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ABSTRACT In the past decade, the expansion of next-generation sequencing (NGS) has smoothened the approach
for whole-genome analysis in individuals. The sequencing technology until today has developed very fast. Many
techniques of sequencing are present these days, but the challenge is cost effectiveness in sequencing technologies.
The cost varies from technique to technique and the new and improved sequencing targets the region of determination
and cost. That’s why, the new and improved sequencing techniques have more effective methods in terms of run
time, time is taken, cost per megabase, read length, error rate and output data run. The massive parallel DNA
sequencing is revolutionary, changing the paradigm of genomics to deal with biological questions at a genome-wide
scale. Sequencing techniques now entitle medical diagnostics and other forms of health care, as well as disease risk,
therapeutic recognition, and prenatal testing. This review explores the current state, methodology, and comparison
of first, second, third and fourth generation sequencing techniques.
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INTRODUCTION

In recent years, techniques of molecular bi-
ology developing at a very fast speed have led
to the improvement of Next Generation Sequenc-
ing (NGS) (Zhang et al. 2011). All the NGS tech-
niques share a common feature of massively
parallel sequencing strategy, where thousands
of reads are achieved at the same time (Srini-
vasan and Batra 2014). The DNA sequencing
method subsists of three components: prepara-
tion of the sample, physical sequencing, and re-
association. In the first phase, the genome of
interest is fragmented into multiple pieces. In
the second phase it rely on the quantity of sam-
ple DNA, these fragments may be amplified into
several replicas by means of a different molecu-
lar biology technique. In the third phase, the
individual bases in each and every fragment are
analyzed in a sequential manner to create an in-
dividual reads (Schatz et al. 2010). Sanger and
Coulson in 1975 (the chain-termination method)
(Sanger and Coulson 1975; Sanger et al. 1977)
and simultaneously by Maxam and Gilbert in
1977 (chemical method), are known as founders
of sequencing technology. These sequencing
techniques co-relate genotype with phenotypic
characters and directly help in genomics, tran-

scriptomics, oncology, evolutionary biology,
forensic science, etc. (Alvarez-Cubero et al. 2017).
Sequencing technologies recently developed,
are so fast which gives us a map of the genome
of the simple virus to complicated human be-
ings. Nowadays, new and advance sequencing
technologies improve the sequencing platform.
These advancements helped researchers to bet-
ter analyze and understand the genome of dif-
ferent organisms to a very large extent (Alvarez-
Cubero et al. 2017). Sequencing is mainly cate-
gorized into four generations: Sanger method
and Maxam Gilbert’s method in the first genera-
tion. More than twenty years among them, the
Sanger method is a dominant methodology in
industries.

Later on in the Second generation, sequenc-
ing includes De Novo whole genome sequenc-
ing, re-sequencing of genome, Roche 454 sys-
tem- pyrosequencing, Illumina Hi sequencing
system and Illumine Mi sequencing: sequence
by synthesis, AB SOLiD 5500 system: sequence
by ligation. After second-generation sequenc-
ing, new techniques that came into the picture
in the third generation, comprise of Helioscope
and Pac Bio. The fourth generation sequencing
consists of many new techniques, among them
Nanopore and DNA nanoball sequencing are
mostly used (Alvarez-Cubero et al. 2017). Above
mentioned techniques have a similar concert on
throughput, precision and cost in contrast to
Sanger and Maxam, after the success of these
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platforms, new machines and techniques were
developed to fulfil the requirements of various
laboratories that belong to the academics and
industry (Levy and Myers 2016). However, the
limited quantity of sample and its high grade of
degradation is still the major hurdle for the NGS
platforms in the forensic field application. This
paper focuses on comparing and contrasting
different commercial technologies most normal-
ly applied - NGS technologies, namely the Sanger,
Maxam, Roche/454, ABI/SOLiD, Illumina, Ion
PGM  Nano-pore, DNA nanoball and presenting
the applications areas of each in terms of basic
science as well as in translational research areas
such as clinical diagnostics, metagenomics, phy-
logenetic studies, plant biology and forensic
science.

Objectives

The objective of this paper is a profound
investigation of sequencing technologies and
their application, particularly in various fields of
research, including a conclusion and limitation
about sequencing technologies.

MATERIAL  AND  METHODS

An efficient literature quest in PubMed, Sco-
pus electronic databases and Science Direct was
performed for the period of October 2012 to
March 2019. After carefully examining all the lit-
erature out of 200 papers, the researchers took
60 articles to write the manuscript. All these pa-
pers were identified, and utilized techniques of
sequencing and NGS platforms (Roche/454, ABI/
SOLiD, and different techniques) in selected jour-
nals were identified.

OBSERVATIONS  AND  DISCUSSION

First Generation Sequencing Technologies

Sanger Method

Previously in 1975, the Sanger proposed the
concept of DNA sequencing technique in his
pioneered Croonian lecture (Sanger and Coul-
son 1975) and afterward, published a technique
for identifying sequences in genetic material by
primed synthesis with DNA polymerase enzyme

(Sanger and Coulson 1975). It is also referred to
as di-deoxy sequencing or chain termination. It
is based on de-deoxy nucleotides along with
normal nucleotides formed in DNA. DNA has to
be denatured into single strand before sequenc-
ing and a primer is annealed. Either primer or one
of nucleotide is radioactively or fluorescently
labelled for detection of a final product or a gel.
After annealing of primer, the solution is divid-
ed into four tubes containing different di-deoxy
nucleotide triphosphate present. To synthesize
the DNA, nucleotides and DNA polymerase are
added (Sanger et al. 1977). In Sanger sequenc-
ing, all reactions start from similar nucleotides
and end with specific bases and it was the main
tool to complete the human genome project in
the year 2001 (Fig.1). Due to the high cost of
sequencing, it accelerated the development of
next-generation sequencing (Alvarez-Cubero et
al. 2017). In Parallel, Maxam and Walter Gilbert
gave the chemical degradation method of DNA
sequencing in which terminally labelled DNA
fragments were chemically cleaved at specific
bases and separated by using gel electrophore-
sis technique (Maxam and Gillbert 1977).

Maxam and Gilbert Method

Maxam and Gilbert develop a new advanced
technique for sequencing. In this technique, the

Fig. 1. Simplified representation of a Sanger sequencing
Source: Author
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determination of nucleotides sequence of the
terminally labelled DNA molecule was done by
breaking adenine, guanine, cytosine, and thym-
ine by the chemical reagent. Set of radioactive
fragments expand from the labelled end to each
of the position due to partial cleavage at each
base. Polyacrylamide gel electrophoresis re-
solves this single strand fragment. Four differ-
ent chemical cleavages produce the autoradio-
graph of a gel, each specific for a base (Fig. 2).
Thereafter the sequence can be read directly by
analyzing the band’s pattern (Fig. 3) (Maxam and
Gillbert 1977).

Second Generation Sequencing (SGS)
Technologies

Commercial SGS was developed in 2005, in
reaction to the high cost and the low through-
put of the first generation sequencing technolo-

gy (Liu et al. 2012). To determine the issue, NGS
tools accomplish much higher throughput by
sequencing a large number of DNA molecules
side by side. There are different methods devel-
oped for SGS which are as follows:

Roche 454 System

Pyrosequencing technology is the first sub-
stitute to the Sanger method. It was conceived
for de novo sequencing (Dudley et al. 2012). It
provides chains of enzymes to precisely identi-
fy a nucleic acid sequence. The sequencing prim-
er is hybridized to single strand DNA and mixed
with four enzymes; DNA polymerase, ATP Sul-
furase, luciferase, and apyrase (Ronaghi et al.
1996). Roche 454 system was the first commer-
cially achieved next-generation system, used the
biggest libraries among all the other platforms.
Initially, the read length is 100 to 150 bp (Alva-
rez-Cubero et al. 2017; Kochling et al. 2017). In
this sequencing method, a single DNA fragment
is hybridized to beads array and emulsified with
reagent necessary to PCR bound template. The
beads are deposited in the pico-titer plate along
with DNA polymerase, primers and some enzymes
essential to produce fluorescence through con-
sumption of inorganic phosphates produced
during sequencing (Medini et al. 2008). In this
method, the pyrophosphates are identified by
an enzymatic luminometric inorganic pyrophos-
phate detection assay (ELIDA) through the gen-
eration of a light signal due to change of pyro-
phosphate into adenosine triphosphate (ATP)
(Kumar et al. 2012) (Fig. 4).

Illumina Hi Seq System and Illumina
Mi Seq System

Both the systems are based on the technique
of sequencing by synthesis using reversible

Fig. 2. The diagram showing the flow chart for Max-
am and Gilbert method
Source: Author

Fig. 3. Specific features of the first generation sequencing technologies
Source: Author
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dye-terminators (Alvarez-Cubero et al. 2017).
Both of the techniques usually generate 50-60
million reads, average read length is 40-50 bases
per run. The ligation of the adapters occurs at
one and the other ends of the fragmented DNA,
and then loaded on glass slides. The DNA frag-
ment hybridized to - oligo1, is covalently at-
tached to the surface. The free opposite end is
hybridized with complementary oligo2 on a slide
to form the bridge. By adding polymerase en-
zyme DNA and dNTP’s, the ssDNA is the bridge,
amplified as synthesis starts in the 5’ to 3’ from
oligo2 (Caporaso et al. 2012). For the next cycle,
newly synthesized complementary strand and
template strand denatured to again start the
amplification. In each channel of the flow cell,
millions of clusters of duplex DNA are generat-
ed, amplified fragments are annealed, denatured
with primer and synthesis begins with the incor-
poration of dNTPs. Thus, the Illumina system
has the capacity to produce large measure data
in less cost and time as compared to Sanger se-
quencing (Aradhya and Nussbaum 2018; Mey-
er and Kircher 2010; Kozich et al. 2013).

AB SOLiD 5500 System

This sequencing is based on the technolo-
gy of two base sequencing that is based on liga-
tion sequencing. It consists of a series of hy-
bridization-ligation steps. The di-base probe is
octamer containing two bases of known posi-
tion, three degenerate bases, and three more
degenerate bases attached to the fluorophore.
Sixteen combinations of di-base probes are used,
with each base represented by one of the four
fluorescent dyes. The read length of SOLiD ini-
tially was 35 bp, and the output is 3G data per run.
Then, SOLiD 5500 XL improved read length and
also improved accuracy, output to 85 bp. By us-
ing wildfire technology new update, 5500 xl-w,
increased throughput and lowered the cost (Al-
varez-Cubero et al. 2017). The system was devel-
oped by the medical school of Harvard and
Howard Hugs Medical Institute. The clonal beads
are made inside the microreactor in the presence
of DNA template, beads, primers and PCR com-
ponents. The beads are allowed to attach to the
glass slide due to the modification at their 3’ end
by DNA template. A primer annealing was done to
an adapter on the DNA template and flow cell are
filled with fluorescently tagged oligonucleotides.
Once the oligonucleotides match with the template
sequence, it is ligated onto the primer and unincor-
porated nucleotides are washed away. The differ-
ent colors attached to the primer are captured by a
charged coupled device (CCD) camera. Each fluo-
rescence wavelength coincides to dinucleotide
combinations (Kumar et al. 2012; Mardis 2008a,
2008b, 2008c; Van dijk et al. 2014) (Fig. 5).

Ion PGM (Personal Genome Machine)
and Ion Proton

PGM (Personal Genome Machine) is based
on semiconductor sequencing by synthesis
technology (Millat et al. 2014). It involves natu-
ral nucleotides that are not modified. It does not
require laser, optics, camera, fluorescence and
fast recognition to sequence extension. In this
technology, a DNA fragment is flanked by spe-
cific ion torrent adapters and it is ideal for small
genome, set of a gene, gene expression profil-
ing. A novel system is established for the WGS
in similar run time as PGM ion proton sequencer
(Bakker et al. 2014). Chips for ion proton sequenc-
er provide high throughput to 1000 folds higher

Fig. 4. Overview of the Roche 454 workflow
Source: Author

sDNA fragment

beads array

Pico-titer

along with-DNA polymerase,
primer, enzymes

(flourescense)

pyrophosphates

ELIDA

detected by

deposited

hybridised



SEQUENCING TECHNOLOGIES: INTRODUCTION AND APPLICATIONS 127

Int J Hum Genet, 19(3): 123-133 (2019)

than ion PGM, in simply two hours (Alvarez-
Cubero et al. 2017). Sequencing templates are
generated on sphere via emulsion PCR (an oil-

water emulsion is used to partition small reac-
tion vessel). One of the complementary primers
is present in solution while others bound to the
sphere. Finally, sphere containing amplified
strands are deposited into sequencing chips.
There are flow compartments and solid-state pH
sensors micro arrayed well in the ion torrent chips
(Rougemont and Naef 2012). The detection of
bases during sequencing is based on the re-
lease of H+ during nucleotide extension. The
sensor detects the change in pH when H+ is re-
leased (Fig. 6) (Buermans and Dunnen 2014).

Third Generation Sequencing or Single
Molecule Sequencing

Advantage of TGS technology is the capa-
bility to sequence a single molecule of DNA.
The data obtained or generated by TGS is of a
different type as compared to the other sequenc-
ing techniques.

Helioscope

To sequence a single molecule of DNA, the
method was brought into notice by Braslavsky
et al. (2003). It depends on the principle of sin-
gle-molecule fluorescent sequencing. It is a plat-

Fig. 5. Flow chart explaining procedure of the AB
SOLiD system
Source: Author

Fig. 6. Characteristics of four leading second generation sequencing
Source: Author
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form for first commercial, high throughput for
single molecule sequencing. The read length is
25 bp and 35 G of sequence per run in output
(Alvarez-Cubero et al. 2017). Sequencing in-
volves library preparations by adding a poly-A
tail to the shared DNA fragment, attached to
flow cells through poly-T anchors (Ozsolak and
Milos 2011a, b). Heliscope sequencer detects
only one fluorescent tagged nucleotide out of
four by DNA extension (Kumar et al. 2012).

Pac Bio

Single molecule run time (SMRT) is a basis
for the Pacific bioscience (Schadt et al. 2010).
This type of sequencing requires four to six hours
and does not require polymerase chain reaction,
direct observation to enzyme reaction in real time
and read length is approximately 1300 bp (Pa-
reek et al. 2011). The DNA polymerase is affixed
at the base of the zero mode waveguide (ZMW).
DNA fragments along with anchored DNA poly-
merase and nucleotides (each labelled to differ-
ent color fluorophore) are added into the ZMW
chamber. Once the nucleotide circulates all the
way through the ZMW, incorporated nucleotide
remains at the bottom. The fluorophore of the
integrated nucleotides is excited by the laser
placed below the ZMW (Kumar et al. 2012).

Single-molecule Real-time Sequencing

Its data is obtained by real-time sequencing
engine. The synthesis of data is depending upon

continuous template-directed synthesis using
four recognizable fluorescently labelled dNTP’s,
performed by DNA polymerase. The enzymatic
integration into a growing strand of DNA with
ZMW, provide a determination of thousands of
single molecule sequencing reaction. The fluo-
rophore associated to the terminal phosphate to
the dNTP’s allows observation of DNA synthe-
sis without steric hindrance over thousands of
bases (Fig. 7) (Levene et al. 2003; Eid et al. 2009;
Flusberg et al. 2010).

Fourth Generation Sequencing

Over the years, advances in sequencing tech-
nologies have enhanced vastly. One of the sig-
nificant accomplishment of NGS is the nanop-
ore sequencing, Nanopore DNA sequencing
with MspA and DNA Nano-ball sequencing.

NanoPore Based Sequencing Technology

Nano-pore sequencing has the potential to
rapidly or consistently sequence the entire hu-
man genome for the cost between a hundred US
dollars to thousand US dollars (Maitra et al. 2012),
depending on single molecule technique. Nano-
pore technologies are characterized by two types:
biological and single state. Hagan Bayley and
Gordon Sanghera founded Oxford Nano-pore
technology (ONT) for commercial use of Nano-
pore based sequencing system (Fig. 8) (Feng et
al. 2015; Schadt et al. 2010). In Nano-pore tech-
nology, throughout the sequencing procedure,

Fig. 7. Technical advances of three leading third generation sequencing
Source: Author
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an ion current passes through the pore that is
blocked by the nucleotide and it is devoid of
nucleotide labelling and detection. During the
completion of the method, different features and
parameters, such as diameter, length, and con-
firmation of the molecule are identified (Astier et
al. 2006; Rhee and Burns 2006).

Nanopore DNA Sequencing with
Mycobacterium smegmatis Porin A (MspA)

In this method, MspA protein has a better
resolution because of the shorter blockade re-
gion. It is used as the pore and the consequence
of a linear molecule of single-stranded DNA (ss-
DNA) on the current transiting the pore is cal-
culated (Derrington et al. 2010). A region of dou-
ble-stranded DNA (dsDNA) is implemented to
sluggish down the transit of the ssDNA via the
pore so that it allows detecting the individual
bases as they disrupt current transiting the pore
(Ku and Roukos 2013).

DNA Nano-ball Sequencing

It involves separating DNA that is to be se-
quenced, shearing it into small 100 – 350 base
pair (bp) fragments, they are ligated with adapt-
er sequences, and further on the fragment is cir-
cularized. The rolling circle application is used
to copy that result in many single-stranded cop-
ies of each fragment. The copies of the DNA
concatenates head to tail in a long strand, and
are packed together into a DNA nanoball and
later on are adsorbed on to a sequencing flow
cell. At each interrogated position the color of

the fluorescence is documented all the way
through a camera having high resolution. The
created single-stranded circular DNA template
containing sample DNA ligated to the adapter
sequences and later on long string of DNA is
formed by the amplification of the full-length
sequence. It is accomplished by binding of Phi
29 DNA polymerase to DNA template by rolling
circle replication. The synthesized strand does
not have the circular template which result in
nanoparticle self-assembles, that is compacted
ball of 300 nm. Nanoballs repel each other due to
being negatively charged. In order to determine
the sequence of the DNA, the DNA nanoballs
have adhered to a patterned arrangement flow
cell. The flow cell is made up of positively-charged
aminosilane on which the DNA nanoballs are at-
tached to in a well-organized array, allowing a
very high density of DNA nanoballs to be se-
quenced (Xu et al. 2019).

Applications of Next Generation Sequencing

Next-generation sequencing has so many
applications in many areas such as WGS, tar-
geted sequencing, de novo sequencing, single
RNA sequencing and the sequencing of DNA
extracted by antibodies targeting DNA binding
protein (Jensen et al. 2013; Koboldt et al. 2013).

All these applications are used for studies in
the number of areas:

Genetic Diagnosis of Rare Disease

NGS technology is widely used by research-
ers working on many human diseases (Metzker
2010). The whole genome sequencing of certain
species and organism is easily done by NGS,
which helps in analyzing the total sequence and
gives information about the different disease (Van
et al. 2016; Boycott et al. 2013; Choi et al. 2009).

Cancer Diagnosis

NGS used in molecular diagnostic laborato-
ries for the recognition of DNA mutation in tu-
mor tissue. Many medical centers and universi-
ties recently implemented NGS for clinical diag-
nosis. NGS is a multiplex prognostic test which
examines a limited area of tumor DNA for devia-
tion that can be used as a molecular target for

Fig. 8. Advanced technological features of the fourth
generation sequencing
Source: Author
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therapy (Todenhofer et al. 2018). NGS recover
the efficiency of therapies, but NGS testing are
costly and the profit is not yet achieved in rela-
tion to these costs (Sholl  2017; Nikiforov et al.
2014; Serrati et al. 2016).

Microbiological Studies

The major use of NGS in microbial technolo-
gy is to alter the conservative characterization
of a pathogen by staining, metabolism and mor-
phology along with genomic criteria of patho-
gen (Mayo et al. 2014). The genomic properties
of the pathogens define information about drug
sensitivity and relation between different patho-
gen which can be used to draw infection out-
burst. Recently, NGS was used to trace an infec-
tion occurrence of methicillin-resistant Staphy-
lococcus aureus on a neonatal intensive care
unit (Behjati and Tarpey 2013; Roh et al. 2010).

Transcriptomics

The development of NGS technology led to
the whole transcriptome amplification to enable
sequencing of full-length mRNA from many in-
dividual cells (Van et al. 2014; Mutz et al. 2013).

Phylogenetic Studies

The human genome has all the information
embedded in it, like ancestral information, phy-
logenetic relationship between other species,
ethnicity, age and physical and physiological
characteristics (Yang et al. 2014).

Forensic Studies/Research

NGS technology provides new chances in
the biomedical field of forensic science. NGS
technology can be put in forensic science to
altogether examine many loci of forensic con-
cern in diverse genetic circumstances, such as
autosomes, mitochondrial and sex chromosomes
(Marshall et al. 2017; Strobl et al. 2018).

Plant Biology

The NGS sequencing is a revolutionary tech-
nique in the sequencing of plant genomes. The
recent achievement in the field is the sequenc-

ing of plant species Arabidopsis thaliana
(Koornneef and Meinke 2010). To determine the
whole genome analysis/sequencing of the
plants, most of the researchers commonly prefer
NGS technology (Hodzic et al. 2017; Egan et al.
2012; Brautigam and Gowik 2010).

Immunoinformatics

The NGS development has strengthened the
way for WGS in persons (Chaitankar et al. 2016),
with the help of NGS technology, research on
human leukocyte antigen (HLA) gives very use-
ful information involved in immunity. The HLA
region has been associated with 100 or more
than 100 diseases, and most of them are an au-
toimmune disease (Hosomichi et al. 2015; Gough
and Simmonds 2007).

Limitations of the Next Generation
Sequencing

The major disadvantage of NGS technology
in the biomedical field is to put necessary things,
computer facility, its storage, and an expert re-
searcher to analyze and identify the data of dif-
ferent samples (Gullapalli et al. 2012; Pareek et
al. 2011). One thousand dollars can read about
150,000,000 reads in the NGS, on the other hand,
a single Sanger method read, typically costs
approximately one dollar (Mayo et al. 2014).
However, to run the NGS with less cost, one
would have large batches of a sample with su-
pra-regional centralization that need to be fur-
ther investigated.

The identification of technical properties can
be useful for suitable selection of a platform for
the sequencing. To interpret the repetitive se-
quences longer reads are preferred so the Sanger
method would be the most suitable. However, it
is avoided due to high cost, time and labor re-
quirements. The NGS platform is used in combi-
nation with Sanger sequencing, for genome se-
quencing and sequences that are improperly
sequenced by NGS. Alvarez-Cubero et al. (2017)
suggest the Roche/454, covering the longest
read-length capacity and highest speed among
NGS platforms, for the sequencing of the large
genome. The third and fourth generation se-
quencing is the techniques that are mostly used
to sequence the large genome of the plant and
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animals with low cost and efficient accuracy. Still,
there is a need in the near future to come up with
the sequencing technologies that would be eas-
ily available to the users with the least cost.

CONCLUSION

In the fast-rising HT-NGS technologies, the
major question is to handle the analysis of vast
fabrication of sequencing database through ad-
vanced In-silico tools. Each day new innova-
tions are developed in the field of sequencing
and have a greater chance to achieve cheap,
fast and accurate sequencing data. The sequenc-
ing is important in the diagnosis of many dis-
eases, sequence analysis of organisms, drug
designing, etc. and the sequencing techniques
are improving day-by-day with new concepts
still developing. Sequencing techniques based
on different generation are categorized by run
time, cost per megabase, error rate and time tak-
en. In recent years, there has been a tremendous
advancement in cost-effectiveness and rapid
sequencing. In general, sequencing has been
restricted to small fragments of around thou-
sands of bases due to maintaining accuracy and
high sequencing quality. In the Sanger sequenc-
ing method, sequencing is higher in cost and takes
so much time, although it was very successful tech-
nology in most of the commercial sectors in the
past. NGS comes with a very good machinery work
along with a number of techniques providing low
cost and high runtime sequencing technology
which is mostly used by companies recently. On
the other hand, the third generation sequencing
offers low cost, high throughput, improved quan-
titative accuracy but the data obtained is of a dif-
ferent kind. In recently developed sequencing tech-
nology (fourth generation sequencing) the Nan-
opore sequencing technology is a very new con-
cept working on lesser cost and higher run time.
This study and these recent challenges hold the
significance of performing normal evaluations of
the rapidly improving hardware and software for
identifying different genomic sequences. Hope the
sequencing world discovers a new technology
soon with more efficiency, accuracy and least cost
for human welfare.

ABBREVIATIONS

NGS – Next Generation Sequencing
Ion PGM – ion personal genome machine

TGS – third generation sequencing
SMRT – single molecule real time
ZMW – zero mode waveguide
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