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ext-Generation Sequencing (NGS) has revolutionized plant science by enabling rapid,

high-throughput analysis of genetic material across diverse crop species. This article
explores the wide-ranging applications of NGS in modern agriculture, including whole
genome and transcriptome sequencing, gene expression profiling, variant detection, and
functional genomics. The integration of short-read (lllumina) and long-read platforms
(PacBio, Oxford Nanopore) has facilitated the assembly of complex genomes, while RNA-
Seq has provided insights into gene regulation and stress responses. Metagenomics uncovers
beneficial plant-microbe interactions, aiding sustainable farming. NGS also underpins
molecular breeding, disease diagnostics, and the development of climate-resilient cultivars.
Additionally, it supports the verification of genetically modified and gene-edited crops,
conservation of genetic resources, and the advancement of precision agriculture through data
integration and Al-driven analytics. With the emergence of technologies like single-cell
sequencing and spatial transcriptomics, NGS is poised to lead the next frontier of sustainable
and smart agriculture.
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Introduction

Next Generation Sequencing serves as a foundational technology for modern genomics-
based approaches in plant science. Its scalability allows researchers to explore genome-wide
variations across thousands of genotypes, enabling the identification of rare alleles that
influence key agronomic traits. The affordability and high throughput of NGS have
democratized access to genetic data, even for minor or under-researched crops that previously
lacked genomic resources. In addition to its technical capabilities, NGS fosters international
collaborations through data-sharing platforms such as the International Rice Informatics
Consortium and the Wheat Genome Project, supporting global food security initiatives. With
precision agriculture and climate-smart farming gaining momentum, NGS data plays a central
role in modelling genotype-by-environment interactions and predicting phenotypic
performance under changing climatic conditions.

Understanding NGS Technology

The different NGS platforms each offer distinct advantages tailored to specific research
goals. Illumina platforms dominate for applications requiring high coverage and accuracy in
short reads, such as SNP detection, exome sequencing, or expression profiling. Pacific
Biosciences (PacBio) and Oxford Nanopore Technologies (ONT), on the other hand, generate
long reads that are invaluable for resolving repetitive regions, structural variants, and
complex genome assemblies particularly in polyploid crops like wheat, sugarcane, and
cotton. PacBio’s HiFi reads and ONT’s real-time sequencing capabilities are especially
beneficial in sequencing native DNA without amplification, preserving epigenetic signals
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such as methylation patterns. Moreover, newer techniques like linked-read sequencing (e.g.,
10X Genomics) and synthetic long reads further enhance the assembly and phasing of
complex genomes. With ongoing miniaturization and portability (e.g.,ONT’s MinlON), NGS
is also becoming a field-deployable tool for rapid diagnostics and environmental surveillance
in agriculture.
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The general workflow of Next-Generation Sequencing (NGS)

The general workflow of Next-Generation Sequencing (NGS), particularly using Illumina
platforms, begins with the extraction of high-quality nucleic acids (DNA or RNA) from
biological samples, followed by assessment of their integrity and quantity. If RNA is used, it
is first reverse transcribed into complementary DNA (cDNA). The next step is library
preparation, where the nucleic acids are fragmented, end-repaired, and ligated with platform-
specific adapters containing sequencing primers and index barcodes. After PCR
amplification, the libraries undergo quality control to ensure appropriate fragment size and
concentration. The prepared libraries are then loaded onto a flow cell, where they bind to
surface-bound oligonucleotides and are clonally amplified into clusters through bridge
amplification. Sequencing is carried out using sequencing by synthesis (SBS), in which
fluorescently labelled reversible terminator nucleotides are added one at a time, with each
incorporated base detected by imaging. Finally, the raw data are processed through
bioinformatics pipelines for base calling, quality filtering, alignment to a reference genome,
and downstream analyses such as variant detection or gene expression profiling, depending
on the experimental objectives.

Whole Genome Sequencing in Crop Research

WGS is not only useful for reference genome construction but also for pan-genome analysis,
which involves sequencing multiple accessions to capture both core and variable regions of a
species’ genome. This is particularly important in crops with high genetic diversity or
domestication bottlenecks. For instance, pan-genome studies in maize, soybean, and rice have
uncovered presence-absence variations and copy number variations that influence traits like
yield, and stress tolerance. In legumes such as pigeon pea and chickpea, WGS has led to the
identification of resistance loci against Fusarium wilt and Ascochyta blight. The development
of graph genomes where a single linear reference is replaced by a network of genomic
sequences has further enhanced the utility of WGS in breeding by more accurately
representing population-level diversity. Additionally, resequencing of landraces and wild
relatives through WGS informs pre-breeding strategies by allowing the introgression of novel
alleles into elite lines.

Metagenomics and Plant-Microbiome Interactions
NGS-based metagenomic analysis is uncovering complex interactions between plants and
their associated microbial communities. Rhizosphere microbiomes, for instance, contribute to
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nutrient solubilization (e.g., phosphate-solubilizing bacteria), nitrogen fixation, and hormone
production (e.g., auxin, cytokinins), thereby influencing root architecture and plant health.
Shotgun metagenomics allows functional annotation of microbial genes, revealing potential
for biocontrol, stress alleviation, and even heavy metal detoxification. In rice paddies,
metagenomics has identified methanotrophic bacteria that mitigate methane emissions,
contributing to climate-smart farming. Recent approaches like meta transcriptomics and meta
proteomics provide real-time insights into active microbial processes. Microbiome
engineering, through the targeted application of microbial consortia, is an emerging frontier
in sustainable agriculture, made feasible by NGS.

Functional Genomics and Gene Regulation

Functional genomics focuses on understanding the roles and regulation of genes and how
they interact within complex biological networks to control important plant traits. Next-
Generation Sequencing (NGS) technologies have revolutionized this field by enabling high-
throughput methods such as small RNA sequencing, which identifies regulatory molecules
like microRNAs (miRNAs) and small interfering RNAs (SiRNAs). These small RNAs
regulate gene expression by degrading messenger RNA (mRNA) or inhibiting its translation,
particularly during stress conditions. Another significant application is the analysis of
alternative splicing, a mechanism through which a single gene can produce multiple forms of
MRNA, thereby increasing the diversity of proteins and allowing plants to adapt to
environmental changes. Additionally, techniques such as Weighted Gene Co-expression
Network Analysis (WGCNA) help identify clusters of genes with similar expression patterns
and pinpoint key regulators, also known as hub genes.

In legume crops such as chickpea and groundnut, transcriptome studies using NGS
have identified several transcription factors that are activated under stress conditions. These
include Dehydration-Responsive Element Binding (DREB) proteins involved in drought
response, WRKY transcription factors that play key roles in plant defence and stress
adaptation, and Heat Shock Proteins (HSPs) that help protect plant cells under high-
temperature conditions. Functional characterization of these genes understanding how they
work and interact has led to their use in developing crop varieties with improved tolerance to
drought, heat, and other stresses. This is achieved through advanced methods like transgenic
approaches and Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-based
genome editing. Thus, functional genomics, empowered by NGS, serves as a foundation for
producing resilient, climate-smart crop varieties suited to the challenges of modern
agriculture.

Plant Disease Diagnostics and Resistance Breeding

NGS has transformed plant disease diagnostics by providing fast, accurate, and
comprehensive pathogen detection at the molecular level. Unlike PCR-based methods that
target known pathogens, metagenomic sequencing allows the identification of novel,
unculturable, or mixed infections. For example, in banana plantations affected by wilt,
shotgun sequencing revealed the presence of both Fusarium oxysporum and newly emerging
fungal pathogens. In cotton, the evolution of begomoviruses which cause cotton leaf curl
disease has been tracked through NGS, enabling resistance breeding strategies that remain
effective against newer strains. Moreover, real-time sequencing using portable devices like
ONT's MiInION is being deployed in the field to diagnose plant diseases within hours,
facilitating rapid responses. In wheat rust surveillance, NGS is used to sequence
urediniospores collected from infected fields, allowing pathologists to monitor changes in
virulence and adapt breeding strategies accordingly. This proactive approach is vital in
managing plant health under globalized agricultural trade and climate-induced disease shifts.

NGS in Abiotic Stress Research
Abiotic stresses such as drought, heat, salinity, and submergence are among the leading
causes of crop yield loss. NGS-based transcriptome profiling (RNA-Seq) has enabled
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researchers to dissect the complex molecular responses underlying stress tolerance. For
example, under salt stress, rice genotypes differ in the expression of genes regulating ion
transporters like HKT1 and SOS1, which are crucial for maintaining ion homeostasis.
Similarly, heat-stress responsive genes such as heat shock proteins (HSPs) and late
embryogenesis abundant (LEA) proteins are upregulated in tolerant cultivars of tomato and
sorghum. These findings help identify candidate genes for genetic engineering or
introgression. Furthermore, the integration of RNA-Seq with metabolomics and hormonal
profiling provides a holistic view of stress adaptation. In chickpea, combined analysis has
shown that ABA accumulation during drought correlates with upregulation of antioxidant
enzymes, contributing to oxidative stress mitigation. These insights accelerate the
development of climate-resilient cultivars suited for increasingly variable environments.

Verification of Gene-Edited and GM Crops

As genome editing technologies such as CRISPR-Cas9, TALENS, and ZFNs are increasingly
used in agriculture, NGS plays a critical role in validating the precision and safety of genetic
modifications. Whole-genome resequencing ensures that gene edits have occurred at the
intended loci without causing off-target mutations, which is essential for regulatory approval
and public acceptance. For example, CRISPR-based editing of the ALS gene in tomato for
herbicide resistance was confirmed using NGS, revealing clean edits and no genomic
instability. Regulatory agencies in countries like the U.S., Japan, and Argentina require NGS
data to assess the biosafety of edited plants. In India, ongoing efforts to streamline GM
regulations increasingly rely on genomic evidence. Moreover, NGS can verify transgene
copy number, insertion sites, and genome-wide stability in transgenic crops like Bt brinjal
and Golden Rice, ensuring that the introduced traits are stable and heritable across
generations. This comprehensive validation builds public trust and supports science-based
policymaking.

Conservation of Genetic Resources and Biodiversity

The conservation and utilization of plant genetic resources are critical for global food
security, especially in the face of genetic erosion caused by monoculture and habitat loss.
NGS provides powerful tools to analyze genetic diversity, population structure, and
phylogenetic relationships within and between species. For instance, resequencing of Indian
rice landraces has revealed untapped alleles for drought and salinity tolerance, which are now
being introgressed into elite cultivars through marker-assisted breeding. In wild relatives of
wheat and tomato, genome sequencing has identified genes for pest resistance and nutrient
efficiency that were lost during domestication. These resources support pre-breeding
programs, helping reintroduce genetic variability into narrow modern gene pools.
Additionally, genotyping-by-sequencing (GBS) enables rapid screening of thousands of
germplasm lines, facilitating the development of core and mini-core collections. This allows
breeders to focus on subsets of germplasm with maximum diversity, accelerating trait
discovery and utilization.

Precision Agriculture and Data Integration

The true potential of NGS unfolds when integrated with other digital technologies to form the
backbone of precision agriculture. Genomic data, when combined with phenotypic,
environmental, and remote sensing data, can generate powerful predictive models. For
example, integrating NGS-derived genotypes with drone-based phenotyping of drought
response enables real-time decision-making in field trials. Machine learning algorithms can
analyze these multi-layered datasets to identify genotype-by-environment interactions and
recommend site-specific varieties or inputs. In regions like Punjab and Andhra Pradesh, such
models are being tested to optimize fertilizer use based on soil genotype interactions,
reducing costs and environmental impact. Digital breeding platforms now link NGS data with
field performance to guide parental selection and hybrid design. By applying this knowledge,
farmers can receive tailored recommendations for seeds, inputs, and planting schedules,
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boosting productivity while conserving resources. This convergence of genomics and smart
farming represents the next frontier of sustainable agriculture.

Recent Advances and Future Trends

The landscape of NGS is rapidly evolving, with emerging technologies offering even deeper
insights into plant biology. Single-cell RNA sequencing (ScCRNA-seq) enables the profiling of
gene expression at the individual cell level, revealing cell-type specific responses during
development or stress. In model plants like Arabidopsis, SSRNA-seq is already unraveling the
spatial regulation of root and shoot development. Epigenomics, including bisulfite
sequencing for DNA methylation and ATAC-Seq for chromatin accessibility, is shedding
light on heritable gene regulation beyond DNA sequence alone. These tools are being
adopted in crops like maize and rapeseed to study hybrid vigor and epigenetic memory under
stress. Spatial transcriptomics maps gene expression in intact tissues, preserving spatial
context a boon for developmental and tissue-specific studies. Furthermore, cloud-based
platforms like Galaxy and CyVerse are democratizing access to NGS data analysis, while Al-
driven tools are accelerating trait prediction. Field-deployable sequencers and mobile apps
will soon enable real-time disease diagnostics and genotype validation directly on farms,
revolutionizing agricultural management.

Conclusion

Next-Generation Sequencing stands at the forefront of agricultural innovation, offering
unparalleled insight into the genetic, transcriptomic, and microbial underpinnings of crop
performance. It has transitioned from a laboratory technique to a strategic enabler across all
sectors of agriculture from basic research to applied breeding, conservation, diagnostics, and
farm-level decision-making. By enabling data-rich, knowledge-driven solutions, NGS
supports the development of resilient, high-yielding, and environmentally sustainable crops.
Its integration with digital agriculture, policy frameworks, and extension systems will be
crucial in addressing grand challenges such as climate change, malnutrition, and ecological
degradation. As the technology continues to evolve and become more accessible, it will
empower not only scientists and breeders but also farmers and policymakers, ensuring a more
secure and sustainable agricultural future.
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