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The development of genomic sequencing technology, from conventional techniques to state-of-the-art
inventions, has greatly improved our understanding of genetic material. This review examines important
advancements in sequencing techniques and how they have revolutionized genomics research. High-
throughput capabilities made possible by next-generation sequencing (NGS) have enabled quick and
affordable genomic analysis. Digital gene expression profiling was made possible by methods such as serial
analysis of gene expression (SAGE), whereas long-read capabilities without amplification were analyzed
by single-molecule sequencing, as demonstrated by Oxford Nanopore's nanopore-based sequencing and
PacBio's single-molecule real-time (SMRT) technology. Synthetic long-read sequencing is one example of
a hybrid technique that enhances genome assembly. New techniques, such as epigenetic sequencing, have
revealed that DNA alterations are essential for gene control, and spatial transcriptomics has connected
gene expression to tissue-specific patterns. Target analysis and knowledge of microbial ecosystems
were further enhanced via the use of sophisticated techniques, including metagenomics and CRISPR-
Cas9-based sequencing. When combined, these techniques allow researchers to examine microbial
communities, transcriptome diversity, genomic structure, and epigenetic changes with new clarity.
For example, single-cell sequencing has shown molecular heterogeneity between cells, and long-read
sequencing has revealed intricate isoform variants. Personalized medicine has advanced owing to spatial
transcriptomics, which targets gene expression in specific organs. Digital sequencing has also improved
the sensitivity of mutation identification, transforming the diagnosis of the disease. The convergence of
sequencing technologies has ushered in a new era of genomic studies, opening the door to groundbreaking
findings in ecology, biology, and medicine. Future developments will improve knowledge of human genetics
by further improving sequencing accuracy, affordability, and applicability.
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Introduction

Determining the arrangement of nucleotide bases (adenine,
cytosine, guanine, and thymine) within a DNA molecule is the
main goal of a crucial molecular biology technique known as
gene sequencing. Over time, this technique has developed sub-
stantially, resulting in several related methodologies and appli-
cations. Technological developments, from Sanger sequencing
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to contemporary techniques, such as next-generation sequenc-
ing (NGS), have enhanced gene sequencing technology [1].
NGS-enabled massive parallel sequencing has revolutionized
the field by enabling researchers to read whole genomes quickly
and affordably. Gene sequencing is crucial for elucidating
the genetic foundations of many characteristics and illnesses,
examining genetic variations, and identifying pathogenic muta-
tions. DNA sequencing enables the development of customized
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medical therapies for the genetic profile of each individual.
Sequencing has also made it easier to examine microbial popu-
lations and their functions and interactions in microbiology
[2]. Genome sequencing of numerous species has shed light
on relationships and adaptations that have evolved over time.
NGS technologies, such as [llumina, Ion Torrent, and Pacific
Biosciences (PacBio), have made it possible for researchers to
sequence many DNA fragments simultaneously, leading to
high-throughput sequencing with reduced costs and acceler-
ated speed. These techniques require complex bioinformatics
tools and algorithms to analyze enormous volumes of sequenc-
ing data. Researchers use these tools to compile, annotate, and
interpret the data. Managing the enormous amount of data
produced by NGS is difficult in terms of processing, storage,
and analysis. NGS methods have intrinsic error rates, and dis-
criminating between genuine genomic variants and errors can
be difficult. The accessibility of genetic information to an indi-
vidual presents issues with permission, privacy, and potential
abuse [3]. The future perspective long-read sequencing tech-
nique aims to provide longer reads, allowing for a more precise
assembly of complicated genomes. The single-cell sequencing
method enables the sequencing of a single cell, providing
insights into cellular heterogeneity. Advancements in sequenc-
ing technology, known as metagenomics, have enabled the
examination of whole microbial populations from environmen-
tal samples [4].

Methodologies for Genome Sequencing

This review discusses the evolution of genome sequencing
methodologies, focusing on human genome sequencing, and
the ensuing advancements in sequencing technology. The refer-
ence human genome was finally completed after several years
of using high-throughput, high-capacity DNA sequencing tech-
nology and related procedures. This process involved the use
of large bacterial artificial chromosomes (BACs), each contain-
ing approximately 100 kb of the human genome. These BACs
were used for physical mapping and overlapping mapping.
BAC-based sequencing involves amplifying BAC clones in bac-
terial cultures, isolating them, and fragmenting them into size-
selected pieces (2 to 3 kb). Subcloning these fragments into
plasmid vectors leads to amplification, resulting in oversam-
pling (coverage) [5-9]. A contiguous, high-quality sequence is
produced after refinement, which includes gap closure and
quality improvement, and the BAC insert sequence is recon-
structed using computer-aided assembly. Following the comple-
tion of the Human Genome Project, whole-genome sequencing
(WGS) emerged as the preferred method for genome sequenc-
ing, phasing out BAC-based techniques. The WGS process
includes cutting genomic DNA into different sizes, putting it
into subclones, and making paired-end sequencing reads for
algorithms that combine the reads [10]. This approach enables
faster and more efficient genome sequencing; nevertheless,
genomes with important polymorphisms or repetitions may
remain fragmented post-assembly. The advent of NGS technol-
ogy rapidly transformed the field of genome sequencing. First
developed in 2004, these technologies have substantially influ-
enced numerous biological studies and inspired several peer-
reviewed articles. Not only are NGS platforms revolutionizing
genome sequencing methods, duration, and cost, they are also
opening up new avenues for investigating ancient genomes,
ecological diversity, and unknown disease causes [11]. This
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review outlines the development of WGS, the transition from
BAC-based sequencing, and the completion of the reference
human genome to the innovative aspects of NGS technology.
These developments have revolutionized genome sequencing
methods and opened new avenues for research [7-10]. Figure 1
presents an outline of next-generation DNA sequencing tech-
nologies focusing on 5 primary platforms: the Applied Biosystems
SOLID System, Helicos Heliscope, Roche/454 FLX, Illumina/
Solexa Genome Analyzer, and single-molecule real-time (SMRT)
devices from PacBio [12].

Overview of platforms

The Roche/454 FLX, Illumina/Solexa Genome Analyzer, and
Applied Biosystems SOLID systems are 3 prominent sequenc-
ing platforms. There are also 2 newer systems: PacBio SMRT
and the Helicos Heliscope. These systems represent a complex
combination of chemical, optical, hardware, and software engi-
neering. Compared with conventional clone-based sequencing
pipelines, these platforms provide simplified sample prepara-
tion, save time, and lower the requirement for expensive equip-
ment [13].

Sample preparation and amplification

By attaching platform-specific connectors to blunt-ended pieces
directly from the relevant genomic or DNA source, each platform
generates fragment libraries. Owing to the inclusion of adapter
sequences, polymerase chain reaction (PCR) amplification can
preferentially amplify molecules, eliminating the need for bacterial
cloning, as in conventional methods. Instruments from Helicos
and PacBio are “single-molecule” sequencers that do not need to
amplify DNA fragments first [14].

Run time and data yield

Depending on the platform and read type (single or paired ends),
next-generation sequencers can operate for up to 10 d. Parallel
sequencing operations require longer run times for imaging,
unlike the periodic charged-coupled device (CCD) snapshots of
capillary platforms. Next-generation systems generate many
more sequence reads and total bases per instrument run than
do capillary sequencers. Applications such as Biosystems and
Ilumina can generate tens of millions of readings, according to
a previous report [15].

Roche/454 FLX
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Fig. 1. Overview of advanced DNA sequencing methods.
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Scalability and optimal sample preparation

The combination of prolonged run times and effective sample
preparation allows a single operator to operate several NGS
instruments effectively.

Roche/454 FLX Pyrosequencer

The R454 FLX (Roche Pyrosequencer) is a next-generation DNA
sequencing platform that uses pyrosequencing technology. A
summary of the key concepts is provided below. The Roche/454
FLX Sequencer Pyrosequencer, which uses pyrosequencing
technology, was the first next-generation sequencer to be com-
mercially launched in 2004. Pyrosequencing releases pyrophos-
phate when DNA polymerase incorporates nucleotides. When
the luciferase enzyme is used, a sequence of processes initiated
by pyrophosphate results in the generation of light [13-15]. The
Roche/454 method involves combining library fragments with
agarose beads containing oligonucleotides complementary to
adapter sequences. One fragment is then connected to each
bead. Each bead-fragment complex is separated into oil-water
micelles containing PCR reactants, followed by emulsion PCR
amplification. Thus, each bead replicates each DNA fragment
approximately 1 million times. Single molecules amplified on
the bead surfaces are sequenced simultaneously. Sequencing
reactions for emitted light are observed on a picotiter plate
(PTP), which comprises hundreds of thousands of single-well
beads [16]. The PTP functions as a flow cell during the sequenc-
ing process, and pure nucleotide solutions are added progres-
sively, with imaging occurring after each incorporation. The first
4 nucleotides on the adapter segment, which match the sequen-
tial flow of nucleotides, aid in base-calling calibration (Table 1).
During base calling, homopolymer runs (repeated nucleotides)
can result in insertion and deletion errors; however, substitution
errors are uncommon because of nucleotide specificity. In an
8-h operation, the FLX instrument generates 100 flows per
nucleotide, yielding an average read length of 250 nucleotides
[17]. The 454 analysis tool processes the data and then applies
quality filtering to generate a standard 100 Mb of high-quality
data. Roche/454 FLX reads are suitable for assembling tiny
genomes with high quality and contiguity, despite being shorter
than the capillary sequencer reads. Because there is no bacterial
cloning stage, cloning bias is reduced, leading to more thorough
genome coverage. The Roche/454 FLX Pyrosequencer uses

Table 1. Characteristics of the Roche/454 FLX platform

Aspect Description

Sequencing technology Pyrosequencing

Read length Extended read durations in
comparison to some platforms

Applications De novo genome assembly,
repetitive sequences

Throughput Moderate

Read accuracy Restricted reading precision

Platform limitations Inferior throughput and precision

relative to more recent platforms

Historical Importance An early NGS platform
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pyrosequencing technology for high-throughput DNA sequenc-
ing. The steps include PTP-based sequencing, emulsion PCR
amplification, and data processing to obtain high-quality reads
for combining and analyzing genomes [16-20].

Sequencing methodology and technology of the

lllumina Genome Analyzer

The Illumina Genome Analyzer uses a sequencing-by-synthesis
method and a single-molecule amplification phase. The main
ideas are summarized below.

Using an adaptor library created especially for the Illumina
Genome Analyzer, the sequencing procedure begins with flow
cell-based single-molecule amplification. A device known as a
cluster station is used to amplify the oligo-derivatized surface
of an 8-channel flow cell. The flow cell facilitates bridge ampli-
fication of fragments, which produces DNA copy clusters
[21,22]. Each cluster represents a single molecule that initiates
amplification. Each cluster contains approximately 1 million
copies of the original fragment, which provides the signal
strength required for sequencing detection.

Approach to sequencing by synthesis

[llumina uses a sequencing-by-synthesis method in which all
4 nucleotides are simultaneously added to flow cell channels.
Each inclusion is a distinct occurrence because each nucleo-
tide has a fluorescent label that is specific to each base, and
the 3’-OH group is chemically inhibited. An imaging stage
follows each nucleotide incorporation, during which the instru-
ment optics capture images of the clusters in three 100-tile
segments. After imaging, the chemical blocking group is removed
to obtain each strand ready for the subsequent integra-
tion phase by DNA polymerase [21,22]. User-defined instru-
ment settings determine the number of cycles in cycle-based
sequencing, which permits read lengths of 25 to 35 bases.
DNA polymerase incorporates nucleotides one at a time, and
imaging detects the fluorescent signals associated with these
incorporations.

Data evaluation and quality assurance

Each read is assigned a sequence and quality grade using a
base-calling algorithm. The data of each run are evaluated
by a quality control procedure that identifies and eliminates
sequences of lower quality [23]. The Illumina Genome Analyzer
uses a sequencing-by-synthesis method that concurrently inte-
grates and images nucleotides after single-molecule amplifica-
tion in a flow cell. High-throughput sequencing with defined
read lengths is possible using this technology, and the result-
ing data are subjected to stringent quality control procedures
(Table 2) [24,25].

Applied Biosystems SOLiD Sequencer

The SOLiD Sequencer is produced by Applied Biosystems. This
system emphasizes important traits and distinctions from other
NGS systems. Like other NGS systems, SOLiD technology uses
an adapter-ligated fragment library. Using tiny magnetic beads,
emulsion PCR is used to amplify fragments for sequencing
[23,26,27].

Ligase-mediated sequencing approach
In contrast to other platforms, SOLiD uses DNA ligase in its
sequencing process. Before the DNA fragments are inserted
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Table 2. Sequencing process and technology of the Illlumina Genome Analyzer

Aspect Description

Single-molecule
amplification on flow
cell

Starts with a library adapter made especially for lllumina.
Amplification is performed on an oligo-derivatized surface of an 8-channel flow cell using a Cluster Station.
Bridge amplification of fragments occurs inside a flow cell, leading to the formation of DNA copy clusters.

The original fragment is duplicated about 1 million times inside each cluster, guaranteeing enough signal

intensity for detection.
Sequencing via

Uses sequencing-by-synthesis, whereby flow cell channels are concurrently supplemented with each of the 4

The 3'-OH group is chemically obstructed for particular occurrences, and each nucleotide has a fluorescent

Fluorescence signals are obtained using imaging after the incorporation of each nucleotide.
DNA polymerase removes inhibiting groups from strands to make them ready for the next inclusion.

synthesis nucleotides.
methodology
marker unique to the base.
Cycle-based
sequencing

Data analysis and
quality control

Read lengths (25 to 35 bases) are used to determine the cycle count during sequencing, which is done in steps.
While imaging records fluorescent signals, DNA polymerase adds nucleotides one at a time.

Each read is given a sequence and a quality value by the base-calling algorithm.

A pipeline for quality checking analysis data and filters out low-quality sequences.

into a flow cell slide, magnetic beads are used to amplify the
fragments. Ligase-mediated sequencing begins with the adapter
sequences and primers joining together. Next, the fluorescently
labeled 8-mers are ligated, and the encoded bases are shown
by the fluorescent group. To prepare the primer for a further
round of ligation, a regeneration step eliminates bases from the
ligated 8-mers [28].

Two-base encoding

True single-base variants and base-calling errors are distin-
guished using SOLiD’s innovative 2-base encoding technique.
To identify errors, a ligated 8-mer fluorescent group identifies
a pair of bases, which may then be aligned to a high-quality
reference sequence [29-31].

Read length and data output

The user-specified SOLiD read lengths range from 2,535 base
pairs (bp). Each sequencing run produces 2 to 4 Gb of DNA
sequence data. Two-base encoding is used for additional quality
assessment after base calling, quality filtering, and alignment
to a reference genome [32].

Bioinformatics and IT considerations

The shorter read lengths and distinct error models of NGS
technologies require modifications to bioinformatics analysis
and processes. Implementing these platforms in a production-
sequencing context requires an important amount of informa-
tion technology (IT) infrastructure, data storage, and processing
power. NGS has generated a paradigm change that impacts
downstream bioinformatics and data production, necessitat-
ing new techniques and data visualization tools. The Applied
Biosystems SOLiD Sequencer can sequence a large amount of
DNA at once using ligase-mediated sequencing and 2-base
encoding. The platform’s distinct features and data output affect
bioinformatics analyses and the IT setup in sequencing centers
(Table 3) [23,26,30-35].
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Chromatin immunoprecipitation sequencing

The interactions between DNA and proteins can be examined
using chromatin immunoprecipitation sequencing (ChIP-seq),
which highlights the progress that this technique has made
owing to NGS technology. The DNA-protein interactions that
are important in gene regulation and other biological pro-
cesses can be assessed using the ChIP technique. The process
includes chemically linking DNA and related proteins, sepa-
rating nuclei, fragmenting DNA, using antibodies to pick out
specific protein-DNA complexes, and then breaking down the
crosslinks for further study [33,36]. ChIP-Chip and Restrictions
using methods such as quantitative PCR (qPCR) and microar-
rays (ChIP-chip) enables the analysis of certain gene character-
istics. The ChIP-chip has drawbacks such as a poor signal-to-noise
ratio and the requirement for duplicates to confirm binding
locations [37].

NGS enhancement

DNA sequences produced via ChIP have been advanced using
the ChIP-seq NGS technology. A groundbreaking study used
Roche technology to assess the position of nucleosomes in the
genomic DNA of Caenorhabditis elegans. ChIP-seq has made
it possible to profile DNA-protein interactions across the entire
genome, providing accurate positional profiles of chromatin.
Findings from ChIP-seq research of transcription factor bind-
inglocations in the human genome, such as NRSF and STAT],
were made possible using ChIP-seq on the Illumina platform.
One study used lineage-committed cells and mouse embryonic
stem cells to study chromatin architecture and variations in
gene expression [38,39]. Researchers have connected lysine
methylation marks to cellular lineage potential and gene
expression states. ChIP-seq enables the mapping of genome-
wide alterations in transcription factor binding and chromatin
packing under various environmental conditions. These studies
offer a useful method for assessing variations in gene expression
and DNA-protein interactions in response to environmental
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Table 3. Sequencing methodology and technology used by the Applied Biosystems SOLiD Sequencer

Aspect

Description

Adapter-ligated fragment library and
emulsion polymerase chain reaction

Ligase-mediated sequencing method

Two-base encoding

Read length and data output

Bioinformatics and IT considerations

Utilizes emulsion PCR with minute magnetic beads and an adapter-ligated fragment library.

Uses DNA ligase to facilitate sequencing.
Magnetic beads with amplified DNA fragments are placed on a flow cell slide.

Annealing a primer, ligating fluorescently labeled 8-mers, and renewing the primer are the steps
in ligase-mediated sequencing.

Makes use of 2-base encoding to identify errors.

On ligated 8-mers, fluorescent groups stand in for 2-base combinations.

User-specified read lengths of 25 to 35 bp.

2-4 Gb of DNA sequence data are generated by each sequencing run.

Two-base encoding is used for quality assessment after base calling, quality filtering, and alignment.
Bioinformatics pipeline tweaks are necessary due to shorter read lengths and distinctive error models.

Production sequencing necessitates a substantial investment in computing power, data storage,
and IT infrastructure.

New methods and data visualization are required due to a paradigm change in data creation and

bioinformatics.

stimuli, which has implications for the cellular response.
Delineating alterations in transcription factor binding and
chromatin architecture can enhance understanding of cellular
responses on the basis of gene expression. In summary, ChIP-
seq, which integrates ChIP with NGS, has transformed the
study of DNA-protein interactions. This approach enables the
analysis of transcription factor binding and chromatin archi-
tecture across the entire genome, offering insights into gene
regulation and cellular responses to environmental stimuli
(Table 4) [40,41].

NGS

NGS is a novel technique for DNA sequencing that enables
quick and efficient analysis of genetic data. In contrast to
conventional Sanger sequencing, NGS methods can sequence
millions of DNA fragments simultaneously, enabling quicker
and more economical study. NGS, sometimes referred to as
SGS or high-throughput sequencing, was a crucial develop-
ment in DNA sequencing technology. NGS systems have
transformed genomics research by enabling the rapid and
comprehensive analysis of genetic material at unprecedented
depths and scales. NGS platforms use cutting-edge tech-
niques to parallelize and expedite the sequencing process,
in contrast to the conventional Sanger sequencing method,
which depends on gel electrophoresis and capillary sequenc-
ing [2-4,7,8,42].

Parallel sequencing

Massively parallel sequencing is a core characteristic of NGS.
Sanger sequencing sequentially processes a single DNA frag-
ment. Conversely, NGS systems process several DNA fragments
simultaneously in a highly parallel fashion. This parallelization
substantially boosts sequencing throughput, allowing research-
ers to examine large volumes of genomic material in a single
run [43-46].
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Sequencing-by-synthesis

The “sequencing-by-synthesis” method is used by the most
popular NGS platforms. This method involves attaching DNA
fragments to a solid surface or sequencing flow cell. One
important advancement in DNA synthesis was the use of
fluorescently labeled nucleotides. DNA polymerase releases
a fluorescent signal when it adds a complementary nucleotide
to the template strand, enabling the identification of the inte-
grated base. Rapid and accurate sequencing is possible using
real-time nucleotide incorporation detection [47-49].

Adapters and library preparation

The first step in the sequencing process is to transform the
genetic material into a format compatible with the platform.
To achieve this, DNA or RNA material is broken into smaller
pieces, and adapters are affixed to their ends. Because the frag-
ments contain sequences recognized by the sequencing plat-
form, these adapters can be used to anchor the fragments to
the flow cell or surface [50].

Cluster generation

After the adapters are attached, techniques such as bridge amplifica-
tion and emulsion PCR are used to amplify the DNA fragments.
This phase produces cluster-localized amplified collections of thou-
sands of identical DNA fragments. All clusters are sequenced at the
same time. Each cluster represents a single DNA molecule [51].

Data generation and output

The sensors of the platform capture the fluorescent signals pro-
duced by nucleotide incorporation as sequencing advances. The
nucleotide sequence dictates the arrangement of the DNA frag-
ment. In a single run, NGS technology generates millions
to billions of short DNA sequences, referred to as “reads”.
For further analysis, these sequences are compiled and aligned
to the reference genome [52-54].
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Table 4. ChIP-seq for investigating DNA-protein interactions and improvements via NGS technologies

Aspect Description

Chromatin immunoprecipi-
tation (ChIP)

downstream analysis.
ChlIP-chip and limitations

Technique for analyzing DNA—protein interactions in the regulation of genes and cellular activities.
Involves isolation of nuclei, cross-linking DNA—protein complexes, antibody immunoprecipitation, and

Early research examined particular gene areas using gPCR and microarrays (ChIP-chip).

Low signal-to-noise ratio and the necessity for replications are 2 drawbacks of ChlP-chip technology.

ChlP-seq: next-gene
sequencing enhancement

DNA sequences from ChIP platforms have been improved.
The Roche platform was used to examine Caenorhabditis elegans's nucleosome location.

Provides chromatin positioning profiles and enables genome-wide profiling of DNA-protein interactions.

Insights from ChIP-seq

studies genome, namely, NRSF and STATI.

The lllumina technology was used to elucidate the binding sites of transcription factors in the human

A study on mouse cells examined chromatin organization and changes in gene expression.
Lysine methylation marks associated with cellular lineage and gene expression.
Genome-wide mapping of chromatin packing and transcription factor binding under various

circumstances.
Implications for cellular

responses response to environmental signals.

ChlP-seq sheds light on how DNA-protein interactions and variations in gene expression occur in

Understanding of biological reactions is improved by mapping transcription factor binding and chromatin

structure.

Traditional methods for gene expression analysis
Historically, methods such as microarrays or qPCR have been
used to evaluate gene expression levels. qPCR is sensitive and
economical for genome-wide gene expression surveys, but it is
limited in terms of finding new alternative splicing isoforms.
Traditional methods for gene expression analysis have largely
relied on understanding how genes control and contribute to
diverse biological processes [55]. These methods measure the
amount of RNA or proteins produced by particular genes to
determine their level of activity. There are 3 basic conventional
techniques used for assessing gene expression, and these are
discussed below (Fig. 2).

Northern blotting is used to identify and measure specific
RNA molecules in a sample. This technique involves size-based
separation of RNA molecules using gel electrophoresis, mem-
brane transfer, and hybridization with labeled DNA or RNA
probes. This technique provides details regarding the size and
quantity of particular RNA transcripts [56,57].

Reverse transcription PCR (RT-PCR) is a common technique
for assessing the expression of particular RNA transcripts.
Reverse transcriptase enzymes are required to transform RNA
into complementary DNA (cDNA). cDNA is subsequently
amplified by PCR using gene-specific primers. RT-PCR provides
quantitative data regarding the initial concentration of RNA in
samples [52,58].

qPCR, an improvement over RT-PCR, enables accurate
measurement of RNA molecules. It uses labeled probes or
fluorescent dyes that bind to DNA to track the amplification
of DNA in real time during PCR. The initial concentration
of RNA in the sample is estimated by measuring the cycle at
which the fluorescence signal reaches a threshold level.

Serial analysis of gene expression (SAGE) measures the
amount of gene expression by sequencing short tags from
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mRNA transcripts. These tags are made into a library that is
subsequently sequenced. The frequency of each tag in the
library corresponds to how common its related transcript is
in the sample [59,60].

Microarrays are a high-throughput equipment that allows
for the simultaneous analysis of the expression of hundreds of
genes in a single experiment. Labeled cDNA or RNA from the
sample is hybridized to immobilized DNA or RNA probes on
a solid surface. The expression level of each gene is determined
by hybridization [61].

Protein-based methods are also used since protein abundance
does not always directly correlate with mRNA levels. Common
techniques for measuring protein expression include Western
blotting, immunohistochemistry, and enzyme-linked immuno-
sorbent assay [62].

Although these conventional techniques provide useful infor-
mation on gene expression patterns, they frequently require con-
siderable time, effort, and sample input. They may also exhibit
throughput, dynamic range, and sensitivity restrictions. Our under-
standing of the transcriptome and its regulation has improved as a
result of the introduction of NGS and high-throughput technolo-
gies, which have produced more comprehensive and scalable
approaches for investigating gene expression (Table 5) [60-62].

SAGE

SAGE and its successors digitally represent gene expression levels
using DNA sequencing. SAGE is effective in detecting gene
expression levels below microarray detection thresholds. However,
the cost of DNA sequencing restricts its application. SAGE is a
molecular biology method used for characterizing and measuring
gene expression patterns in large quantities (Table 6). Developed
in the early 1990s, SAGE provides a comprehensive view of the
transcriptome by generating short-sequence tags that represent
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Fig. 2. Traditional methods for gene expression analysis.

individual mRNA molecules. This technology goes beyond some
of the drawbacks of conventional techniques, such as Northern
blotting and microarrays, which may be biased toward known
sequences or have a constrained dynamic range [63]. In SAGE,
the initial step involves building a cDNA library from the target
mRNA population. Reverse transcriptase is used to extract mRNA
from cells or tissues, which are subsequently transformed into
cDNA. Each cDNA molecule is given a particular “anchoring
enzyme” recognition site. Sequencing and tag extraction are per-
formed using a website. The anchoring enzyme then breaks the
c¢DNA molecules into fragments. The anchoring enzyme assigns
a distinct 10- to 14-nucleotide tag to each fragment, which cor-
responds to a specific location in the original mRNA. Each cDNA
molecule has its own concatenated tag sequence because of the
ligation of these tags, which act as molecular barcodes. A SAGE
library is created by cloning concatenated tag sequences into a
vector. The quantity of each clone in the library corresponds to
the degree of expression of the relevant gene, and each clone rep-
resents a distinct mRNA molecule. SAGE libraries are sequenced
using conventional DNA sequencing techniques [64]. The identi-
ties and frequencies of the sequenced tags are then analyzed. The
abundance of each tag is inversely correlated with the concentra-
tion of the original mRNA molecules in the sample. In gene
expression profiling, researchers can calculate the level of gene
expression by counting the instances of each tag. Bioinformatic
tools and databases link tag sequences to known genes, enabling
gene identification and annotation. SAGE offers an unbiased view
of the transcriptome because it does not rely on predesigned
probes or arrays. The tag frequencies represent the gene expression
levels of the sample. Accurate quantification is made possible
by counting each tag individually. SAGE locates new regulatory
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components and transcripts. Building and sequencing SAGE
libraries is expensive and technically difficult. For highly expressed
genes, short tags may clash and lead to erroneous quantification.
NGS platforms have largely replaced SAGE despite their ground-
breaking nature. Owing to their increased throughput, longer read
lengths, and enhanced sensitivity, NGS techniques offer more
thorough and effective gene expression analysis [65,66].

Integration of NGS

Studies that integrate NGS with SAGE tagging or cDNA sequenc-
ing use Roche/454 technology [8,17,51,59]. Equipment from
Applied Biosystems and Illumina may also be used for shorter
read durations. Next-generation technologies enable individual
sequencing of SAGE tags without the need for tag concatenation.
Merging coisolated and sequenced mRNA populations from the
same cells using ChIP-derived DNA sequencing may be a pos-
sibility. Future technologies will enable investigations with high
sensitivity and low biomolecule input. In summary, NGS offers
a potent and reasonably priced method for analyzing transcrip-
tomes and gene expression. By enabling the sequencing of indi-
vidual tags, it enhances established methodologies such as SAGE
and opens new avenues for integrated research that integrates
DNA and mRNA data [67-69].

NGS plays a crucial role in the identification and analysis of
noncoding RNAs (ncRNAs). In recent years, a fascinating new
field of biological research has focused on the identification and
functional examination of ncRNA systems in numerous species.
ncRNAs, which were first identified in plants, are now known to
be essential for regulating gene expression in animal systems.
NGS techniques have had a crucial impact on the identification
of novel ncRNAs from a variety of classes in numerous animal
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Table 5. Comparison of traditional methods for gene expression analysis

Method Principle Advantages Limitations

Northern blotting RNA can be separated using gel  Provides size and abundance Limited sensitivity and low
electrophoresis and information throughput
hybridization

RT-PCR RNA to cDNA conversion and Quantitative, specific, relatively ~ Confined, target-specific
PCR amplification fast multiplexing

Quantitative PCR (qPCR) Fluorescence-based real-time High sensitivity, quantitative, Limited multiplexing, adequate

monitoring of DNA amplification
Short tags from mRNA
transcripts are sequenced
Labeled cDNA/RNA hybridiza-
tion to immobilized probes
Detection and measurement of
protein concentrations

Serial analysis of gene
expression

Microarrays

Protein-based methods

real-time analysis
Comprehensive, quantitative

High-throughput, simultaneous
gene analysis

Direct measurement of protein
abundance

controls are needed
Sequencing requirements and
tag-based restrictions
Dynamic range limitation and
cross-hybridization

Possibly not related to mRNA
levels

Table 6. SAGE

Aspect Description

Technique type Molecular biology technique for gene expression analysis
Development period Early 1990s

Purpose High-throughput quantification and profile gene expression patterns
mRNA extraction mRNA is removed from the cells or tissues.

cDNA synthesis Reverse transcriptase is used to transform mRNA into cDNA.

Anchoring enzyme site addition
Tag generation

Tag extraction and concatenation
Cloning

Sequencing

Tag analysis

Gene mapping and annotation
Expression quantification

Advantages

Limitations
Current relevance

A particular anchoring enzyme recognition site is added to the cDNA. The anchoring enzyme
digests the cDNA, producing small fragments.

A SAGE library is created by separating 10-14 unique nucleotide tags from fragments, ligating the
tags together, and cloning the concatenated tag sequences into a vector.

High-throughput quantification and profile gene expression patterns
mRNA is removed from the cells or tissues

High-throughput quantification and profile gene expression patterns
mRNA is removed from the cells or tissues.

Reverse transcriptase is used to transform mRNA into cDNA.

A particular anchoring enzyme recognition site is added to the cDNA. The anchoring enzyme
digests the cDNA, producing small fragments.

A SAGE library is created by separating 10-14 unique nucleotide tags from fragments, ligating the
tags together, and cloning the concatenated tag sequences into a vector.

High-throughput quantification and profile gene expression patterns
mRNA is removed from the cells or tissues.

taxa. Owing to NGS, new ncRNA classes have been discovered
in organisms that were previously unknown to possess them.
Owing to the diversity of ncRNA gene sequences, it is difficult
to anticipate their sequences using computational methods
alone, making sequencing an essential tool for their discovery.
Converting processed ncRNAs into NGS libraries is difficult
because of their distinctive architectures. Despite these difficul-
ties, ncRNA molecule characterization has advanced substan-
tially. The capacity and affordability of NGS platforms have
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enabled rapid and continuous ncRNA discovery. The numerical
results from NGS make it possible to identify changes in the
levels of ncRNA expression that are linked to environmental fac-
tors and medical conditions. Characterization and discovery of
ncRNAs improves genome annotation for sequenced organisms.
This improved annotation aids in assessing the effects of muta-
tions across the genome, particularly in model organisms and
humans [70,71] (Fig. 3). In conclusion, NGS is essential for the
identification and research of ncRNAs because it sheds light on
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Fig. 3. Incorporation of NGS in gene expression analysis.

the control of genes, causes of disease, and genome annotation.
Traditionally, studies on ancient genomes have been limited to
mitochondrial DNA sequencing and PCR amplification of spe-
cific regions. Direct nuclear genome sampling and sequencing
from prehistoric remains, such as those of cave bears, mam-
moths, and Neanderthals, has been made possible by NGS.
Despite technical difficulties and contamination problems,
important characterizations have been made, including the
sequencing of a million nucleotides of the Neanderthal genome.
Metagenomics characterizes biodiversity on Earth by obtaining
adirect genetic sample of the surrounding environment. Analysis
ofthe 16S rRNA gene and subcloning are 2 traditional approaches;
however, NGS has revolutionized metagenomic research by
enabling the deep sequencing of many habitats [72]. NGS-
enabled metagenomic studies have investigated numerous habi-
tats, including the ocean, acid mine sites, soil, coral reefs, and
human microbiome. Microbial populations that live in different
areas of the human body are referred to as human microbiomes.
The human microbiome, especially that of the lower intestine,
has been well characterized by NGS, which has demonstrated
intricate interactions between human hosts and their microbial
symbionts. The Human Microbiome Initiative was founded to
learn more about how the human microbiome affects health. In
summary, the study of ancient genomes, metagenomics, and the
human microbiome has been made possible by NGS technology,
which has revolutionized genomic research. As a result of these
developments, our knowledge of genetic variety, ecological inter-
actions, and their effects on human health has increased. The
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revolutionary impact of NGS on genomics has enabled tech-
niques such as transcriptomics, epigenomics, metagenomics, and
WGS. Understanding genetic variation, disease mechanisms, and
intricate biological processes has advanced owing to their high-
throughput capabilities. NGS has substantially advanced research
but also poses difficulties for data analysis, storage, and interpre-
tation. Processing and making sense of the enormous volumes
of data produced by NGS requires computer power and bioin-
formatics pipelines. From fundamental research to clinical diag-
nostics, NGS has had a profound influence on several sectors.
This has made it possible to practice personalized medicine, in
which a patient’s genetic profile can inform treatment choices
(Table 7) [68,70-72].

Novel method of gene sequencing

Single-molecule sequencing

Advanced platforms, such as Oxford Nanopore Technologies
(ONT) and PacBio, use single-molecule sequencing. The PacBio
method involves monitoring DNA polymerase in real time, as
it incorporates fluorescently labeled nucleotides and enables
longer read lengths. The Oxford Nanopore uses nanopores built
into membranes that allow DNA strands to pass through while
producing distinctive electrical signals that match the base order.
An innovative technique in genomics, known as single-molecule
sequencing, permits direct sequencing of individual DNA or
RNA molecules without the need for amplification or cloning.
In contrast to conventional sequencing approaches that depend
on PCR or other amplification techniques, single-molecule
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Table 7. Integration of NGS in gene expression analysis

Sample preparation and sequencing library construction

RNA extraction

Library construction

RNA fragmentation
RNA molecules.

cDNA synthesis and adapter ligation

Total RNA is extracted from cells or tissues while preserving the mRNA fraction.

RNA-seq or mRNA-seq methods are used to build cDNA libraries from the extracted RNA.
Techniques like chemical or ultrasonic fragmentation are frequently used to break apart

Reverse transcription

The fragmented RNA is reverse transcribed into complementary DNA (cDNA) using

reverse transcriptase and random primers.

Adapter ligation

Adapters with unique barcodes are attached to the cDNA fragments to multiplex samples

in a single sequencing run.

Sequencing

Cluster generation

After the sequencing library is put onto a flow cell, clusters of DNA fragments are

produced using bridge amplification.

Sequencing-by-synthesis

Fluorescently tagged nucleotides are added to the flow cell during each incorporation

cycle, and the light signals that are released are captured.

High-throughput
sequence reads.
Data generation

Sequencing millions of clusters simultaneously generates large amounts of short-

Image analysis

Quality scores
Data analysis

The flow cell is photographed at each cycle, and the light signals it emits are converted
into nucleotide calls.

A quality score that reflects the dependability of the called base is assigned to each base call.

Read alignment

Transcript quantification
of expression.

Differential expression
Alternative splicing and novel transcripts
Advantages of NGS in gene expression analysis

Sequence readings are aligned to a reference genome using alignment techniques.
The amount of reads that have been mapped to each gene is used to determine its degree

NGS data can be used to identify genes that show differential expression in different contexts.
Alternative splicing events and new transcript isoforms can be found using NGS.

Comprehensive
Digital nature
Higher dynamic range

NGS discovers rare transcripts and scans the entire genome.
Accurate comparisons are made possible by digital quantitative data.
Genes with high and low expression levels in the same sample can be distinguished using NGS.

sequencing attempts to overcome the limitations caused by
amplification biases and errors. Advances in nanotechnology,
fluorescence detection, and real-time monitoring have made
this procedure practical (Table 8) [73,74].

Real-time monitoring

Real-time monitoring of the integration of nucleotides into a
developing DNA strand is performed using single-molecule
sequencing systems. This phenomenon suggests that DNA poly-
merase generates sequence information by adding individual
nucleotides. Nanopore sequencing is a prominent example of
single-molecule sequencing. This technique involves embedding
a membrane with a nanopore and a hole with a nanometer size.
When DNA strands thread through the nanopore, variations in
electrical current as nucleotides traverse the pore determine
the sequence. Another method uses fluorescently labeled nucle-
otides for detection. When each nucleotide is added to the
expanding strand, the fluorescent signal is recognized. The
DNA molecule sequence is identified by observing the timing
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of the fluorescent signal. Applications include WGS, targeted
sequencing of specific genes or regions, epigenetic studies, and
RNA sequencing (RNA-seq) [75]. Single-molecule sequenc-
ing has several applications, including the study of intricate
genomic regions, structural changes, and repetitive sequences.
Compared with several other NGS technologies, single-molecule
sequencing platforms often result in extended read lengths.
This technique is useful for the resolution of challenging
genomic areas and detection of structural changes. The ampli-
fication bias and errors produced by PCR amplification are
minimized because individual molecules can be sequenced
without amplification. Direct sequencing preserves true bio-
logical information by allowing direct sequencing of native
DNA or RNA molecules without the requirement for cloning
or PCR amplification. Single-molecule sequencing tech-
niques may have higher error rates than other sequencing
techniques. However, advancements in data analysis pipelines
and base-calling algorithms have addressed this problem.
Current single-molecule sequencing platforms may impact the
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Table 8. Novel methods of gene sequencing

Method Description

Single-molecule sequencing
Third-generation sequencing
Synthetic long-read sequencing
Spatial transcriptomics
Epigenetic sequencing
Long-read isoform sequencing
CRISPR-Cas9-based sequencing
Metagenomic sequencing
Single-cell sequencing

Digital sequencing

Uses nanopores or real-time DNA polymerase monitoring for extended read lengths.

Larger read lengths are provided, assisting in complex genomic analysis and structural variances.
Generates synthetic long reads for structural insights by combining short-read sequencing data.
Allows for the study of gene expression in tissue sections with spatial resolution.

Elucidates protein-DNA interactions and DNA methylation (bisulfite sequencing and ChIP-seq).
Focuses on understanding alternative splicing by sequencing full-length RNA isoforms.

Uses CRISPR-Cas9 to target particular genomic areas of interest before sequencing.

Uses direct DNA sequencing to analyze microbial populations from environmental samples.
Profiling for information on cellular dynamics and heterogeneity at the single-cell level.

Enables precise analysis by providing absolute quantification of DNA or RNA molecules.

cost-effectiveness of large-scale projects because of their lower
throughput compared with other technologies [76]. DNA is
threaded through a nanopore using the nanopore sequencing
method (ONT), which includes monitoring changes in ionic
current as nucleotides travel through. Real-time sequenc-
ing with extended read length can be performed. Real-time
sequencing (PacBio SMRT sequencing) can be performed when
a DNA polymerase attached to a chip is used in PacBio SMRT
sequencing to observe DNA synthesis in real time and facilitate
extended readings. Single-molecule sequencing has advanced
genomic research by enabling longer read lengths, direct
sequencing, and examination of challenging genomic regions.
Compared to other NGS technologies, single-molecule sequenc-
ing platforms frequently have longer read lengths, which
makes them useful for the resolution of challenging genomic
areas and detection of structural changes. The amplification bias
and errors produced by PCR amplification are minimized
because individual molecules can be sequenced without ampli-
fication. Direct sequencing preserves true biological informa-
tion by allowing direct sequencing of native DNA or RNA
molecules without the requirement for cloning or PCR ampli-
fication. Single-molecule sequencing techniques may have
higher error rates than other sequencing techniques. However,
advancements in data analysis pipelines and base-calling algo-
rithms have addressed this problem. The cost-effectiveness of
large-scale projects may be affected by the throughput of cur-
rent single-molecule sequencing platforms, which may be less
than that of other technologies [69]. For example, DNA is
threaded through a nanopore using the nanopore sequencing
method (ONT), which includes monitoring changes in the
ionic current as nucleotides travel through, and real-time
sequencing of long-read lengths is possible. Real-time sequenc-
ing (PacBio SMRT sequencing) can be performed when a
DNA polymerase immobilized on a chip is used in PacBio
SMRT sequencing to monitor DNA synthesis in real time and
enable lengthy readings. By enabling larger read lengths,
direct sequencing, and analysis of difficult genomic areas,
single-molecule sequencing has expanded the field of genomics
research (Table 9). Despite its challenges, continuous advance-
ments have enhanced the technology and expanded its applica-
tions [75,76].
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Third-generation sequencing

Third-generation sequencing (TGS) technologies such as PacBio
and Oxford Nanopore have the advantage of extended read
lengths, which allow the sequencing of large regions of DNA
without the need for assembly. This approach is particularly help-
ful for analyzing structural variants in complicated genomes. In
DNA sequencing technology, TGS, also known as long-read
sequencing, provides important advancements over second-
generation sequencing (SGS) methods. Compared with SGS
technology, TGS platforms promise to yield substantially longer
read lengths, enabling the direct sequencing of longer DNA seg-
ments. This function is particularly useful for overcoming obsta-
cles caused by repeated sequences, structural changes, and
complicated areas of the genome. TGS technologies that focus
on single-molecule sequencing do not require amplification to
sequence individual DNA or RNA molecules. This method elimi-
nates the biases and errors caused by amplification. One of the
distinguishing characteristics of TGS platforms is their capacity
to provide read lengths noticeably longer than those of SGS sys-
tems. These lengthy readings are useful for resolving intricate
genomic architectures and locating widespread variants. TGS
platforms frequently allow real-time monitoring of the sequenc-
ing process, similar to single-molecule sequencing techniques
[77]. This phenomenon suggests that DNA polymerase gener-
ates sequence information by adding individual nucleotides.
Numerous genomic investigations, including de novo genome
assembly, structural variation detection, haplotype phasing, and
epigenetic modification studies, have utilized TGS. TGS works
especially effectively for genomes with intricate structures, such
as plant genomes, and specific alterations linked to illness. One
of the main benefits of TGS is the production of long reads that
frequently cover thousands to tens of thousands of bases. This
allows for direct sequencing of massive structural differences,
repetitive sequences, and complex genomic areas. Like single-
molecule sequencing, TGS technologies do not require PCR
amplification, which minimizes the biases and errors caused by
amplification. Compared with SGS platforms, some TGS tech-
nologies may have greater per-base error rates. Nevertheless,
this problem has been addressed through error-correction
techniques and advancements in base-calling algorithms. The
throughput of TGS platforms, which may be less than that of
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Table 9. Quantitative performance metrics for short-read (lllumina) and long-read (PacBio/ONT) sequencing technologies

Metric Short-read sequencing (lllumina) Long-read sequencing (PacBio/ONT)

Read length Typically, 50-300 bp Thousands of base pairs (kb) or more

Error rate (%) ~0.1% (Illumina HiSeq, NovaSeq) 5-15% (PacBio HiFi <1%, ONT ~5-15%)
Throughput (Gb/run) 100-600 Gb (NovaSeq) 10-100 Gb (PacBio Sequel Il, ONT PromethION)
Cost per Gb $5-100 $30-500

Time to completion 1-2d 6-48 h (ONT faster, PacBio longer for HiFi)

Consensus accuracy (%) >97.5% (after read correction)

~99.9% (PacBio HiFi), ~98-99% (ONT with polishing)

high-throughput SGS platforms, could affect the time and
expense of sequencing projects [78]. SMRT sequencing by PacBio
uses DNA polymerase immobilized on a chip to track DNA syn-
thesis in real time. Compared with SGS technologies, it provides
extended readings but with greater per-base error rates. To detect
changes in ionic current as nucleotides move through a nanopore,
ONT (ONT) uses a nanopore sequencing technique to thread
DNA through a nanopore. Real-time sequencing yields long
reads and is portable for field use. The direct sequencing of
lengthy DNA fragments made possible by TGS has completely
changed genomic research. Given that this has enabled improve-
ments in complicated genomic region knowledge, structural
variation identification, and genome assembly; it is a crucial tool
in contemporary genomics [77,78].

TGS technologies

PacBio and Oxford Nanopore have the advantage of extended
read lengths, which allow for the sequencing of large regions of
DNA without the need for assembly. This approach is particularly
helpful for analyzing structural variants in complicated genomes.
In DNA sequencing technology, TGS, also known as long-read
sequencing, provides important advancements over SGS meth-
ods. Unlike genuine long-read sequencing methods that directly
generate extensive reads, synthetic long reads (SLRS) approaches
create synthetic long reads by amalgamating data from many
short-read sequences. This approach facilitates the analysis of
complex genomic regions and structural variations by bridging
the gaps between short- and long-read sequencing [78]. The cre-
ation of short-read sequences is the first step in the SLRS. High-
throughput sequencing technologies, such as Illumina and Ion
Torrent, can be used. Typically, these brief reads contain a few
hundred base pairs. These small reads are assembled computa-
tionally to obtain the real power of the SLRS. Synthetic long reads
are constructed by aligning and overlapping short reads using
sophisticated bioinformatics tools and algorithms. Computational
approaches construct longer sequences that span thousands of
base pairs by deliberately overlapping short reads that span com-
mon regions. Complex genomic characteristics, such as repeated
regions and structural changes, can be captured by these synthetic
long reads. SLRS is used in a number of genomic investigations,
such as de novo genome assembly, structural variation character-
ization, haplotype phasing, and the discovery of genetic variations
in disease-related areas. Compared with specialized long-read
sequencing methods, SLRS is more affordable because it makes
use of existing short-read sequencing platforms. The computa-
tional nature of SLRS allows for flexibility in study design by
modifying the parameters and algorithms for different genomic
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areas [79]. The quality of short-read sequences and assembly algo-
rithms affects the accuracy of synthetic long reads. Short-read
errors can result in inaccurate reconstruction. SLRS can address
various issues in intricate genomic regions but may still be limited
in the cases of highly repeated sections and intricate structural
changes. With the 10x Genomics Linked-Read Sequencing
method, large DNA molecules may be broken into smaller pieces
for short-read sequencing while retaining their spatial infor-
mation. The longer sequences are then reconstructed using
computational techniques. With the aid of computational
techniques and the chromatin conformation capture tech-
nique Hi-C, chromosome-level structures can be recreated
by learning more about the spatial arrangements of genomic
areas. Synthetic long-read sequencing is a flexible method
that combines the effectiveness of short-read sequencing and
computer assembly to produce useful synthetic long reads.
This method has created new opportunities for investigating
intricate genomic features and has enhanced our knowledge
of genome structure and variation.

New developments in long-read sequencing technologies
Technologies for strand-seq high-resolution haplotype phasing
and structural variation detection are made possible by the
single-cell DNA sequencing technique known as “strand-seq’,
which maintains the orientation of DNA strands. Strand-seq has
recently been combined with long-read sequencing technologies,
such as the Oxford Nanopore and PacBio, enabling better struc-
tural variant characterization and genome assembly. It is a crucial
tool for resolving intricate genomic regions, including massive
inversions and repetitive sequences. 10x Genomics invented
linked-read sequencing by reconstructing long-range genetic
information using barcoded short reads. Despite 10x Genomics
discontinuing this technology, new methods are being developed.
The most recent developments have focused on combining linked
reads with hybrid sequencing techniques and single-cell mul-
tiomics platforms. These developments have enhanced the dis-
covery of rare variants, the phasing of complicated genomic
variants, and the highly accurate de novo assembly of genomes.
By maintaining the spatial arrangement of chromatin, Hi-C 2.0,
an advancement in chromosomal conformation capture technol-
ogy, improves the precision of genome scaffolding. The resolution
of genome assemblies is greatly improved by this technique, espe-
cially for large and complex organisms, such as plants and
mammals. Hi-C 2.0 is a useful technique for de novo genome
assembly and chromatin architecture investigations because it
enhances the assembly of repeated areas and structural variants
when paired with long-read sequencing [80,81].
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Spatial transcriptomic

Spatial transcriptomics is a cutting-edge method that combines
high-throughput sequencing with spatial information to map
gene expression patterns within tissue sections. Unlike tradi-
tional bulk RNA-seq, this method allows for spatially resolved
transcriptomics, enabling researchers to understand gene expres-
sion within tissue sections [82].

Key features and workflow

The first step in spatial transcriptomics is to prepare tissue
sections from a biological sample, such as a tissue biopsy. For
further analysis, slices are mounted on a specific slide or sub-
strate. A specialized matrix containing distinct spatial barcodes
and capture probes processes the tissue sections in spatial tran-
scriptomics. These capture probes allow for spatial tagging of
polyadenylated mRNA molecules by binding to them only in
the tissue. After capture, the mRNA molecules undergo reverse
transcription to produce cDNA, which was used for cDNA
synthesis and sequencing library preparation. Both the sequenc-
ing data and the spatial barcode data are obtained from cDNA.
A sequencing library is constructed by adding sequencing
adapters to the cDNA [83]. The sequencing library is subjected
to this process, producing millions of short reads that represent
the transcriptome profile of the tissue section. Each cDNA frag-
ment has geographical barcodes that offer a spatial context. To
decode the geographical barcodes and link them to particular
transcriptome profiles, the sequenced data are subjected to
computer analysis. This enables the reconstruction of spatially
specific gene expression patterns. Spatial transcriptomics pro-
vides single-cell resolution data, allowing researchers to analyze
gene expression patterns in specific cells within their native tissue
context. Spatial visualization makes it possible to determine how
genes are expressed in the context of the anatomy of tissue sections,
which sheds light on how cells are arranged and interact. Spatial
transcriptomics enables the discovery of new cell types or sub-
populations by revealing unique gene expression patterns in spe-
cific tissue locations. Because the precise alignment of sequence
reads to physical locations is needed, processing and analyzing
spatial transcriptomic data can be challenging. High spatial resolu-
tion may be difficult to achieve because of the size of the tissue
sections and the spatial precision of the capture probes. Spatial
transcriptomics can reveal how different gene expression patterns
change within intricate tissue contexts, thereby revealing hetero-
geneity and functional connections. This method can assist in
identifying the spatial variations in gene expression linked to dis-
eases, offering information on the development of the disease and
potential therapeutic targets. Researchers have used spatial tran-
scriptomics to study gene expression dynamics during organogen-
esis, tissue regeneration, and embryonic development. A popular
spatial transcriptomics technique is the Visium platform from 10x
Genomics [84]. A combination of capture probes, spatial barcod-
ing, and high-throughput sequencing is used to produce geograph-
ically resolved transcriptome maps. By enabling examination of
the diversity and interconnections of cells within complex tissues,
spatial transcriptomics has revolutionized the understanding of
how genes are expressed. It is used in a variety of disciplines, from
fundamental research to clinical studies, and contributes to a more
thorough characterization of biological systems [82-84].

Epigenetic sequencing

Epigenetic modifications substantially affect gene regulation.
Techniques, such as ChIP-seq (to study protein-DNA interactions)
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and bisulfite sequencing (to study DNA methylation), can help
elucidate epigenetic control. The aim of epigenetic sequencing
is to clarify epigenetic modifications, heritable shifts in gene
expression that occur without changing the DNA sequence.
Histone abnormalities and DNA methylation are 2 examples of
alterations essential for gene control during both development
and disease. Understanding the epigenetic landscape of the
genome using epigenetic sequencing facilitates the comprehen-
sion of the ways in which epigenetic modifications affect cellular
processes. Bisulfite sequencing is commonly used to map DNA
methylation patterns. Bisulfite treatment converts unmethylated
cytosine in DNA into uracil while keeping methylated cytosine
unchanged [85]. Sequencing identifies the converted cytosine
as thymine, enabling differentiation between methylated and
unmethylated cytosine. ChIP and high-throughput sequencing
are used to identify histone modifications and DNA-binding
protein interaction sites. Antibodies targeting specific histone
modifications or proteins of interest are used to amplify chro-
matin fragments, which are subsequently sequenced to identify
their genetic origins. To discover regions of open chromatin,
ATAC-Seq (assay for transposase-accessible chromatin sequenc-
ing) uses a transposase enzyme to introduce sequencing adapters
into accessible chromatin sites. Elucidating chromatin accessibil-
ity and regulatory components is possible by using this method
[86]. DNA methylation (bisulfite sequencing and ChIP-seq) is
a comprehensive technique for analyzing DNA methylation with
single-base precision throughout the genome. High-throughput
sequencing is used after bisulfite treatment to enable genome-
wide characterization of DNA methylation patterns. Using cer-
tain antibodies, methylated DNA fragments are collected via
MeDIP-Seq (methylated DNA immunoprecipitation sequenc-
ing) before sequencing. Compared with bisulfite sequencing,
this technique offers information regarding DNA methylation
patterns at a lower resolution [87]. Epigenetic sequencing meth-
ods elucidate intricate regulatory mechanisms governed by
DNA methylation and histone modifications. Epigenetic changes
have been linked to several illnesses, including cancer [88].
Understanding the causes of disease and identifying potential
treatment targets is possible using epigenetic sequencing.
Epigenetic alterations are essential for cellular differentiation and
development. Understanding these mechanisms is facilitated
using epigenetic sequencing. Epigenetic sequencing enables
comprehensive profiling of epigenetic alterations throughout
the whole genome, providing an integrated perspective of
their distribution. Using methods such as bisulfite sequenc-
ing, it is possible to identify specific methylated cytosines
with single-base resolution. Extensive bioinformatics analy-
sis is needed to reliably identify altered areas when process-
ing and analyzing epigenetic sequencing data. Understanding
the functional importance of DNA methylation requires dif-
ferentiation between its occurrence in different sequence
contexts (CpG and CpH). Methods such as single-cell epig-
enome sequencing, which allows for the study of epigenetic
heterogeneity at the single-cell level, and epigenetic sequenc-
ing continue to advance. Integrating epigenetic data with
other omics data enables a more thorough understanding of
gene regulatory networks. In summary, epigenetic sequenc-
ing methods have revolutionized the ability to investigate
the dynamic epigenetic alterations that affect cellular func-
tion and gene expression. These methods offer important
new insights into growth, illness, and the complex regulatory
systems that control the function of the genome [89].
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Long-read isoform sequencing

Full-length RNA isoforms are the focus of sequencing methods
such as PacBio Iso-Seq. The understanding of alternative splic-
ing and isoform diversity depends on this information. Long-
read isoform sequencing, a specialized NGS method, aims to
precisely characterize the entire range of isoforms that genes
can create. The complexity of alternative splicing and the diver-
sity of gene isoforms are frequently difficult to capture using
conventional short-read sequencing techniques [90]. Using
long-read isoform sequencing techniques, full-length transcripts
and isoforms can be identified by directly sequencing larger
RNA or DNA fragments.

Key techniques and concepts

For long-read isoform sequencing, TGS technologies from
ONT and PacBio can be used. In contrast to traditional short-
read platforms, these platforms generate substantially longer
readings. TGS technologies use single-molecule sequencing,
enabling the direct sequencing of individual RNA or DNA mol-
ecules without amplification (Table 9) [91]. This minimized the
biases introduced by amplification processes. As part of long-
read isoform sequencing, full-length cDNA sequencing involves
ordering full-length cDNA molecules, which are copies of RNA
transcripts that work with each other. The full transcript struc-
ture, including alternative splicing events, can be better under-
stood using this method. Long-read isoform sequencing makes
it possible for researchers to thoroughly examine alternative
splicing patterns, including complicated isoform variants that
were previously difficult to identify [92]. Gene isoform diversity
is a method that makes it possible to find new and uncommon
isoforms, which helps us to better understand the diversity of
gene isoforms. Long-read isoform sequencing, which captures
full-length transcripts and aids researchers in discovering novel
transcript variants and fusion genes, highlights the intricacy of
the transcriptome. Long-read isoform sequencing delivers exact
whole RNA molecular sequences that enable researchers to
precisely identify transcript structures and isoforms. The detec-
tion of complicated isoforms is especially helpful for locating
complex isoforms that contain numerous alternative splicing
events or structural changes. Short-read platforms have lower
error rates than TGS platforms. Although advances in bioin-
formatics and sequencing chemistry are reducing errors,
accurate isoform reconstruction remains a challenge. Current
long-read sequencing methods have lower throughput than
other short-read platforms, limiting the extent of transcrip-
tome-wide research. Long-read isoform sequencing methods
are evolving and are more precise, efficient, and cost-effective.
The integration of long-read data with other sequencing data,
such as short-read RNA-seq and ChIP-seq data, can provide
a more thorough understanding of the activities of isoforms
and gene regulatory networks. In summary, long-read isoform
sequencing provides a useful method for studying a complex
variety of gene isoforms and alternative splicing events. This
technology contributes to our understanding of cellular func-
tions and disease mechanisms by offering crucial insights into
transcriptome complexity and gene regulation [93].

CRISPR-Cas9-based sequencing

Researchers can target specific genomic regions of interest before
sequencing using methods such as CRISPR-Cas9-based enrich-
ment sequencing, which improves sequencing productivity and
lowers costs. The CRISPR-Cas9 genome editing technique targets
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and sequences specific genomic regions of interest using a novel
method known as CRISPR-Cas9-based sequencing. Using this
method, specific genomic areas, genes, or even individual alleles
can be targeted for sequencing and analysis, providing research-
ers with high-resolution insights into genetic variants, mutations,
and structural changes [93,94].

Key techniques and concepts

CRISPR-Cas9 targeting: Guide RNAs (gRNAs) that specifically tar-
get the desired genomic area can be created using CRISPR-Cas9.
At the target location, the Cas9 enzyme introduces double-strand
breaks under the control of gRNA. After Cas9-mediated cleav-
age, PCR is used to amplify the genomic DNA and enrich the
area containing the target location. It is possible to create special-
ized primers that amplify the areas surrounding the target spot.
The amplified DNA fragments are subsequently transformed into
a sequencing library by the addition of the necessary adaptor
sequences. Using the created library, sequence data specific to
the targeted genomic region are generated by NGS. CRISPR-
Cas9-based sequencing can be used to identify genetic alter-
ations, including single-nucleotide polymorphisms (SNPs),
insertions, deletions, and structural modifications within the
targeted area. Allele-specific analysis facilitates the investigation
of genetic disorders, population genetics, and allele-specific gene
expression by allowing researchers to evaluate individual alleles
or haplotypes [95]. CRISPR-Cas9-based sequencing has been
used to identify mutations that cause disease, somatic mutations,
and cancer-related mutations. Targeted sequencing enables pre-
cise and specific sequencing of genomic regions of interest, low-
ering sequencing costs and complicating data interpretation.
Data on genetic variants within a particular genomic region are
provided at a high resolution via CRISPR-Cas9-based sequenc-
ing. Functional analysis is a method that examines the effects of
genetic changes and mutations on gene expression and protein
function to investigate the resulting functional effects. Despite
efforts to create highly specific gRNAs, Cas9 can still have oft-
target effects, which may result in inadvertent cleavage at nearby
genomic locations. Preferential amplification of specific DNA
fragments may occur during PCR amplification during construc-
tion. The precision and effectiveness of CRISPR-Cas9-based
sequencing are improving. Improvements in gRNA design and
specificity will help lessen off-target effects and increase the accu-
racy of targeted sequencing as CRISPR-Cas9 technology devel-
ops. In summary, CRISPR-Cas9-based sequencing provides
an effective technique for targeted sequencing of particular
genomic regions, enabling in-depth research on genetic vari-
ants, mutations, and structural alterations. Numerous fields,
including genomics, genetics, and personalized medicine, can
benefit from this method. Precision medicine has been trans-
formed by CRISPR-based genome editing owing to devel-
opments in prime editing (template-guided insertions or
deletions) and base editing (single-nucleotide modifications
without double-strand breaks). Delivery strategies range from
nonviral techniques (lipid nanoparticles and electroporation)
for transient expression to viral vectors (adeno-associated
virus and lentivirus) for stable integration. In hereditary ill-
nesses, such as sickle cell disease and p-thalassemia, recent
clinical trials have yielded encouraging results, with patients
seeing long-lasting therapeutic effects. Precision medicine
applications have been advanced by the combination of
CRISPR and NGS, which improves off-target analysis, real-
time genomic monitoring, and editing validation [96,97].
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Metagenomic sequencing

Metagenomics involves the study of complex microbial com-
munities by directly sequencing DNA from environmental
materials. This reveals information regarding microbial inter-
actions, biodiversity, and functional potential. “Metagenomic
sequencing” is a potent method that directly extracts genetic
material from ambient materials, eliminating the need for labo-
ratory growth. This approach provides insights into the func-
tional potential and diversity of microbial communities across
many settings, including soil, water, and the human body [98].

Key techniques and concepts

Environmental samples, such as those from soil, water, air, the
human body, animal microbiomes, and diverse ecosystems, are
first collected before metagenomic sequencing can begin. The
genetic material is collected from the complete microbial popula-
tion by obtaining genomic DNA from the collected samples.
Using adapters, the isolated DNA is broken apart and trans-
formed into sequencing libraries. DNA fragments from these
collections reveals the genetic diversity of the microbial com-
munity. The resulting libraries are subjected to NGS, which
results in an important amount of DNA sequence data represent-
ing the community’s collective genomes of microorganisms.
Metagenomic sequencing reveals the taxonomic variety of
microorganisms in a sample, enabling the identification of
numerous species and strains present. By examining the exis-
tence of specific genes and pathways, this approach offers insights
into the metabolic and functional potential of microbial com-
munities [99]. The functions of microorganisms in many eco-
systems, including nutrient cycling and pollution degradation,
can be examined using metagenomic data. Microbial communities
that live inside and outside the human body are identified via
metagenomic sequencing. This information can be used to under-
stand how the human microbiome affects health and diseases.
Without the need to culture particular bacteria, metagenomic
sequencing can capture the entire genetic diversity of microbial
communities. This method enables the investigation of func-
tional genes and pathways, revealing details about the poten-
tial functions of microorganisms in their surroundings [100].
Conventional approaches typically do no lead to the discovery
of novel microbes; however, metagenomic data frequently reveal
novel microbial species and genes. To assemble and annotate
sequences, predict gene functions, and interpret functional poten-
tials, metagenomic data analysis requires sophisticated bioinfor-
matics tools. Inaccurate estimates of community composition
can result from the cross-contamination of samples and con-
tamination from laboratory chemicals. With advancements
in sequencing technologies and analytical techniques, metage-
nomic sequencing is progressing. Efforts are being made to
standardize procedures and create improved tools for the study
of metagenomic data. As the discipline develops, metagenom-
ics will become increasingly important to understand micro-
bial ecology, human health, and environmental connections.
In summary, metagenomic sequencing allows for a thorough
examination of microbial communities and their genetic diver-
sity, advancing our knowledge of ecosystems, human health, and
interactions between microbes and their surroundings [101].

Single-cell sequencing

Profiling at the individual-cell level is made possible by single-
cell RNA sequencing (scRNA-seq) and single-cell DNA sequenc-
ing, which reveal the cellular dynamics and heterogeneity
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within tissues and populations. Single-cell sequencing, a
cutting-edge technique, enables sequencing and examination
of the genetic material of individual cells. Unlike traditional
sequencing methods, which require a large amount of starting
material, single-cell sequencing allows for the study of genetic
diversity at the single-cell level [102].

Key techniques and concepts

Cell isolation: The first step in single-cell sequencing is sepa-
ration of distinct cells from a heterogeneous population. Tech-
niques such as microfluidics, laser capture microdissection, and
fluorescence-activated cell sorting (FACS) can be used to iso-
late cells effectively. After a cell is isolated, its DNA is amplified
using several procedures, including whole-genome amplifica-
tion (WGA). This step is essential for the collection of sufficient
DNA for sequencing. The amplified DNA goes through a library
preparation process in which DNA fragments are given adapt-
ers. These adapters enable the sequencing of DNA fragments
in NGS systems. The generated libraries are sequenced using
NGS technology. The genetic makeup of each individual cell
is revealed by sequencing data. The sequencing data are exam-
ined using specialized bioinformatics tools. Genomic data from
cells can be utilized to investigate gene expression and spot
mutations and deduce cellular heterogeneity [103]. Single-cell
sequencing is used to investigate genetic alterations that occur
throughout embryonic development, enabling researchers to
monitor cell fate and differentiation. This method offers
insights into tumor heterogeneity and clonal evolution, assist-
ing in the identification of uncommon cell subpopulations
that may promote cancer development. Single-cell sequencing
has been used to elucidate neural circuits, understand the
variety of cell types in the brain, and examine gene expression
patterns in specific neurons. Researchers have used single-cell
sequencing to examine immune cell diversity, immunological
responses, and the dynamics of immune cell populations. By
identifying variances between individual cells, single-cell
sequencing enables analysis of cellular variety within a popu-
lation. Single-cell sequencing can reveal uncommon cell vari-
eties or states that may be concealed by mass sequencing
techniques. Single-cell sequencing offers a dynamic per-
spective on cellular changes during the course of disease
development and evolution. Data accuracy may be affected
by amplification bias and the technical noise induced during
DNA amplification. Complex datasets produced by single-
cell sequencing require specialized bioinformatics tools and
computational techniques for appropriate interpretation.
Single-cell sequencing techniques are becoming increasingly
sensitive and effective as technology develops [104]. New
techniques can analyze multiple layers of biological informa-
tion simultaneously, including gene expression, epigenetic
changes, and protein abundance. These advancements will
provide a better understanding of cellular diversity and func-
tion. In summary, single-cell sequencing enables the investi-
gation of genetic data at the single-cell level and provides
information on cellular variety, growth, and disease. This
method paves the way for greater comprehension of cellular
complexity and has the potential to revolutionize many areas
of biology [103].

Digital sequencing

Absolute quantification of DNA or RNA molecules is provided
by digital sequencing platforms, such as digital droplet PCR
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(ddPCR), which helps with accurate copy number variation
and gene expression measurement. By partitioning individual
DNA molecules into different reaction chambers or compart-
ments, a novel DNA sequencing technique known as digital
sequencing enables the counting or detection of individual
DNA molecules. This approach has benefits in terms of preci-
sion, sensitivity, and capacity to identify uncommon muta-
tions [105].

Key techniques and concepts

Single-molecule partitioning: Digital sequencing frequently
divides individual DNA molecules into distinct compartments
using microfluidic- or emulsion-based techniques. DNA mol-
ecules are amplified inside each compartment using methods
such as PCR. Individual DNA molecules may be given fluores-
cent labels as part of digital sequencing techniques so that their
identification is possible. The contents of each compartment
are examined after amplification and labeled. Each compart-
ment is checked for the presence or absence of labeled DNA
molecules before being noted. The data collected are discrete
counts of DNA molecules and are digital in character. To deter-
mine the sequence information and any mutations present in
the original DNA sample, bioinformatic techniques are used
to analyze the digital data produced by counting the number
of DNA molecules in each compartment. Digital sequencing
is useful for identifying genetic changes linked to diseases
because it is highly sensitive and capable of identifying uncom-
mon mutations or variants in a sample. Rare allele detection
can detect uncommon alleles or low-frequency variants in a
population that conventional sequencing techniques might over-
look [106]. Digital sequencing can provide quantitative data on
the prevalence of specific DNA molecules in a sample. Even at
rates as low as 0.01%, digital sequencing can detect extremely
rare mutations or variations. The ability to count individual DNA
molecules reduces the probability of errors occurring during
amplification. Accurate quantification of DNA molecules is pos-
sible owing to the digital characteristics of the data. The number
of partitions or compartments that can be processed concur-
rently using digital sequencing techniques may be constrained,
which will affect the overall throughput of the method. Workflow
complexity can be increased by the use of microfluidic devices
or emulsion-based methods. As technology advances, efforts
are underway to increase the throughput and scalability of digi-
tal sequencing techniques. To increase accuracy and sensitiv-
ity, digital sequencing is being evaluated using other methods,
such as SMRT sequencing and amplification-free technologies.
In summary, digital sequencing is a powerful technique that
uses single-molecule partitioning to enable the sensitive and
accurate identification of genetic mutations and variants. This
method has potential uses in illness research and diagnostics,
including mutation detection, rare allele analysis, and quan-
titative assessment [105,106].

Conclusion

The field of gene sequencing has made great strides, progress-
ing from traditional methods to state-of-the-art technologies.
Conventional Sanger sequencing initially provided a fundamental
understanding of DNA sequences; however, NGS revolutionized
the field by making it possible to analyze genetic material quickly,
affordably, and in large quantities. SAGE reveals gene expression
patterns by integration with NGS. With the introduction of
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single-molecule sequencing, long-read capabilities that allow direct
DNA analysis without amplification and TGS provide real-time
sequencing based on nanopores. Innovative techniques, such as
synthetic long-read sequencing, spatial transcriptomics, epigenetic
sequencing, long-read isoform sequencing, CRISPR-Cas9-based
sequencing, metagenomic sequencing, and digital sequencing,
have transformed genomics research by offering deep insights
into genome architecture, gene expression, epigenetic altera-
tions, microbial ecosystems, and single-cell variability.

Personalized medicine has been transformed by the use of
NGS in clinical diagnostics, particularly in the identification
of uncommon genetic diseases. For example, WGS has proven
crucial in detecting harmful variations in diseases such as cystic
fibrosis and spinal muscular atrophy (SMA), allowing for
targeted treatments such as gene replacement therapy (e.g.,
Zolgensma for SMA). A number of NGS-based diagnostics have
received U.S. Food and Drug Administration (FDA) approval,
such as FoundationOne CDx for oncology-targeted therapy
guidance and Illumina TruSight Oncology 500 for thorough
cancer profiling. As regulatory bodies increasingly acknowl-
edge NGS as a common tool in precision medicine, the FDA
clearance timeline has increased. However, payment remains a
major problem because insurance companies frequently cover
only certain purposes, which makes it expensive for many peo-
ple to undergo NGS-based testing.

Prenatal genomic screening also raises ethical questions
because whole exome or genome sequencing may identify
variations with unclear relevance, necessitating difficult preg-
nancy care choices. Ethical discussions are more difficult
because of the possibility of inadvertent findings and the
danger of genetic discrimination. Regulatory agencies, physi-
cians, and legislators must work together to overcome these
obstacles and maintain the accessibility, morality, and thera-
peutic impact of NGS-driven precision medicine.

Summary

The ongoing development of gene sequencing technologies has
made it possible to study the complexity of genetic information
at a level never before possible. These developments have sped
up scientific discoveries while deepening our understanding of
the complexity of biological systems. Each new method adds a
special element to the complex picture of life, from the study
of gene expression patterns to the clarification of epigenetic
changes and from the investigation of microbial communities
to the deciphering of individual cell genomes. These technolo-
gies have the potential to transform our understanding of biol-
ogy and genetics as they develop and become more sophisticated,
opening the door for advances in personalized treatment, dis-
ease studies, and environmental studies. Ultimately, these many
gene sequencing techniques enable researchers to decipher the
mysteries hidden within DNA, leading to a greater understand-
ing of the astounding variety and complexity of life on Earth.

Promising Future Prospects

The precision medicine revolution has led to the prediction that
gene sequencing will play a crucial role in the era of personalized
medicine. Clinical professionals can customize treatments on
the basis of a patient’s genetic profile with better insights into
specific genetic variants, resulting in more effective and focused
therapies. As methods advance, researchers will put more effort
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into understanding how genomes operate. To better understand
the intricate interactions between genes and their regulatory
networks, it is important to understand the functions of ncRNAs,
regulatory components, and epigenetic alterations. Single-cell
sequencing will facilitate the understanding of cellular hetero-
geneity and the intricacies of tissues and diseases at the cellular
level. Understanding unusual cell types, developmental pro-
cesses, and disease progression can be greatly improved using
this strategy. Advancements in long-read sequencing technolo-
gies will allow for more thorough analyses of repetitive sequences,
structural variants, and complicated genomic areas. Accurate
genome assembly and knowledge of the genetic causes of many
diseases will benefit from this approach. Integrating data from
omics, such as transcriptomics, proteomics, and metabolo-
mics, will provide a comprehensive picture of how biological
processes work. This multidimensional strategy will facilitate
the understanding of intricate biological mechanisms [107,108].
Metagenomic sequencing will continue to facilitate the elucida-
tion of the diversity of microorganisms found in many habitats
and assist in environmental monitoring, bioremediation, and
microbial ecosystem knowledge. Handling and analyzing the
enormous volumes of data produced by high-throughput
sequencing will require the use of advanced bioinformatics tools
and artificial intelligence (AI) [109]. NGS data processing and
analysis rely heavily on bioinformatics, with assemblers such as
Canu, Flye, and Shasta serving as benchmarks for long-read
sequencing [110]. Flye is tailored for Oxford Nanopore data,
providing faster assembly with middling accuracy, whereas Canu
is computationally intensive but extremely accurate for PacBio
readings. Shasta, which combines speed and precision for
assembling the genomes of bacteria and humans at extremely
fast speeds, requires surroundings with considerable memory.
Because of the increased scalability brought about by the move
to cloud-based platforms, such as AWS Batch and Google Cloud
Life Sciences, researchers can now analyze enormous datasets
effectively without being constrained by local hardware.
Furthermore, by encapsulating dependencies, containerization
platforms, such as Docker and Singularity, improve reproduc-
ibility and guarantee consistent bioinformatics operations across
various computing environments. These developments have
simplified the interpretation of NGS data and increased the
accessibility and reproducibility of large-scale sequencing initia-
tives. Algorithms for machine learning will facilitate pattern
recognition, disease risk assessment, and the identification of
prospective therapeutic targets. Advances in sequencing, gene
synthesis, and editing technologies are expected to drive the field
of synthetic biology. This includes the development of designer
organisms for a range of uses, from pharmaceuticals to biofuels.
As sequencing becomes more available and thorough, privacy,
data sharing, and ethical issues become more crucial. Within the
next 10 years, there will likely be a push for a $100 genome
propelled by developments in Al-powered base calling and
nanopore sequencing. Because quantum computing can solve
complicated genomic patterns relatively quickly, it has the poten-
tial to revolutionize sequence alignment and variation detection.
Blockchain technology can facilitate patient-controlled access,
secure genetic data sharing, and prevent data breaches in preci-
sion medicine. However, global standardization remains difficult
because different regulatory bodies have different sequencing
techniques, which affects the interoperability and repeatability
of data. For genetic medicine to be scalable and fair, these obsta-
cles must be eliminated [111,112].
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