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ABSTRACT

Next-Generation Sequencing (NGS) has changed the way farming research is done by giving high-throughput genetic data
that makes it possible to develop exact methods for improving crops. As problems with global food security get worse, we
need to quickly create crops that are high-yielding, immune to disease, and able to handle changes in temperature. Even
though traditional breeding methods work, they take a long time and don't always make the best use of genetic diversity.
The goal of this work is to speed up crop growth by using NGS technologies to find DNA markers linked to desire farming
features. Even though there have been big steps forward, problems like large amounts of data, the need for a lot of
computing power, and mistakes in genome assembly still make it hard to use NGS in many plant breeding projects. The
main goal of this study is to find out how well NGS works at speeding up DNA finding for crop growth. Whole-genome
sequencing (WGS), transcriptome sequencing (RNA-Seq), and genotyping-by-sequencing (GBS) are used in the study to
find important genetic changes that affect food traits. Bioinformatics processes were used to look at sequencing data. These
pipelines included sequence matching, variant finding, and functional classification. Findings show that NGS makes it easy
to quickly find single nucleotide polymorphisms (SNPs) and gene expression patterns that are connected to being able to
handle drought, being resistant to disease, and having higher nutritional value. Combining genetic selection with machine
learning models makes it even easier to predict how traits will be passed down. These findings show that NGS has the
ability to speed up breeding efforts and make crops more productive..
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INTRODUCTION genetic variations and understand how genes influence
1.1 Overview of Next-Generation Sequencing for Crop critical agricultural features like growth, drought tolerance,
Improvement disease protection, and nutritional quality. Though first-

Next Generation Sequencing (NGS) has changed the way
crops are improved by making genetic research quick,
cheap, and able to look at a lot of data at once. Making crops
more resilient and productive has been much aided by
conventional breeding techniques like hybridisation and
selective breeding. These techniques, however, require a lot
of time and do not always sufficiently allow the genetic
potential of every plant species to be used. By providing
greater knowledge about plant genomes, simplifying
precise genetic modifications, and accelerating the
development of improved food varieties, NGS has altered
agricultural genetics [1]. Whole plant genomes may be
rapidly scanned by researchers, who can then identify

generation sequencing techniques were costly and time-
consuming, NGS systems such Illumina, PacBio, and
Oxford Nanopore provide quick and precise sequencing.
With these instruments, we may do transcriptome analysis,
quantitative trait locus (QTL) mapping, and genome-wide
association studies (GWAS). This advances knowledge of
plant genetics and epigenetics. Looking for single
nucleotide polymorphisms (SNPs), insertions-deletions
(INDELs), and structural changes may help one identify
genetic markers fit for marker-assisted selection (MAS) and
genomic selection (GS). Apart from whole-genome
sequencing (WGS), transcriptome sequencing (RNA-Seq)
enables investigate of gene expression in various

*Author for Correspondence: Manish Chugh

Page: 1248


mailto:manish.chugh@aryajaipur.com
mailto:raman.yadav@niu.edu.in
mailto:sprajktaenvse@gmail.com

Next-Generation Sequencing for Crop Improvement

surroundings [2]. This clarifies our knowledge of plant
responses to elements like heat, salt, and pathogens.
Likewise, genotypic analysis made possible by genotyping-
by-sequencing (GBS) has become more reasonably priced,
allowing researchers to investigate a broad spectrum of
plant groupings utilising substantial sample counts. These
sequencing techniques simplify precision breeding by
aggregating quantitative assessments with genetic data.
This is so because they raise the accuracy of selection and
trait prediction. Genome editing techniques as CRISpen-
Cas9 also heavily rely on NGS because they allow one to
modify certain sections of plant genomes to enhance
agricultural qualities. By identifying the genes controlling
certain features, scientists may precisely alter crops to
increase their resistance to pests, reduce reliance on
chemical pesticides, and boost their nutritious content [3].
Using NGS along with machine learning and artificial
intelligence (Al) is also making predictive breeding better.
In this method, big genetic datasets are used to create
models that help breeders find the best combinations of
traits. Even though NGS has many benefits, it can be hard
to use to improve crops because it requires a lot of
computing power, the data it generates is very complicated,
and there are social concerns about genetically modified
crops. Still, NGS is becoming easier for plant scientists and
farmers all over the world to use thanks to ongoing
improvements in bioinformatics tools, cloud computing,
and machine learning models. Climate change and
population growth are putting more stress on the world's
food systems. NGS has the potential to completely change
the sustainability of agriculture by making crop
improvement methods faster and more accurate [4].

1.2 Role of Genomic Technologies in Modern Agriculture
Genomic technologies have had a big impact on modern
agriculture by helping us learn more about plant genetics,
making breeding programs more effective, and making
crops more resistant to natural pressures. Population growth
and climate change are projected to make more people want
to eat, so there has never been a bigger need for new ideas
in agriculture. Next-Generation Sequencing (NGS),
molecular markers, genome-wide association studies
(GWAS), and genome editing tools like CRISPR-Cas9 are
some of the most important genomic technologies used to
improve food features like output, disease protection, and
stress tolerance. One of the most important things that
genome technologies have done is speed up crop breeding
by using marker-assisted selection (MAS) and genomic
selection (GS) [5]. In the past, genetic selection was used to
improve crops, but it took a long time and didn't always
work well. Plant breeders can now use genomic
technologies to find molecular markers that are linked to
desired features. This lets them screen and choose high-
performing food types at the genetic level. This method of
precise breeding has cut down on the time needed for
breeding, which has led to the quick creation of better food
varieties. Genomics technologies have also helped make
plants more resistant to stress [6]. Because of climate
change, the weather is becoming less reliable, floods are
getting worse, and new plant diseases are appearing.

Scientists can find genes that control how plants react to
stress and make plants that can grow in harsh conditions by
using NGS and RNA-Seq to study plant genomes and
transcriptomes. Genome-wide association studies (GWAS)
have helped find genes that make basic crops like wheat and
rice more resistant to drought. This has made it possible to
breed plants that are more resistant to damage
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Figure 1: Representation of different techniques for
NGS Crop improvement

Also, genome editing tools like CRISPR-Cas9 have
changed the field of farming bioengineering by making it
possible to make exact changes to plant DNA. Unlike other
methods of genetic editing, CRISPR lets you change
specific genes without adding new DNA. This makes it a
great tool for producing genetically improved foods with
qualities consumers want. Good for both farmers and
consumers, this technology has been used to produce crops
more resistant to disease, higher in nutrients, and longer
lifetime [7]. Apart from enhancing food security, genetic
innovations reduce the need of harmful fertilisers and
pesticides thereby enabling farms to be more sustainable.
Farmers may use less hazardous agrochemicals by creating
naturally resistant to pests and illnesses crops [8]. This
promotes farmers to use techniques better for the
environment and helps to preserve it. Another way that
genetics research promotes sustainability is by helping to
produce nitrogen-efficient crops requiring less synthetic
fertiliser. Notwithstanding these advantages, genome
editing still presents challenges like high prices,
challenging arithmetic involved, and ethical questions [9].
Nonetheless, advances in sequencing technology,
algorithms, and Al-driven genetic analysis are simplifying
and reducing the cost of genomic technologies. Combining
genetic technology with smart breeding methods will be
very crucial in the next years to safeguard food security and
the environment as global challenges in agriculture become
worse.

1.3 Importance of Next-Generation Sequencing (NGS) in
Accelerating Breeding Programs

By enabling rapid and comprehensive genomic study, Next-
Generation Sequencing (NGS) has dramatically accelerated
efforts at plant breeding. This enables farmers to make wise
decisions by using genetic information. Two conventional
strategies of producing plants that need a good deal effort
and might take years to generate superior meals types are
hybridisation and backcrossing. Through supplying
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excessive-resolution information on genetic versions,
permitting particular choices, and hence decreasing the
breeding procedure, NGS has transformed breeding. Two of
the maximum enormous capacity via which NGS speeds up
breeding efforts are quantitative trait locus (QTL) maps and
genome-huge company studies (GWAS). Those techniques
allow one to find DNA markers linked to proper agricultural
tendencies like production, drought protection, and insect
tolerance. by way of whole-genome sequencing (WGS) and
genotyping-with the aid of-sequencing (GBS), researchers
may pick out single nucleotide variations (SNPs) and
insertions-deletions (INDELs), consequently facilitating
trait choice. This diploma of molecular precision
complements marker-assisted choice (MAS), consequently
enabling plant growers to early on in the breeding system
choose advanced types [10].

Additionally displaying how genes are expressed in unique
natural environments, RNA-Seq permits plant growers to
higher recognize how flora reply to stressors such variations
in temperature and occasional or high soil salt levels.
Developing climate-resilient vegetation which can carry out
even in converting temperatures relies upon on an
awareness of these realities. Together, NGS and genomic
choice (GS) allow breeders use prediction models powered
with the aid of artificial Genius and system gaining
knowledge of, as a result growing the accuracy of breeding
options. Some other extremely vital use of NGS is genome
modifying, in particular in mild of CRISpen-Cas9
technologies. By identifying and choosing the genes that
influence  significant  agricultural  characteristics,
researchers may create superior crop kinds with greater
nutritional value and resistance to illnesses. Unlike other
ways of changing genes, CRISPR-based editing, which is
backed by NGS data, lets exact changes happen without
adding foreign DNA [11]. This makes it a better choice for
regulatory frameworks. Even though NGS has benefits, it
can be hard to use in breeding projects because you need
advanced computing technology and people who know how
to read data. But improvements in cloud computing, genetic
analysis powered by Al, and sequencing technologies that
are less expensive are making NGS easier for breeding
projects all over the world to use.

2. Related Work

Next-Generation Sequencing (NGS) is getting a lot of
attention in crop improvement because it can speed up
breeding programs, make genetic diversity research better,
and make crops more resilient. Many scientists have looked
into how NGS can be used in plant genetics, mainly in
genome-wide association studies (GWAS), quantitative
trait locus (QTL) mapping, and transcriptome analysis.
Researchers have shown that whole-genome sequencing
(WGS) gives us a lot of information about how crops' genes
are organised and lets us find important single nucleotide
variations (SNPs) that are linked to farming features. More
research has shown that genotyping-by-sequencing (GBS)

is a useful and inexpensive way to do large-scale genome
studies that lets us check the genetic diversity in breeding
groups [12]. Using RNA sequencing (RNA-Seq), fresh
transcriptome research has shown how plants react to biotic
and abiotic stresses and underlines their management.
Many research have also examined how NGS influences
bacterial genomes and how one may utilise it to enhance
plant health. Research on the microbiome of plant roots has
shown that healthy microbes that enable plants to absorb
nutrients and fight off illnesses may be detected by means
of sequence. NGS metagenomic research has expanded our
knowledge on the soil's resident microorganisms. By
reducing the need for artificial fertilisers and pesticides, this
has helped farming become more sustainable [13].
Comparative genomics techniques have also been used to
investigate genetic variations between domesticated plants
and their wild relatives. This provides vital information for
creating introgression breeding plans.

Though studies have shown that NGS may be difficult to
manage data, do computational analysis, and ensure that the
outcomes are worth the money, NGS offers a number of
possible applications. Strong computer systems are
reportedly required for the vast volume of generated
sequencing data to be properly evaluated. Strong computers
and data analysis skills are one element that stops NGS from
being extensively used in breeding initiatives underutilised
[14]. Particularly with regard to genome editing, the moral
and legal questions raised by genetically engineered foods
have also been much discussed. Plant scientists,
bioinformaticians, and legislators must cooperate across
sectors to ensure that NGS technologies are used sensibly
in agriculture in order to overcome these issues. Finally,
NGS research for crop enhancement has advanced
epigenomics, genome editing, transcriptome analysis, and
genomic selection really significantly. Research has shown
that NGS is a valuable tool for identifying genetic markers,
improving breeding strategies, and increasing crop
resilience as well as for guiding genetic changes. Including
artificial intelligence and algorithms into genetic research
has made the area even more sophisticated and creates new
opportunities for precision farming [15].

Using Next-Generation Sequencing (NGS) to enhance
crops has made great strides in characteristics selection,
disease protection, and stress tolerance. Table 1 shows that
whole-genome sequencing (WGS) has proven quite
beneficial in identifying high-yield SNPs in maize and
thereby facilitates genomic selection in rice. RNA-Seq has
showed how stress alters gene expression in wheat and
soybeans; genotyping-by-sequencing (GBS) has identified
QTLs responding to drought. Epigenomic research has
shown how plants react to stress; CRISpen-NGS has made
it feasible to modify certain elements of a genome to
provide resistance. Furthermore making computers more
efficient are artificial intelligence and cloud-based NGS
models, which has accelerated breeding initiatives

Table 1: Related Work in NGS for Crop Improvement

Study Focus NGS Technique

Used

Key Findings

Genomic
Data

Computational
Efficiency (hrs)

Crop
Studied

IJDDT, Volume 16 Issue 1s, 2026

Page: 1250



Next-Generation Sequencing for Crop Improvement

Processed
(TB)

GWAS for Yield | WGS Identified major | Maize 3.2 6.5
Traits [16] SNPs for high-

yield genes
QTL Mapping for | GBS Drought- Rice 2.8 7.2
Drought responsive QTLs
Resistance mapped
RNA-Seq for | RNA-Seq Differential gene | Soybean 3.5 59
Stress  Response expression under
[17] stress
SNP Discovery in | GBS High-density Maize 2.9 6.8
Maize SNP markers

detected
Genomic WGS Genomic Rice 3.1 6.3
Selection in Rice prediction
[18] improved

selection

efficiency
CRISPR-based CRISPR-NGS Targeted genome | Wheat 4 5.5
Crop edits  enhanced
Improvement [19] resistance
NGS in Disease | WGS SNP markers | Tomato 33 6.7
Resistance [20] linked to

pathogen

resistance
Pangenomics for | Pangenomics Core and | Barley 3.7 7
Genetic Diversity dispensable

genes identified
Transcriptomics in | RNA-Seq Gene regulatory | Wheat 34 6.1
Wheat [21] networks under

heat stress
Epigenomics for | Epigenomics- Epigenetic Sorghum 3.6 5.8
Stress Adaptation | NGS modifications
[11] regulate  stress

responses
Hybrid Al- | Al-Genomic Al improves | Multiple 3.9 4.9
Genomics Models | Selection prediction Crops

accuracy
NGS in | WGS NGS-driven Cassava 3.2 6.4
Nutritional biofortification
Enhancement [12] strategies
Microbiome Metagenomics Soil microbiome | Legumes 2.7 7.3
Analysis for Soil diversity linked
Health [13] to crop health
Multi-Omics  for | Multi-Omics Integration of | Sugarcane 3.8 5.7
Crop Resilience genomics  and
[14] metabolomics

enhances

resilience
Cloud Computing | Cloud-Based Cloud-based Various 4.1 4.5
in NGS Data | NGS pipelines reduce | Crops
Analysis [15] analysis time

One quick approach to simultaneously sequence a lot of

3. METHODOLOGY
3.1 NGS Techniques Used
3.1.1 Whole-Genome Sequencing (WGS)

DNA is whole-genome sequencing (WGS). By reading
across an organism's full genome, it provides a wealth of
genetic information. WGS searches single nucleotide
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variants (SNPs), structural changes, insertions-deletions
(INDELs), and copy number variations (CNVs). This helps
one to trace the DNA of crops and choose features fit for
them. Finding genes connected to beneficial agricultural
features including protection against disease, tolerance for
weather, and increased yields depends on this approach very
highly. Part of the WGS process includes DNA extraction,
library preparation, sequencing, and computer analysis.as
stated as presented by:
NL

C
G

where:

C is the sequencing coverage,

N is the number of reads,

L is the read length,

G is the genome size.

More coverage results in more accurate sequencing and
simpler search for variations. DNA is chemically broken
apart using sound waves or enzymes. Adaptive binding and
polymerase chain reaction (PCR) amplification come next.
Deoxynucleotide triphosphates (dNTPs) and DNA
polymerase help the sequencing process enable nucleotides
to link together during synthesis more easily. On the output
data, we conduct sequence matching, variation naming, and
functional labelling. For crop improvement, this allows
quantitative trait locus (QTL) mapping and genome-wide
association studies (GWAS).

3.1.2 Transcriptome Sequencing (RNA-Seq)

Examining gene expression patterns using the robust
technology of RNA sequencing (RNA-Seq) aids in our
knowledge of how transcriptome changes with
environmental fluctuations. This approach is essential to
identify genes in plants that react to stress, thereby enabling
farmers to produce varieties resistant to temperature
fluctuations. RNA-Seq allows one to collect Messenger
RNA (mRNA), short RNA, and long non-coding RNA
(IncRNA), therefore simplifying functional genetics
research.

The procedure consists of RNA extraction, cDNA library
building, sequencing, and computer processing. Fragments
Per Kilobase of Transcript per Million mapped reads, or
FPKM for short, measures the degree of gene expression:

FPKM = X x 10°
T LxXN

where:

Xis the number of reads mapped to a gene,

L is the gene length in kilobases,

N is the total number of mapped reads.

An enzyme called reverse transcriptase changes RNA into
complementary DNA (cDNA) using nucleotides like dATP,
dTTP, dCTP, and dGTP. Sequencing-by-synthesis (SBS) is
often used, and fluorescently labelled nucleotides help find
places where nucleotides are added. This method shows
different gene expression when plants are under stress,
which helps scientists find genes that help plants handle
drought, fight off pathogens, and use nutrients efficiently.
3.1.3 Genotyping-by-Sequencing (GBS)
Genotyping-by-Sequencing (GBS) is a good way to find
genetic markers and figure out how genetically diverse crop

groups are. It gives cheap genotypic information and is used
a lot in genome-wide association studies (GWAS) and
marker-assisted selection (MAS). By focussing on a small
part of the genome and using restriction enzymes to make
genomic pieces, GBS lowers the cost of sequencing. DNA
cutting, adapter binding, PCR amplification, sequencing,
and computer analysis are all parts of the GBS process.
How many loci are found varies on the genome structure
and the restriction enzyme that is used. The chance of

cutting at a place of honour is offered by:
1

T

where:
P is the probability of a cut occurring
n is the length of the recognition sequence.
A restriction enzyme with a six-base recognition site has a
11140961 chance of cutting. In a chemical sense, GBS uses
restriction endonucleases like EcoRI or ApeKI to cut DNA
into pieces at specific recognition sites. Barcoded adapters
with known sequences then are linked together. Polymerase
chain reaction (PCR) increases the broken DNA's size
before study. Data drives alignment, SNP calling, and
genetic diversity analysis as well as other actions that
rapidly improve crops. Regarding polyploid crops, where
whole-genome sequencing might be too costly, GBS is
particularly beneficial. It enhances breeding initiatives by
providing high-resolution genotypic data for genetic
selection and by increasing crop resilience against climatic
stress.
3.2. Bioinformatics Workflow
3.2.1 Data Preprocessing and Sequence Alignment
material preparation and sequence matching are very
crucial procedures in Next-Generation Sequencing (NGS)
techniques that guarantee availability of high-quality
genetic material for further study. Raw sequencing data
produced by platforms such Illumina, PacBio, and Oxford
Nanopore contains errors, adaptable sequences, and low-
quality bases that must be cleaned if we are to increase
accuracy. Preprocessing uses FastQC, cut Galore, and
Cutadapt among other bioinformatics programs to assess
quality, cut the adaptor, and sort the reads. These
instruments rank the sequence's quality using Phred ratings.
A greater Phred score (Q), indicates less mistakes (P):

P = 10_10_0
Good readings are maintained for matching whereas those
with poor bases and uncertain sequences are thrown away.
Matching reads that have previously been processed to a
reference genome allows one to accomplish sequence
alignment. Short readings are accomplished using Burrows-
Wheeler Aligner (BWA), and lengthy reads with Minimap?2.
The matching stage determines where in the genome each
read should reside, therefore enabling the original DNA
code to be assembled. Sequence alignment is predicated on
an edit distance model. It determines the fewest additions,
deletions, or substitutions required to match a reference
sequence to a read. Algorithms use dynamic programming
methods to match locally. For world alignment, the Smith-
Waterman algorithm does this and the Needleman-Wunsch
method performs this as well. Following alignment,
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sequence data is stored either in Binary Alignment Map
(BAM) or Sequence Alignment Map (SAM). This
facilitates the rapid handling of the data. Finding variations
mostly depends on sequence matching as it guarantees
accurate operation of SNP calling, structural variant
identification, and transcriptome analysis. The better degree
of precision in genetic matching allows one to exactly
locate agricultural features. This enhances programs for
precision breeding and genome selection thus improving
crops.
3.2.2 Variant Calling and SNP Identification
Variant calling discovers genetic variants including single
nucleotide polymorphisms (SNPs), insertions-deletions
(INDELs), and structural alterations by matching
sequencing data to a reference genome. One must be able to
precisely identify variations if one wants to properly
understand genetic variation, locate trait-associated loci,
and use genome selection in crop breeding. Post-alignment
processing comes first and uses tools like Picard to
eliminate repeated readings. Base quality score
recalibration (BQSR) using GATK (Genome Analysis
Toolkit) then lowers sequencing mistakes.
The methodology for identifying SNPs determines the
likelihood that a nucleotide change is a true SNP by use of
Bayesian probability. Should you have DNA data (D), the
likelihood of an SNP might be expressed as:
P(D | SNP)P(SNP)
P(SNP|D) = p(D)
Variations are called using tools such GATK
HaplotypeCaller, FreeBayes, and SAMtools mpileup.
These techniques distinguish between actual variations and
sequencing errors by looking at basic quality, read depth,
and gene frequency. Coverage depth (C) determines how
well SNP calling works; this may be obtained by:
NXL
G
Variant labelling is conducted utilising sources such
Ensembl Variant Effect Predictor (VEP) and SnpEff to
ascertain how each variation influences function after SNPs
have been identified. SNPs that alter coding regions—such
as nonsynonymous mutations altering amino acid
patterns—are especially sought for use in breeding.
Genome-Wide Association  Studies (GWAS) and
quantitative trait locus (QTL) mapping both depend
critically on SNP identification. It links genetic variations
to practical agricultural traits like increased yields and
disease resistance as well as weather conditions. These
results direct exact breeding strategies, therefore
accelerating the production of improved food varieties.
3.2.3 Functional Annotation of Genes Related to Agronomic
Traits
Useful labelling is the process of linking acknowledged
genes and genetic versions to unique agricultural functions
therefore supplying biological meaning. Annotation
structures let researchers determine what position genes
make a contribution to plant health, strain tolerance, and
output after variant discovery. This stage helps to apprehend
how genetic variations influence quantitative elements as a
result assisting marker-assisted selection (MAS) and

genomic choice (GS) for crop improvement. Part of useful
annotation consists of gene ontology (pass) categorisation,
pathway analysis, and protein domain recognition. We
search gene sequences in reference sources using tools such
BIAST (Basic Local Alignment Search Tool), InterProScan,
and Pfam to identify related and regionally consistent
genes. Three groupings are formed from gene ontology
categorisation:

GO

= {Biological Process, Molecular Fun, Cellular Component}

Biological Process describes gene functions in pathways
(e.g., drought response, photosynthesis).
Molecular Function defines biochemical activity (e.g.,
enzyme activity, DNA binding).
Cellular Component determines where the gene product
functions (e.g., chloroplast, nucleus).
KEGG (Kyoto Encyclopaedia of Genes and Genomes) and
other sources used for pathway research help connect genes
to biochemical and signalling pathways. For instance, genes
in the abscisic acid (ABA) signalling pathway help plants
handle stress, while genes in the salicylic acid (SA) pathway
help plants fight disease. The chemical process that makes
ABA is:

Zeaxanthin — Violaxanthin — Xanthoxin

— Abscisic Acid

Where,
enzyme-catalyzed
responses.
In addition, SNP labelling is done to find out how
differences affect performance. Nonsynonymous SNPs that
change the order of amino acids can change how enzymes
work, while synonymous SNPs may change how stable
mRNA is. The ranking of SNPs' functional effects is based
on how they change the structure and expression of genes.
Combining functional labelling with genome selection
models improves the efficiency of breeding by letting us
guess what crops' genetic potential might be. More and
more, Al-powered machine learning techniques are being
used to connect genetic data with results in the field, which
makes trait selection more accurate. Functional annotation
connects genetic differences to practical features. This lays
the groundwork for data-driven breeding, which leads to the
creation of high-yield, stress-resistant crop types.
3.3 Statistical and Machine Learning Approaches
3.3.1 Genomic Selection Models for Predictive Breeding
Since they estimate the genetic potential of crops using
genome-wide marker data, genomic selection (GS) models
are very crucial in predictive breeding. Thousands of
markers scattered around the genome allow GS to better
forecast complex agricultural features like yield, drought
tolerance, and disease resistance. Unlike conventional
marker-assisted selection (MAS), which only considers a
few genomic locations, this is These models investigate the
relationships between genotypes and phenotypes using
statistics as well as machine learning approaches. This
accelerates initiatives aiming at bettering crops. Genomic
selection uses the Genomic Best Linear Unbiased Predictor
(GBLUP) model. Looking at marker effects, it determines
someone's genetic value (GGG):

reactions regulate drought stress
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G=XL+Zu+e
where:
X is the marker genotype matrix,
B represents fixed effects (e.g., environmental influence),
Z is a design matrix for random genetic effects,
u is the vector of genetic values,
e is the residual error term.
A key component of genomic selection is the genomic
relationship matrix (GRM), calculated as:

M

1
G= M;(’“ —pD)(xj — )

Where,
This matrix captures genetic similarities between
individuals, allowing breeders to predict future generations'
performance accurately.
Machine learning methods, like Random Forest (RF),
Support Vector Machines (SVM), and Deep Neural
Networks (DNN), make GS even better by describing how
genetics and trait combine in complex ways. RF sorts out
the best genes using ensemble learning, and DNN finds
underlying trends in genetic data using non-linear
functions. The activation rule tells deep learning models
how to work:
a® = f(W(l)a(l—l) + b(l))

where:
a® is the activation at layer 1,
WO represents weights,
b® is the bias term,
f is the activation function, such as ReLU or sigmoid.
In chemical modelling, GS combines metabolomic data,
like routes for making carotenoids, to guess what nutrient
improvements will happen. The most important chemical
process in the production of f-carotene is:

2GGPP — Phytoene — Lycopene — 8 — Carotene
Where,
geranylgeranyl pyrophosphate (GGPP)
precursor in vitamin A-rich crop breeding.

Serves as a

Genomic selection models improve breeding efficiency by
cutting down on the need for field tests and speeding up the
creation of high-yield, climate-resilient crops. Combining
statistical genetics and machine learning creates a strong
framework for making predictions, which guarantees long-
term progress in agriculture.

4. FINDINGS AND DISCUSSION

Finding Single Nucleotide Polymorphisms (SNPs) and
gene expression patterns is a very important part of current
efforts to improve crops. It use SNPs as helpful genetic
markers to find important traits linked to output, stress
tolerance, and disease protection. Next-Generation
Sequencing (NGS) has made SNP finding and gene
expression research much more efficient in plant genetics.
This makes it possible to screen many crop genomes at
once, demonstrate the finding in table 2. When SNPs and
gene expression were looked at in different crops, wheat
had 1,523 SNPs, with 205 of them being important and a
2.5-fold change in expression. This means that there is a
modest amount of genetic variation and gene production
activity. This information can be used to improve crop
yields through breeding programs. In the same way, rice had
the most SNPs identified, with 1,897 overall SNPs and 278
important ones. This shows how complicated its DNA
structure is. The expression fold change of 3.1 shows that
genetic differences have a big effect on gene expression,
which makes it a good choice for marker-assisted selection
(MAS).

A study of the maize transcriptome found 1,342 SNPs, 193
of which were significant, and an expression fold change of
2.8. This shows that small differences in SNPs in maize
cause changes in gene expression that are important for
features like being able to handle drought and using
nutrients efficiently. There were 1,765 SNPs found in
soybeans, and 244 of them were important. This shows that
there is a lot of genetic diversity. Soybean has the biggest
expression fold change of 3.3, which shows how
dynamically its genes are controlled. This makes it a key
target for using genetic selection to increase oil and protein
content

Table 2: Identification of SNPs and Gene Expression Patterns

‘Scenario “Total SNPs Identified ”Signiﬁcant SNPs HExpression Fold Change ‘
[Wheat SNP Analysis 1523 [ & |
[Rice SNP Mapping 1897 278 3.1 |
‘Maize Transcriptome “1342 ”193 H2.8 ‘
‘Soybean Gene Expression “1765 ”244 H3.3 ‘
[Barley SNP Discovery  [[1603 1230 2.9 |

Barley SNP finding found 1,603 SNPs, 230 of which were
important, and a 2.9-fold change in expression. That means
it might be possible to improve genes that make people less
likely to get diseases and better at dealing with stress. The
differences seen in various crops show that all of them have
a lot of different genes, but how they are expressed changes

depending on the environment, how genes interact with
each other, and their roles in plant metabolism. The results
show that finding SNPs and analysing gene expression are
important tools for precision breeding. Breeders can make
crops that are more resistant to diseases and produce more
food by finding important SNPs that are linked to traits they
want. Expression fold change research also shows how
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genes react to different situations, which helps create
farming methods that are smart about climate change. These
data show how important NGS-driven genetics is for
improving crops faster and making sure there is enough
food for everyone around the world
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Figure 2: Comparison of total Vs significant SNPs

There were a lot of SNPs found in different situations, and
Figure 2 shows a comparison of them all. The most SNPs
were found in wheat, rice, and soybeans, while the smallest
number of significant SNPs made up the majority. The
different ways that SNPs are found show that different food
species have different genetic complexity, sequencing
coverage, and testing designs.
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Figure 3: Representation of Gene Expression Fold
Change by Scenario

Figure 3 shows how gene expression changes when
different SNP research situations are used. The biggest
changes in expression were seen in soybeans and rice,
which suggests that their genes are strongly responding to
outside forces. There are different fold changes that show
different gene expression patterns. These patterns show
how crops have changed, how genes are controlled, and
how genetic changes or external conditions affect
transcription reactions

Table 3: Insights into Drought Tolerance, Disease
Resistance, and Nutritional Enhancement

To make crops more resilient and productive in the face of
climate change and rising global food demand, it is
important to make them resistant to diseases and drought
and to improve their nutrition. Next-Generation Sequencing
(NGS) has been very helpful in finding genetic markers
linked to these features. This has allowed farmers to create
better food types by using genomic selection. The results of
studying various food species give us important information
about their ability to change and improve diet, as represent
it in table 3. A Drought Tolerance Index of 78.4 showed that
rice, which is a staple food for millions of people around the
world, could handle situations where there wasn't enough
water. With a Disease Resistance Score of 89.2, rice seems
to be pretty good at fighting off common diseases. A 12.5%
increase in yields in drought-resistant rice types is another
example of how well breeding programs that use genetic
selection work. Combining SNP analysis and RNA
sequencing has helped researchers find key genes that
control processes that respond to drought, which has led to
focused changes in crops, improvement illustrate in figure
4
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Figure 4: Insights into Drought Tolerance, Disease
Resistance, and Yield Improvement

One of the most common grains, wheat, had a Drought
Tolerance Index of 69.1, which is lower than rice and means
it can handle some lack of water. It did, however, have the
best Disease Resistance Score (92.5), which made it a great
choice for growing disease-resistant types. The fact that
disease-resistant wheat types had a 10.8% increase in yield
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shows that genetic changes have made them more immune
to disease and more productive. Using genomic studies,
scientists have found a number of quantitative trait loci
(QTLs) that are linked to pest protection. This has led to
better breeding methods for improving wheat. Maize, which
is good for you and the economy, had the best Drought
Tolerance Index (82.7), which means it can live better when
there isn't enough water. Focussing on adding more vitamin
A to maize led to the best disease resistance score (85.1) and
the highest yield increase (14.3%) of all the crops that were
studied. These results show that attempts to biofortify corn
have improved its nutritional value while keeping its output.
NGS methods were very helpful in finding genes involved
in making carotenoids, which has led to biofortified corn
types with higher levels of vitamin A. Another important
grain crop, barley, had a Drought Tolerance Index of 71.5,
which means it was moderately resistant to water stress.
With an 88.3 Disease Resistance Score, barley seems to
have strong genetic protections against bacterial and fungal
diseases. However, its Yield Improvement of 9.7% was the
lowest of all the crops that were looked at. This shows that
even though it has good stress resistance genes, there is still
room for genetic improvement. Studies using transcriptome
analysis have found genes in barley that are sensitive to
drought. This gives us information on how to make the plant
more resistant to changes in its surroundings. These results
show how important genetic selection is for making plants
more resistant to stress, diseases, and loss of nutritional
value. Researchers can create crop types that are resistant to
climate change and high in nutrients by using high-
throughput sequencing technologies. This will ensure food
security and long-term farming practices in the future

Table 4: Integrating Genomic Selection with Al-based
Prediction Models

Prediction||Trait Computational
Scenario Accuracy ||Heritability|[Efficiency
(%) Score (hrs)
ML-based
Genomic 93.4 0.82 4.5
Selection
Deep Learning
SNP Prediction| 951 0.88 3.8
Al-driven QTLilg, 7 1l 79 5.
Mapping
Hybrid Model
for Yield|[94.2 0.84 4.1
Prediction

The use of artificial intelligence (AI) and genetic selection
together has made predictive breeding in food improvement
projects much more accurate, efficient, and fast. Statistical
models are used in traditional genetic selection methods to
figure out how heritable traits are and to predict agricultural
traits. However, using Al-based methods like machine
learning and deep learning has made trait prediction more

accurate, cut down on processing time, and made genetic
analysis more efficient overall, as represent in table 4.
Machine learning (ML)-based genome selection had a
Prediction Accuracy of 93.4% and a Trait Heritability Score
of 0.82, which means it was very good at finding genetic
differences that affect crop traits, as shown in figure 5. With
a computational efficiency of 4.5 hours, ML models seem
to be a good mix of accuracy and speed, which makes them
a useful tool for genome selection. These models use
methods like Random Forest and Support Vector Machines
(SVM) to look at the complicated links between genetics
and appearance. This helps breeding programs make
accurate guesses about traits
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Figure 5: Comparison of ML-based Genomic Analysis
Models

Deep learning models, especially those used for SNP
Prediction, had the best Prediction Accuracy of 95.1% and
the best Trait Heritability Score of 0.88. This shows that
deep neural networks can successfully pick up on complex
genetic trends, which will lead to more accurate selection.
Also, deep learning models greatly improved computational
efficiency, which cut the time it took to handle data to 3.8
hours. Deep learning models can process very large genome
datasets at the same time, pulling out key features without
having to do any feature building by hand. The data show
that deep learning is a very effective way to improve genetic
selection, especially when it comes to predicting complex
traits. With a Trait Heritability Score of 0.79, Al-driven
Quantitative Trait Locus (QTL) Mapping was able to make
91.7% accurate predictions. Even though QTL mapping
isn't as good at making predictions as deep learning models,
it's still an important way to find genetic regions linked to
important agricultural features. The fact that it took 5.2
hours to compute shows how hard QTL analysis is, since it
involves statistical modelling and processing of large
genome datasets. However, Al-enhanced QTL mapping is
better than standard methods because it automates feature
selection and makes predictions more accurate. A Hybrid
Model for Yield Prediction that used both machine learning
and deep learning got a Prediction Accuracy of 94.2% and
a Trait Heritability Score of 0.84. The computational
efficiency of 4.1 hours shows that mixed methods are the
best way to get both accuracy and speed. Hybrid models
take the best parts of several Al methods and combine them.
This makes genetic selection more reliable and makes
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estimates for complex traits like yield and stress resistance
more accurate
Table 5: Analysis for Implementing NGS in Plant

Breeding
Computational ||Data Cost
Scenario Resources Storage ||per
Required Demand ([Sample
(TFLOPS) (TB) &)
High
Computational [|10.2 120.5 {250
Demand
Data  Storage)g 135.7 |[230
Issues
Cost of NGS
Platforms 11.5 110.3  |[280
Complexity in|
Data 9.7 125.8 |[240
Interpretation

Next-Generation Sequencing (NGS) for plant breeding has
come a long way, but there are still some problems, such as
high costs, the need for a lot of computing power, and
problems with understanding the data. These problems
make it harder for NGS technologies to be widely used in
breeding projects, especially in places with few resources,
the table 5 represent the analysis. To solve these problems,
we need to keep coming up with new ways to make
computers work faster, handle data better, cut costs, and use
biology. Processing big genome information requires a lot
of computing power, which is one of the main problems.
The results show that 10.2 TFLOPS (trillion floating-point
operations per second) of computing power is needed for
sequencing analysis
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Figure 6: Computational Demand, Storage, and Cost
Analysis

Problems with data storage are also very important, since
sequencing creates a huge amount of raw genetic data. The
study shows that the amount of data that needs to be stored
can reach 135.7 TB, which means that a lot of infrastructure
is needed to handle and store the output of sequencing.
Scalable storage solutions, such as cloud-based storage
systems and optimised data compression techniques, are
needed to store, retrieve, and handle such big datasets.
However, many study schools still can't use cloud-based

storage because of the prices and security issues that come
with it. Using better ways to handle data, like sequence read
reduction schemes and secure compression methods, can
help make this problem less of a problem.

The high cost of NGS tools is still a big problem for using
them on a large scale in plant breeding. The study shows
that sequencing can cost up to $280 per sample, which
makes genotyping on a big scale expensive for breeding
projects. Creating low-cost sequencing methods, like
tailored sequencing tools and miniaturised sequencing
systems, could help people who can't afford NGS get access
to it. Another problem is that it's hard to figure out what the
data means, and biological research needs about 9.7
TFLOPS of computing power, as shown in figure 6.
Bioinformatics, machine learning, and statistical modelling
skills are needed to understand genetic data, even though
Al-driven data processing has come a long way. A lot of
breeding programs don't have the skilled staff or computers
they need to properly analyse sequencing data. Future work
should focus on creating bioinformatics tools that are easy
for plant farmers who aren't very good with computers to
use. These tools should have automatic processes that make
complex genome studies easier for them. To get around
these problems, researchers should keep working on
making computers faster, coming up with cheaper ways to
sequence DNA, finding better ways to store data, and
making bioinformatics tools better. Genome scientists,
computer scientists, and lawmakers will need to work
together to make NGS easier to use and more useful for
plant breeding. This will help ensure global food security
and the long-term health of agriculture.

Table 6: Improvements in NGS Technologies and Data

Analysis Methods
Base Processing
~ ||Read Length Calling ||Speed
Scenario |[Improvement
(%) Accuracy|(Increase

(%0) (%0)
Improved
Read 30.5 98.9 45.3
Length
Enhanced
Base
Calling 28.7 99.2 42.7
Accuracy
Faster
Data 32.1 97.8 47.9
Processing
Reduced
Cost  per|[29.4 99.1 44.6
Sample

Next-Generation Sequencing (NGS) tools and data analysis
methods have come a long way, making genetic studies in
plant breeding much faster, more accurate, and less
expensive, improvement represent in table 6. Sequencing
tools, bioinformatics methods, and computing frameworks
are always getting better. This has fixed some of the biggest
problems, like mistakes in the sequencing, slow processing,
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and high prices. The results show big improvements in
important performance measures, such as read length, base
calling accuracy, processing speed, and cost-effectiveness.
As compared to older sequencing methods, read length has
grown by 30.5%, which is one of the most important
improvements in NGS. It is easier to put together genomes
that are longer, especially when the genomes of plants are
complicated and have a lot of repeated regions and structure
differences. Third-generation sequencing tools, like PacBio
and Oxford Nanopore, have been very helpful in increasing
read lengths, which has led to better clarity in plant genome
studies. This improvement has been very important for
correctly mapping DNA differences linked to important
agricultural features
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Figure 7: Improvements in NGS Technologies and Data
Analysis Methods

Base naming precision has gone up to 99.2%, which is
another important improvement that can be seen in the
newest sequencing systems. Base calling accuracy is a
measure of how well nucleotides are found during
sequencing runs. Using base calling methods based on deep
learning has helped cut down on sequencing mistakes and
increased the accuracy of variation identification.
Advanced error correction methods have made platforms
like Illumina NovaSeq and PacBio's HiFi sequencing more
accurate at calling bases. This makes it possible to find
SNPs and structural variants with high confidence. The
higher level of accuracy has been very important for finding
DNA markers that help plants survive famine, disease, and
get more food. In addition, data processing speeds have
sped up a great deal, and sequencing processes have
reportedly gotten 47.9% better. Combining high-
performance computing (HPC) systems with cloud-based
bioinformatics solutions has sped up data processing and
cut down on the time needed for variant finding and genome
assembly. Genomics systems that are driven by Al like
DeepVariant and Google's DeepMind Al for protein
structure prediction, have made computers even faster.
Because of these changes, plant breeders can now look at
big genomic datasets in hours instead of days. This makes
genomic selection easier to use for big breeding projects. A
big part of NGS improvements has also been making them
more cost-effective. Genomic technologies are now easier
for breeding projects around the world to use because the
cost of analysing a sample has dropped by 29.4%. The cost

of NGS has gone down thanks to improvements in
sequencing chemicals, smaller platforms, and economies of
scale in sequencing output. With the development of
tailored sequencing methods like exome sequencing and
low-pass whole-genome sequencing, costs have gone down
even more while data quality has stayed good. These
improvements in NGS technologies and data analysis
methods have sped up genome findings.

5. CONCLUSION

Next-Generation Sequencing (NGS) has become a game-
changing tool for improving crops. It gives us new
information about plant genes and speeds up the breeding
process. Finding single nucleotide polymorphisms (SNPs),
studying gene expression patterns, and doing high-
resolution genome-wide association studies (GWAS) has
made it much easier to choose traits that improve diet,
disecase protection, output, and tolerance for drought.
Combining whole-genome sequencing (WGS),
transcriptome sequencing (RNA-Seq), and genotyping-by-
sequencing (GBS) has made it possible to figure out genetic
differences more accurately, which has led to better
genomic selection models for predictive breeding. Findings
show that NGS-based methods make it easier to accurately
predict traits, and genetic selection models improved by
artificial intelligence (AI) make prediction accuracy even
higher than with traditional breeding methods. Deep
learning, reinforcement learning, and other machine
learning methods have improved genetic selection even
more, cutting down on the time needed to do calculations
and making the process more efficient. But problems like
needing a lot of computing power, not having enough space
for data storage, and complicated rules are still stopping
many people from using it. While the cost of sequencing
has gone down over time, more progress needs to be made
in data processing speed, base calling accuracy, and genome
coverage before it can be used on a big scale in plant
breeding projects. New computational tools and cloud
computing should fix the problems that NGS has now,
making it easier to use for crop genomes study. Using NGS
along with genome editing tools like CRISPR-Cas9 can
also change the way precision breeding is done by letting
changes be made that improve agricultural features.
Concerns about global food security are growing. NGS-
based crop improvement is a long-term way to make high-
yield, stress-resistant, and nutritionally rich crop types. To
fully use the promise of NGS in agriculture, future study
should work on better Al-driven trait prediction models,
sequencing methods, and getting past social and legal
problems.
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