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Introduction

The rapid advancement of DNA sequencing technologies has profoundly transformed
agricultural and food biotechnology by enabling high-resolution exploration of plant genomes.
From the early development of Sanger sequencing to the emergence of next-generation and
third-generation sequencing platforms, the ability to decode entire genomes has become faster,
more accurate, and increasingly affordable (Xue & Cui, 2025). Among these innovations,
Whole Genome Sequencing (WGS) has emerged as a central tool for elucidating genome-wide
variation, uncovering functional genes, and understanding the molecular basis of
agronomically important traits in crops (Kumar et al., 2024a).

In plant and food biotechnology, WGS provides comprehensive insights into both coding
and non-coding regions of the genome, allowing researchers to investigate genetic mechanisms
underlying yield improvement, disease resistance, stress tolerance, and quality-related traits.
Unlike targeted sequencing or marker-based approaches, WGS enables the detection of a wide
range of genetic variations, including single nucleotide polymorphisms, insertions and
deletions, structural variants, and copy number variations (Krasilnikova et al., 2025; Yoon et
al., 2025). These capabilities have positioned WGS as a powerful platform for accelerating
crop improvement programs, supporting molecular breeding strategies, and enhancing food
quality and safety.

The application of WGS in plant sciences has expanded alongside the availability of
diverse sequencing strategies, including de novo genome assembly, reference-based
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resequencing, low-pass WGS, and pangenome analysis. Each approach offers distinct
advantages depending on genome complexity, ploidy level, and research objectives. For
instance, de novo sequencing is particularly valuable for wild relatives and underexplored
species, while reference-based approaches dominate studies of major crops with established
genome assemblies (Admas et al., 2025; Farooq et al., 2024). Recent advances in long-read
sequencing and chromatin conformation capture technologies have further improved genome
contiguity and accuracy, enabling more precise characterization of complex plant genomes
(Liu & Conesa, 2025).

Despite the growing body of literature on WGS applications, existing reviews often focus
on specific crop species, sequencing platforms, or technical workflows, with limited integration
of methodological comparisons and food biotechnology outcomes (Brlek et al., 2024).
Moreover, relatively few studies critically evaluate why certain WGS approaches are preferred
for particular crops or how genome complexity and ploidy influence methodological choice
(Kumar et al., 2024b). This gap underscores the need for a comprehensive synthesis that not
only summarizes WGS applications but also interprets their strategic relevance for agricultural
and food biotechnology.

The recent updates of this review lie in its integrative and comparative perspective on
WGS applications across major horticultural and vegetable crops, emphasizing the rationale
behind the selection of different sequencing strategies and their implications for food
biotechnology. This review compares de novo sequencing, resequencing, and emerging
pangenome approaches, highlighting their advantages, limitations, and suitability for diverse
crop genomes.

Results and Discussions
Whole Genome Sequencing

The advancement of DNA sequencing technology has brought significant progress to the
fields of genetics and biotechnology. It began with the Sanger sequencing method developed
in 1977, which served as the fundamental technique for DNA sequencing for several decades.
However, this method was limited by its relatively short read length (< 1000 bases), making it
less efficient for analyzing large and complex genomes. To overcome this limitation, the
shotgun sequencing approach was introduced in 1979, which involves randomly fragmenting
long DNA segments into smaller pieces and sequencing them using the Sanger method (Kwong
et al., 2015). Although this approach marked an early step toward WGS, it remained complex
as it required genomic mapping to reassemble the fragmented sequences.

Subsequent developments led to the emergence of Next Generation Sequencing (NGS),
which enables the parallel sequencing of millions of DNA fragments using platforms such as
[llumina, ITon Torrent, and SOLiD (Zhao & F.A. Grant, 2011). This technology offers higher
efficiency, lower cost, and faster analysis compared to the Sanger method. Later, Third
Generation Sequencing (long-read sequencing) technologies such as Pacific Biosciences
(PacBio) and Oxford Nanopore Technologies (ONT) were developed, enabling direct reading
of long DNA fragments without amplification. These methods are particularly effective for
resolving complex genomic structures, detecting large variants, and analyzing difficult-to-
sequence regions (Logsdon et al., 2020).

WGS is a technique used to determine the complete nucleotide sequence (adenine, thymine,
cytosine, and guanine) of an organism’s entire genome by aligning the results against a known
reference genome (Dewey et al., 2014). WGS provides a comprehensive overview of DNA,
covering both coding and non-coding regions, thereby allowing a complete understanding of
genetic variation within a species (Lu et al., 2025). Through WGS, researchers can identify
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various types of genetic variation, including Single Nucleotide Polymorphisms (SNPs),
Insertions and Deletions (InDels), Structural Variations (SVs), and Copy Number Variations
(CNVs) (Lu et al., 2025).

According to Illumina (2025), Whole Genome Sequencing can be classified into two main
approaches based on genome size, namely small genome sequencing and large genome
sequencing. Small genome sequencing is typically applied to microorganisms such as bacteria
and viruses with genome sizes of less than or equal to five megabases. The resulting sequences
are compared to available reference genomes and are widely used in food testing, infectious
disease surveillance, molecular epidemiology, and environmental metagenomics. Its
advantages include comprehensive genome analysis of single microbial cultures, the ability to
sequence thousands of isolates in parallel, and the discovery of new biomarkers through in-
depth genetic information.

In contrast, large genome sequencing is applied to more complex organisms such as plants,
animals, and humans with genome sizes of more than five megabases. This approach is
commonly used for studying genetic diseases, population-level genetic variation, plant and
animal breeding selection, and gene expression analysis. It provides high-resolution genomic
information by integrating data from short and long DNA fragments to achieve complete
genome characterization and identify rare alleles and clinically relevant genetic variants (Satam
et al., 2023). Overall, the development of Whole Genome Sequencing technology has opened
new opportunities in various fields such as biotechnology, agriculture, and health due to its
ability to provide a deep understanding of the structure, function, and variation of genomes.

De novo Whole Genome Sequencing

The de novo whole genome sequencing approach is a method of constructing a genome
without relying on any pre-existing reference genome. This approach is particularly applied
when genome sequences from closely related species are not yet available. In this method, the
sequencing reads generated from shotgun sequencing are compared with one another to
identify overlapping regions, which are then assembled into longer contiguous sequences
known as contigs (Ng & Kirkness, 2010).

Unlike reference-based assembly, which uses an existing reference genome, de novo
assembly is more complex because it requires reconstructing the entire genome from scratch.
The complexity of this process depends on the length and number of DNA fragments
sequenced as well as the sequencing technology employed. Consequently, de novo assembly
demands high computational power and stringent data quality standards to ensure accurate and
complete genome representation. The development of de novo sequencing began with Sanger
sequencing technology, which was known for its high accuracy but limited data throughput.
With the advancement of sequencing methods, Next Generation Sequencing (NGS) emerged,
enabling the generation of millions of short reads at a lower cost, albeit with shorter read
lengths. Subsequently, Third Generation Sequencing technologies such as Pacific Biosciences
(PacBio) and Oxford Nanopore were introduced, producing long reads in the kilobase range
that are highly useful for resolving complex genomic structures.

In general, the main stages of de novo assembly using NGS data consist of three processes:
contig assembly, scaffolding, and gap filling. During the contig assembly stage, sequencing
reads are aligned based on sequence similarity to form long, continuous consensus sequences
called contigs (Ekblom & Wolf, 2014). In the scaffolding stage, multiple contigs are connected
using paired-end or mate-pair read data, which typically originate from large DNA fragments
or fosmid inserts spanning several kilobases (Fuentes-Pardo & Ruzzante, 2017). The collection
of ordered and connected contigs forms a structure known as a scaffold. Remaining gaps
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between contigs are then filled using independent reads through a process known as gap filling
to achieve a more complete genome assembly (Sohn & Nam, 2018). Scaffolding and gap filling
are often performed iteratively to improve the overall assembly quality. With the rapid progress
in sequencing technologies and bioinformatics tools, the de novo approach has become an
essential method in modern genomics projects, particularly for characterizing new organisms
or species that lack a complete reference genome.

Reference-based Whole Genome Sequencing

The reference-based whole genome sequencing approach, also known as mapping
assembly or read mapping, is a genome assembly method that aligns sequencing reads to one
or more pre-existing reference genomes. In this process, DNA fragments obtained from
sequencing are aligned to the most appropriate positions on the reference genome, generating
a consensus sequence that represents both the genetic similarities and differences between the
sample and the reference genome (Deng et al., 2016). This method is computationally more
efficient than the de novo assembly approach because it does not require reconstructing the
genome from scratch (Lu et al., 2025). Consequently, reference-based assembly is widely used
in population studies, species identification, and the detection of genetic variants in organisms
for which reliable reference genomes are available.

Common sequencing platforms used in this approach include short-read technologies such
as Illumina, which can generate paired-end reads of up to approximately 250 base pairs per
read. Meanwhile, third-generation sequencing technologies such as PacBio and Oxford
Nanopore Technologies (ONT) are often employed complementarily to produce long reads that
help close sequencing gaps and improve read placement within repetitive regions (Worley et
al., 2017). The advantages of the reference-based approach include rapid analysis and high
accuracy in base positioning. However, the accuracy and reliability of the results are highly
dependent on the quality, completeness, and suitability of the reference genome used.

This approach also allows direct comparison with type strains or verified strains.
According to the European Food Safety Authority (EFSA, 2021), bacterial species
identification can be validated using genomic similarity metrics such as digital DNA-DNA
hybridization (dADDH) and average nucleotide identity (ANI), with conservative thresholds of
dDDH > 70% and ANI > 95% to confirm species-level identity. In the case of yeasts and
filamentous fungi, species confirmation is achieved through phylogenomic analysis using
several conserved genes, such as AFToL markers including 18S rDNA and ITS, to generate
phylogenetic relationships against available related genomes or by performing alignment to a
complete reference genome from the same species.

Application of Whole Genome Sequencing

The advancement of WGS technology has revolutionized the fields of agriculture and plant
biotechnology. Through this approach, the complete DNA composition of an organism can be
mapped to understand its genetic structure, evolutionary relationships, and key genes involved
in agronomic traits such as disease resistance, environmental stress tolerance, and yield quality.
WGS also enables the analysis of genetic variation among cultivars, the construction of high-
resolution genetic maps, and the development of marker-assisted breeding programs.
Numerous fruit and crop species have been analyzed using WGS, providing valuable insights
into the genetic mechanisms underlying desirable agronomic traits. Several applications of
WGS in horticultural and fruit crops are summarized in Table 1.

Table 1. Application of Whole Genome Sequencing (WGS) in Major Fruit Crops
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Scientific Name Sequencing Method Findings References
Musa itinerans Reference-Based Identified  disease (Wuetal., 2016)
(Banana) WGS resistance and cold-

tolerance genes
Fusarium oxysporum WGS (comparative Identified virulence (Raman et al., 2021)

f. sp. cubense genomic analysis) and SIX  gene
(Banana pathogen) diversity
Malus domestica WGS (Illumina, Improved (Varnderzande et al.,
(Golden Delicious, PacBio, Hi-C, long- assemblies, trait 2024)
GDDH13, HFTH1)  read) associated
polymorphisms
Malus domestica 'WGS (Illumina, Draft genome, 81% (Peace etal., 2019)
(Golden Delicious)  short-read, Hi-C) coverage, 17-
chromosome
mapping
Vitis vinifera (Pinot WGS (Sanger, 454, First grape genome, (Chagné, 2015)
noir, PN40024) [llumina) 30.000 genes, SNP
map
Pyrus bretschneideri WGS (NGS, BAC- High synteny with (Chagné, 2015)
/ Pyrus communis by-BAC, 454) apple, ~43.000 genes
(Pear) predicted
Phoenix dactylifera Whole Genome Identified  genetic (Hazzouri et al.,
(Date Palm) Resequencing diversity and 2015)
domestication
patterns
Actinidia  eriantha 'WGS Identified structural (Yao etal., 2022)
(Kiwifruit) variation and key
genes for breeding
Citrus reticulata  Whole Genome Identified key (Jabeen et al., 2023)
(Kinnow mandarin)  Resequencing variants linked to
fruit quality traits
Mangifera odorata, WGS Identified genome- (Cortaga et al., 2022)
M. altissima, M. wide variants linked
indica (Mango) to fruit development
and disease
resistance

The application of WGS in various fruit crops demonstrates the crucial role of this
technology in accelerating the discovery of functional genes and the construction of reference
genome maps. Through WGS, research can be conducted with greater precision to elucidate
the genetic mechanisms underlying key agronomic traits, thereby supporting the development
of superior cultivars that are more adaptive, productive, and resistant to diseases.

The studies summarized in Table 1 demonstrate that different WGS approaches are
selected based on specific research objectives, genome complexity, and available genomic
resources. Reference-based resequencing is the most frequently applied approach in fruit and
vegetable crops such as banana, citrus, apple, and date palm, primarily because high-quality
reference genomes are available for these species. WGS method is cost-effective within less
than one week analysis, computationally efficient, and well suited for detecting single
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nucleotide polymorphisms (SNPs) and small insertions/deletions across large populations,
making it ideal for diversity analysis, domestication studies, and marker-assisted breeding
(Chavhan et al., 2024; Dickinson et al., 2024).

In contrast, de novo genome sequencing is preferred for wild relatives or species lacking
reliable reference genomes, such as Musa itinerans and Actinidia eriantha. Although de novo
assembly is more expensive and computationally demanding, especially for large or repetitive
plant genomes, it provides an unbiased and complete representation of genome structure
(Raghavan et al., 2022; Thomas et al., 2022). This approach is particularly advantageous for
identifying novel genes, structural variations, and lineage-specific genomic regions that are
often missed by reference-based methods.

Whole-genome resequencing and low-pass WGS approaches offer a balance between cost
and resolution and are increasingly used for population-scale studies where the primary
objective is variant discovery rather than full genome reconstruction (Lv et al., 2021; Zheng et
al., 2022). These approaches are especially suitable for diploid crops with relatively low
genome complexity. However, their resolution may be limited for highly repetitive or polyploid
vegetable species.

More recently, pangenome analysis has emerged as a powerful extension of WGS,
enabling the comparison of multiple genomes within a species to capture core and dispensable
genes. This approach is particularly relevant for crops with high genetic diversity, where single
reference genomes fail to represent the full spectrum of functional variation (Hammond et al.,
2020; Sherman & Salzberg, 2020). Despite higher costs and analytical complexity, pangenome
studies provide critical insights into trait diversity, adaptation, and domestication.

Prospect of Whole Genome Sequencing in Food Biotechnology

The application of whole genome sequencing (WGS) is not limited to the mapping of plant
genomes or their pathogens, but also holds vast potential in the development of modern food
biotechnology. Through comprehensive genetic information analysis, WGS enables an in-
depth understanding of the molecular basis of key traits in food crops, such as disease resistance,
environmental stress tolerance, enhanced nutritional content, and improved flavor and texture
quality.

In addition, WGS plays a vital role in food safety due to its ability to identify sources of
microbial contamination and detect foodborne pathogens with high accuracy. This technology
allows for rapid and precise traceability of pathogen origins, thereby accelerating responses to
outbreaks of foodborne diseases (Oniciuc et al., 2018). The approach has also been used to
construct phylogenetic trees of various foodborne pathogens, helping to elucidate their
evolutionary relationships and patterns of dissemination across food environments and
production chains.

Nevertheless, the application of WGS in food biotechnology still faces several challenges.
The analysis of massive genomic datasets requires advanced bioinformatics expertise and high
computational capacity. Moreover, there is currently no standardized international protocol for
WGS methods, pipelines, and result interpretation. The lack of integration between genomic
data, epidemiological data, and food traceability systems also limits the broader
implementation of this technology (Dong et al., 2025). On the other hand, the relatively high
operational and maintenance costs of WGS equipment remain a barrier for many laboratories,
particularly in developing countries (Deng et al., 2016).Overall, despite existing technical and
logistical challenges, the prospects for applying WGS in food biotechnology are highly
promising. This technology has great potential to enhance food safety, accelerate genome-
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based product innovation, and support more efficient, safe, and sustainable food production
systems in the future.

Conclusion

Whole Genome Sequencing represents a major breakthrough in agricultural and food
biotechnology, enabling comprehensive exploration of genetic variation, functional gene
discovery, and genome-wide trait analysis. Through de novo assembly, reference-based
resequencing, and advanced comparative genomics approaches, WGS has significantly
accelerated crop improvement programs and enhanced food safety through precise pathogen
detection and traceability.

Looking forward, the future of WGS in food biotechnology lies in its integration with genome
editing technologies such as CRISPR/Cas systems, which will enable targeted modification of
genes identified through sequencing studies. In addition, the incorporation of artificial
intelligence and machine learning—based analytical tools will improve the interpretation of
complex genomic datasets and facilitate predictive breeding strategies. Coupling WGS with
high-throughput and advanced phenotyping platforms will further strengthen genotype—
phenotype associations, enabling more efficient development of crops with improved
nutritional quality, extended shelf life, and enhanced post-harvest performance. Together, these
integrated approaches position WGS as a foundational technology for the next generation of
sustainable and precision-driven food biotechnology.
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