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ABSTRACT: Next-generation sequencing (NGS) has the capability to produce hundreds and thousands of DNA / RNA sequences
per analysis. This ability to sequence thousands of sequences at a time has brought about profound changes in genomic
research. The primary aim is to see regions of similarity or variation / mutation amongst many sequences at hand. Today, NSG
has reduced the time and is cost effective. This reduction of cost and time to obtain genomic data quickly has provided
information on gene structure, protein structure, protein expression, genetic variations, gene expression profiles and others.
This range of information has now expanded genomics research from analyzing and studying rare genetic disorders, cancer,
infectious diseases like COVID, Phylogenetic trees, animal research, disease and control in husbandry, oral diseases, and
metagenomic studies.

The analyzed information has enabled diseases diagnosis, prognosis, targeted therapies, precision medication and other
methods. The scope is not only restricted to human genome analysis but is used in disciplines like animals, and agriculture in
detecting pathogens and developing new diseases resistant crops and animal breeds. Moreover, the NGS capacity to use
massive parallel processing to sequence has had a major impact in pharmaceutical industry. New drugs discovery uses DNA /
RNA sequencing methods to first identify mutations, to develop targeted medicine / drug development. NSG has a bright future
in unlocking various mysteries and providing insights into genomic information which we have still not been able to uncover.
This paper first talks about NGS techniques, challenges, techniques used, NGS uses currently, future development directions
in sequenced data quality, cost, and analysis techniques.
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1 INTRODUCTION

Over the last 60 - 70 years, researchers have tolled deep into developing better newer techniques to understand the DNA
residue in the samples either by sequencing entire DNA or RNA molecules. It all began with Watson and Crick famously soling
the structure of DNA in 1953 [1]. This created an overall conceptual framework for DNA replication and encoding proteins in
nucleic acids [1]. However, scientists were still not able to read the sequences as today to see any mutations or variations.
Strategies to study the chain of proteins could not be used for DNA sequences as they were too long and made of fewer amino
acids (A, C, G, T), which presented confusion, misunderstanding and time consumption.

At the same time, there was another school of scientist who were interested in sequencing either the whole sequence or
wanted to find regions which were like two sequences, giving birth to global and local sequence pairwise alignment algorithms.
Of these, the first edition of these algorithms was all based on Dynamic Programming methods and were very sensitive but
time consuming. These are Needleman-Wunsch and Smith Waterman algorithms [2], [3]. As time progresses, heuristic
algorithms which were faster but less sensitive were developed for local and global sequence alighnment. The new
bioinformatics algorithms varied in finding smaller regions of similarity, to finding Maximal match subsequence where were
employed in LAGAN and MASAA family of algorithms. BLAST, LAGAN and MASAA family continue to dominate this spectrum
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of whole genome pairwise sequencing today as they are faster and cheaper (BLAST family) or more sensitive (LAGAN and
MASAA family) [4 — 17], on this topic we have extensive research done and are presenting the findings. The widely used and
effective ones are BLAST, LAGAN and MASAA as they are faster and sensitive at the same time.

While technologies were still in their infancy in ‘reading’ DNA sequences, it was the RNA - tRNA molecule which was first
sequenced by Robert Holley in 1965, quickly after RNA of bacteriophage MS2 by [18, 19]. The techniques used in sequencing
RNA sequence was quickly adopted to sequence DNA with the breakthrough by Federick Sanger and colleagues, who developed
chain termination method [20]. There after automated DNA sequencing method was developed by [21, 22]. From the mid 80’s
there has been an explosion of sequencing methods especially in the last few decades [23 — 27, 59, 60]. The development of
which has led to many pathbreaking discoveries in the field of DNA sequencing.

In the next section we will first discuss 3 generations of NGS algorithms starting from the Sanger discovery to third
generation, techniques used, and uses of NGS at the end. The evolution of sequencing is shown in Fig 1. Looking at Fig 1, one
can see how far we have come, today we are able to sequence 1000Gb of data in a single run which was impossible to fathom
few decades ago. In the last years, the reduction of time and cost to obtain genetic information (genome, exome, and genes)
have led to serious discoveries in other fields like animals, insects, birds, genetic diseases, protein structure, microbiology,
cancer and metagenomic studies.
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Fig. 1.  Evolution of Sequencing Techniques [28]

1.1 FIRST GENERATION SEQUENCERS

The first generation is widely recognized as a period between year 1964 to 2001. The first attempts were made at
sequencing DNA and RNA by Robert Holey who first sequenced a nucleic acid molecule, alanine tRNA using ribonuclease from
S. cerevisiae [29]. However, a breakthrough came about in 1977, when Frederick Sanger developed a new sequencing method
based off chain-termination method (Which later came to be known as Sanger Sequencing). At the same time, Walter Gilbert
developed a method based on chemical degradation of DNA and its cleavage at specific base pair in the same year [31]. Sanger
method used dideoxy nucleotides, which terminate the chain elongation of DNA stands during replication and allowed
sequence reading up too few hundred bp in length. At the time, DNA sequencing was manual, time consuming and used
radioactive materials. Sangers’ methods were highly efficient with low radioactivity, hence was quickly adopted as the primary
technique in laboratory and commercial application [30].

The first commercial automated sequencing machine, ABI 370 from Applied Biosystems was launched in 1987. ABI 370 used
dideoxy nucleotides and capillary electrophoresis to mimic and automate sangers sequencing, which increased its efficiency in
terms of speed and accuracy [32, 33]. ABI 370 was able to detect 96 base pairs at a given time, 500K per day and could read
bases as long as 600 bases. 600 bases length is considered short read today and we will talk about these at the end of this
section. ABI 370 gained fame quickly and adopted and many improvements were made to it over time, which led to higher-
throughput sequencers capable of producing longer read up to few thousands [34]. This sums up the generation one
sequencers which were later replaced by higher-through put sequencers while reducing manpower time and cost employing
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massive parallel analysis techniques. Nonetheless the first generation made historical milestones which revolutionized many
areas of biology, botany, pharma, and medical industry.

1.2 SECOND GENERATION SEQUENCERS

Second generation NGS sequencing techniques which emerged from 2001 - 2008. These systems were now capable of
simultaneously sequencing thousands of millions of DNA markers. These methods differed from the first generation as these
were able to perform parallel sequencing. One of the popular methods to emerge in this period is the Roche 454 method,
which relied on pyrosequencing [28], and could produce 20,000 reads and an output of 20Mb in a single run. Later
improvements were made to the 454 methods, to develop 454 GS FLX titanium which could produce 700 bp reads and could
produce 14 Gb on a single run. The commercial 454 GS FLX system was available in 2009.

lon torrent genome machine was another method like Roche 454, employed changes to pH, by detecting release of
hydrogen ions during DNA synthesis to determine the sequence. lllumina sequencing method utilizes a sequence by synthesis
which is based on the reversible dye terminators [28]. This system used sequencing by synthesis method (SBS) and the
amplification bridge [28]. The analyzer can output 1GB / run which was later updated to 600 Gb/run and 200 bp reads which
is by far the lengthiest sequence read of this generation. Sequence by Oligonucleotide ligation and detection (SOLID), as the
name employs, uses ligation method using reversible termination to determine the DNA sequence. All these second-generation
methods increased the throughput in this short period of time at the same time increasing the speed of DNA sequencing [35].
This led to the gene therapy first used in breast cancer, targeted medication, and care. Various NGS technologies are shown in
Figure 2.
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Fig. 2.  Various NGS technologies [28]

Oral health is often forgotten as being part of the overall ‘well-being’ of an individual. More so, in India and south Asia in
general. Th word, "well-being", means the state of mind, physical, social well-being, or lifestyle in totality [1]. A good oral health
leads to good dental functionality as well as plays a vital role in the aesthetic part of an individual, making one pretty or
handsome or looked upon as so. A poor oral health on the other hand would result in diminished confidence, shyness and a
conscious awareness that certain activity is not well looked upon by others when an individual exercises it. E.g., Smiling with
crooked teeth. Hence oral health plays a role in both functional as well as social lifestyle.
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1.3 THIRD GENERATION SEQUENCERS

Third-generation sequencing methods are techniques used from the year 2009 - till date. Top of the list is the Helicos single
molecule sequencing which is highly accurate. This method can output nearly 28 Gb, the only disadvantage being its limited
capacity to correctly identify indels. Indels are regions of mutation, which can see as insertion or a deletion, symbolized by ‘-’
in the DNA sequence. Another disadvantage is the short reads which are well below 50 bp and at the time when other methods
produce 100k bp, 50 bp looks rather too small.

Other third generation sequencing methods provided long-read sequencing capabilities, enabling for much large DNA
fragments, one of which is PacBio sequencing, which used single-molecule real time (SMRT) approach, which enabled for long
reads up to tens of kbs. One of the most popular one in this generation is the Oxford Nanopore Minion technology, which as
the name gives away, uses nanopore sequencing technologies, which is based on DNA molecules, when an electric potential is
applied, through an array of nanopore in a high-salt buffer. Bases are identified based off electric change to determine the DNA
sequence. Oxford Nanopore provides long reads and real-time analysis [28]. With the advent of third generation sequencing
methods, scientist today can identify infectious diseases in real time and are able to analyze quickly without any historical data
related to these diseases.

A short-read sequencing is basically sequencing by synthesis based upon other enrichment methods like fragmentation,
amplification, and hybridization [28]. Long-read, on the other hand are based on detection either by synthesis or electrical
voltage change/ variation to generate single base when it is passed through a membrane or a buffer. Long read tend to produce
10kb read while short reads produce around 400 - 600 bp. Long-reads are error prone when compared to short-reads. Also,
the quality of data produced in short reads are far more accurate than long-reads. Thus, short reads find its usefulness in
counting of specific sequences, profiling, identification of variants and others. Long reads find their usefulness in identifying
large insertions / deletions, duplications, and others [36].

2 AREAS WHERE NGS IS USED AND DATA ANALYSIS

NSG is used in whole Genome Sequencing research. The well-known genome project from USA, Europe and Japan used
NGS, all these projects were mainly focused on the analysis of the entire nucleotide sequence of the genome of an organism,
initially they started with drosophila and human genome project elevated the project to use it for human genome analysis [37].
Genome analysis is quite complex, and voluminous as there are 3 billion characters to analyze from the resultant data. Being
complex, and voluminous, it was costly in the beginning, although costs have dramatically come down over the last few years
to few thousands of dollars, its data analysis still presents a challenge, since it is genome analysis is interested in knowing the
entire complete picture of organism in interest [38], see Fig 3.

NGS is also used in Whole exome sequencing (WES), which is more interested in the protein coding exons (stretch of bps).
Since the protein coding exons makes as little as 2% of the 3 billion length genome sequence, it offers opportunity for larger
wider study on these exons [39]. Since the exons lengths do not run into thousands of bps in length, the study is quite cheaper,
less voluminous, and less complex when compared to (WGS).Since WES is interested in sequencing smaller section of the whole
genome, knowledge of smaller intricacies between exon and non-exon regions might be missed to garner and one might miss
the complete picture of the information flow between exon and non-exon region as a whole [40].

NGS is well known in in Targeted sequencing. targeted sequencing as the name gives away, targets specific regions of a
gene, and can identify various types of variation from small gene deletion (whole gene), gene duplications, insertion (Mutated
gene) or gene rearrangement (Gene Mutated), which are all associated with diseases in one way or the other. In some cases,
abnormalities like clefts, abnormalities during birth, (extra digits), missing nose and others are all attributed to gene mutations.
The main advantage of Targeted sequence is that it is less expensive and clinical establishments can manage this small data,
making laboratory decision making quicker and easier. Over the course of time targeted sequencing has been able to throw
light on the mutant clones which are due to tumour heterogeneity or metastases nature of cancerous tumour [41]

Next-generation Sequencing has had a profound impact on transcriptomics [28], by improving the study of RNA molecules
in an organism. Since NGS offers better output, and is cost inexpensive in profiling and analyzing molecules, scientists or
laboratories have been able to gain much better knowledge on the gene expressions, location where these genes are expressed
inside the cell, splicing, non-coding regions of RNA and various other biological mechanism which are one or the other way tied
to our understanding of the diseases and drug discovery [42 - 45]. mRNA sequencing is the most common used in
transcriptomics, mainly for getting a snapshot of expressed gene in a sample [28]. Since NGS provides short reads and long
reads, short reads here are helpful in identifying expressed genes levels (in percentage) in different conditions, newer unknown
transcripts if any, and to gain knowledge on expression mechanism on different cell types and their gene expression levels at
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the same time. NGS is used in alternative splicing too, which is basically a technique where a single gene generates mRNA
isoforms (same form). It does this by aligning RNA-seq reads to the reference genome (NSG generated), thereby abetting
scientist to locate splicing junctions [46].

NGS is helpful to identifying non-coding RNAs, apparently these regions play an important role in gene regulations [28].
Small-RNA and long non-coding RNA sequencing enables the scientist to classify these regions of non-coding RNAs. The
classification allows for profiling regulatory RNAs, microRNAs, PiRNAs and snoRNAs for their role in gene expression [28], [12].
Other long RNA-seq reads can inform the connectivity between other exons and reveal the information which is otherwise
thought to be ‘junk’ [47]. NSG is also used nowadays in the reconstruction and annotation of transcriptome of organisms by
aligning RNA-seq reads to a reference sequence. NGS as we can see can play an integrated role in various molecular fields and
help us understand the cell regulation mechanisms and other biological processes necessary for a healthy cell and its
reproduction.
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Fig. 3.  Areas NGS is used [28]

Epigenomics is other field where NSG is used actively. It is a study where hereditary gene expression patterns have changed
but the DNA sequences or the genome has not mutated at all [48]. The most common fields under this category are DNA
methylation, histone modification and RNA methylation [49]. The chemicals tags associated with the organism alter the DNA
accessibility, chromatin remodeling and nucleosome positioning [50, 51]. All this modification, it is attributed to environmental
factors such as diet, pollutants, lifestyle, toxic intakes, exposure to radiation and information professions [52]. The knowledge
and insights garnered by scientist through whole genome projects has helped them attain good knowledge into these gene
alterations. This unusual changes in the gene expression patterns have bewildered scientist and has infused more interest in
understanding the disorders like behavior disorders, memory loss, cancer, immune system depletion, addiction, lethargy,
aggression, neurodegeneration, and other psychological disorder attributed to this change in gene expression patterns [28].

Next-generation sequencing generates vast amount of data which is then used by other bioinformatics / computational
method to analyze and interpret these data. This raw data produced by NGS must be processed, analyzed, and interpreted to
make good biological sense / insights and based on these insights some knowledge is gained or reaffirmed [28]. The
computational method ranges from DNA / RNA sequence alignment both in pairwise and multiple sequence alignment, variant
determination, gene expression, expression analysis, protein structure development, and other specialized analyses. There are
other bioinformatics tools like de novo assembly, reference-based mapping, and transcriptome analysis, which are used to gain
more biological information from the sequences generated by NGS [28]. Other tools are used for identification of gene
variation, including both single-nucleotide polymorphisms and copy number variations (CNV) [28]. Other combine the NGS
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data with other genomic and functional data readily available and annotated to explore gene expression and regulatory
networks at the molecular level [28].

3 NGS AND RESEARCH

Fgdfd NGS has revolutionized the field of microbiology for good, especially the scientific community is able to synthesize
genomic large data because of its parallelized millions of sequences high-throughput in a single producing high-throughput.
NGS is looked upon as a weapon in translation medicine because of this high throughput but also because of the vast
bioinformatic tools that can now be used upon which help researchers, laboratory scientist, drug companies understand the
genetic nature of the disease and thereby aid in the new drug discoveries.

NSG is used in the Microbiomes research. Microbes are everywhere, their relationship with humans at times pathogenic
and at times symbiotic leads to greater importance in understanding their ecosystem, their survival characteristics through
their and our evolution [53]. The understanding the host (Human, plant etc.) and host-microbiome interactions are important
for the host survival and reproduction. These include pathogen surveillance, therapeutic and functional dysbiosis [28]. There
are studies made where the gut microbes are linked to obesity and other mental disorders. Experiments are successfully
conducted where gut microbes are switched between healthy humans to see the effects and the results are stunning [54].
Designing panels to identify mutation or mutated genes, followed by usage of bioinformatics tools to see the sequence
alignment, genes would now help in designing drugs for the pathogens. targeted medication would then ensure at least a
recovery from these pathogen and aid in the immune system building resistance to these pathogens in the future [28].

Today, NGS research is focused more on the study of transcriptome and epigenome [28]. The human genome project and
other genome projects through WGS and WES have provided scientists with knowledge of the microbiological process as
minute as a protein synthesis and its location inside the cell today. Thus, the research has moved to other areas like wellness
check, agriculture for diseases and pest resistance crops, and food research. The NGS research has also widen into genetic
variation, phylogenetic trees, ancestral linkages, and cancerous cell through the mutations biologists can now discover. This
need in detecting the mutational landscape where a benign tumor would lead to malignant through gene variation finders like
261 gene panel, 400 gene panel, 500 panel by lllumina, IST, Agilent and Thermo Fisher has flooded the market with new devices
and procedures [28]. The panels can discover various cancers like lung (cigarette smoking led research), breast cancer (female),
ovarian (female), pancreatic and renal cancers [28].

NGS is useful in finding the exact microbes which indirectly helps in developing the correct medicine and its dosage to help
an individual. The panels discussed in the previous paragraph help detect the pathogens from various diseased reference or
clinical annotated specimen. The panels also help in identifying antimicrobial drug-resistant mutations and antiviral drug-
resistance mutations [55]. The data from these identified mutations are later used for surveillance, containment, drug
discovery, policy changes, health interventions and vaccine discovery to stem the epidemic like we saw in COVID [56]. NSG is
activity used in the gene mutations where scientist find a correlation with diseases like diabetes, infertility, immune system
changes, hormonal changes, embryo development and others.

On the cancer diagnostic front, NGS main contribution has been that all cancers without exception have been a disease of
the genome and not necessarily mendelian in their origin [28]. By mandelian, we mean, diseases inherited with single gene
mutation or gene pattern mutations. There are many efforts being made on the cancer cure direction, TCGA (The Cancer
Genome Atlas) and ICGC (International Cancer Genome Consortium), our understanding of cancer and its subsequent gene
alteration data in protein-coding regions inside the cell for all cancer types are available today [57]. Then there are enterprises,
like such as FoundationOne by Foundation Medicine (Cambridge, MA, USA), Oncomine by Thermo Fisher (Waltham, MA, USA),
CANCERPLEX by KEW (Cambridge, MA, USA), MSK-IMPACT by the Memorial Sloan Kettering Cancer Center (New York, NY,
USA), OmniSeq Advance by the Roswell Park Cancer Institute (Buffalo, NY, USA), the CC Onco Panel by Sysmex (Kobe, Japan),
and the Todai Onco Panel by Riken Genesis (Tokyo, Japan) who have developed different gene panels using various
technologies that are now used for cancer detection, prognosis and therapy [58].

4 CONCLUSION

The future of NGS is very bright. Today, NSG is steppingstone on which other fields like Bioinformatics, bio robotics, Nucleic
acid preparation are based off. With the advancement in computers and other technologies, the sequencing method would
only get faster and accurate with time. We see, that in the future, Sequence would be handled by a smaller amounts of input
DNA and would be simpler test results in the laboratory settings. This would eventually help other diagnostic tools ranging
from health, dental, and other botanical fields especially agriculture where there is a need for diseases and pest resistant crops.
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NSG holds immense prospects in the cancer diagnostics and gene expression study. We have still a long way to know the minute
chemical reactions that go inside the cell and an understanding of those would help in various fields especially cancer. More
time and money in spent each year across the world in different well know laboratories to find these intricacies leading to
cancer cure. The development of real-time sequencing and point-of-care application [28] would help monitor health, spread
of diseases, and help develop faster and better drugs to counter these diseases. The vast data that NGS produces also need
faster, better bioinformatics tools to analyse and find better understanding of the biomechanism at microbiology cells throwing
new insights about the cell. We are confident that NGS would open new frontiers in both faster disease diagnostics tools, better
and accurate bioinformatic tools, drug discovery and perhaps a cure for cancer.
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