics
	Approaches
	Applications of metagenomic sequencing

	A) Agriculture applications 

	1. Early detection and diagnosis of viral diseases
	Unbiased detection helping early identification of emerging or latent viruses. This is crucial for timely control measures to minimizes crop losses.

	2. Monitoring outbreak
	Helps in epidemiological studies by identifying viral diversity, mutation patterns or emergence of new viral strains.

	3. Identification of novel and mixed infections
	Understanding these complex infections provides valuable information about synergistic interactions responsible for disease severity or alter host range 

	4. Crop breeding 
	Helps in developing disease resistant varieties via marker assisted selection and genetic engineering strategies

	5. Quarantine measures
	Strengthens quarantine regulations by detecting exotic or invasive viruses imported plant materials, seeds or propagation stocks.

	6. Integrated pest and disease management
	Sequencing viral communities in vectors (aphids, whiteflies, thirps) helps in understanding transmission and host virus adaptation mechanisms. Helps farmers in making decisions about crop rotation, vector control, sanitation measures. 

	B) Environmental studies

	1. Ecosystem indicators Viral diversity in natural and agricultural ecosystems
	Identification of plant viruses in soil, water, air and plant associated microbiomes helps in studying viral diversity in natural and agricultural ecosystems. Act as bioindicators for pollution, deforestation, climate change etc.

	2. Disease emergence
	Changing virus host dynamics, emerging viral pathogens aids in early warning and prevention systems

	3. Soil virome studies
	Diversity of viruses in soil affecting root associated plants influencing nutrient cycling, carbon storage and plant growth. Information is helpful in monitoring soil health.

	4. Pollution impact
	Metagenomic profiling shows effect of pollution altering soil microbe and viral communities; useful in tracing contamination routes of viruses through waste and debris.

	5. Environmental management
	Rapid detection of invasive viral species, studying of virome of rare or endemic plants threatening conservation efforts, integrating metagenomics data into sustainable practices supports eco-friendly environmental management issues.



5. Challenges and future directions of Metagenomics: Incomplete reference databases for novel virus identification, technical issues in assembling low abundance viral genomes, cost, and data analysis (Zhao et al 2019) are few challenges despite several advantages.  Advancements in real time sequencing, machine learning and global virome projects promise to enhance virus detection, prediction and control. Integrating metagenomics with functional studies and synthetic biology may unlock novel antiviral strategies and biotechnological applications (Prabha et al 2020)
6. Conclusion: Metagenomics is reshaping the field of plant virology, offering unparalleled access to the hidden world of plant associated viruses. As sequencing technologies along with machine learning and AI tools improve, metagenomics will play an important role in improving plant heath and ensuring agricultural sustainability.
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