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Abstract
Next-generation sequencing has the ability to revolutionize almost all fields of 
biological science. It has drastically reduced the cost of sequencing. This allows 
us to study the whole genome or part of the genome to understand how the cel-
lular functions are governed by the genetic code. The data obtained in huge quan-
tity from sequencing upon analysis gives an insight to understand the mechanism 
of pathogen biology, virulence, and phenomenon of bacterial resistance, which 
helps in investigating the outbreak. This ultimately helps in the development of 
therapies for public health welfare against human pathogen and diagnostic 
reagents for the screening. This chapter includes the basic of Sanger’s method of 
DNA sequencing and next-generation sequencing, different available platforms 
for sequencing with their advantages, and limitations and their chemistry with an 
overview of downstream data analysis. Furthermore, the breadth of applications 
of high-throughput NGS technology for human health has been discussed.

Keywords
Pyrosequencing · Roche 454 · ABISOLiD · Nonopore

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-13-8844-6_15&domain=pdf
https://doi.org/10.1007/978-981-13-8844-6_15
mailto:vijayverma@curaj.ac.in


314

15.1	 �Introduction and History of Sequencing

Earlier, Sanger’s method of DNA sequencing was the only easy and popular method 
to determine the sequence of DNA molecule. On top of everything, this dideoxy 
chain termination method was diligently used for more than three decades from its 
discovery. Since the start of the twenty-first century, high-throughput sequencing 
technology has made an impact on the genomics research because it enabled 
genome-wide sequencing and screening far easier, inexpensive, and reproducible 
with lesser need of manpower (Metzker 2010). Using NGS, the genome of the bac-
teria can be sequenced in a single run. Sequencing of the DNA allows us to provide 
the basic information, i.e., the sequence/order of the nucleotides. After recognizing 
that this could be a magic tool to understand the gene sequences and location of the 
gene regulatory molecules, a UK-based team led by Dr. Frederick Sanger initiated 
work on DNA sequencing in 1972. He finally developed the “dideoxy chain termi-
nation” method for DNA sequencing and also published his work in 1977 (Sanger 
et al. 1977a). The method was based upon the base-specific termination of the grow-
ing chain. DNA polymerase adds the nucleotides on the chain, but upon the incor-
poration of dideoxynucleotide, the chain terminates due to its inability of the 
phosphodiester bond formation between newly coming nucleotide and dideoxynu-
cleotide. In the same year 1977, a US team led by Maxam and Gilbert also pub-
lished a chemical-based sequencing method in which the sequencing of DNA was 
dependent on chemical cleavage protocol (Maxam and Gilbert 1977). This method 
was based upon the use of harmful chemicals such as dimethyl sulfate (DMS) and 
hydrazine and hence was not that popular among molecular biologists. In contrast, 
the Sanger’s method was accepted widely because of its easy protocol and use of 
lesser harmful reagents (Obenrader 2003). However, both Fredrick Sanger and 
Walter Gilbert were awarded with the Nobel Prize in chemistry in 1980 for their 
DNA sequencing method discovery. Using Sanger’s method, bacteriophage ΦX174 
genome of 5386  bp was sequenced, and it was the beginning of the full DNA 
genome sequencing (Sanger et al. 1977b).

Sanger’s method was the method of choice and used for the genome sequencing 
of a number of organisms. Haemophilus influenzae was the first bacterium of 
genome size 1,830,140 bp sequenced using an approach, namely, shotgun, in 1995 
(Fleischmann et al. 1995). Soon after this, Saccharomyces cerevisiae was the first 
eukaryotic genome of size 12,156,677 bp sequenced in 1996 (Goffeau et al. 1996). 
Major breakthrough happened when human genome (14.8 billion bp) was sequenced 
and got published in 2001. The human genome was sequenced using two different 
approaches by two different independent teams. Using shotgun approach (where the 
genome got fragmented randomly), Dr. Craig Venter’s team from a company called 
Celera Genomics published its dataset in 2001 (Venter et al. 2001), whereas Francis 
Collins group from the National Human Genome Research Institute (NHGRI, NIH) 
used the BAC contigs (bactigs) approach for the mapping of sequence.

The major limitation of the Sanger’s method was that it could sequence very less 
number of DNA sequences in one go and also the cost per base was very high. 
Apparently, the high rise in the complex diseases and their relation with the 
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mutations/changes in the genome demand a far-flung knowledge of the genome 
sequence. Thus, it is required to sequence the genome of huge number of individu-
als as well as other organisms for the diagnosis and treatment in short period of time 
with low cost. This prompted the need of high-throughput sequencing technologies, 
which can provide information at substantially lower cost. Further, the development 
of high-throughput next-generation sequencing technology has proven that it can 
generate enormous data (millions of sequences) cost effectively and rapidly.

Here we have shown a timeline of sequencing events and introduction of plat-
forms of different generations’ sequencing technologies (Fig. 15.1).

15.2	 �Different Generations of Sequencing

It is very prominent that for almost four decades, the Sanger’s method was consid-
ered the gold standard because there was not a considerable development in DNA 
sequencing techniques in those years. In the last almost 15 years (from 2005), there 
are massive changes in the generation of sequencing technology. In short, changes 
in generation means the change in chemistry and platform. The widely accepted 
method of sequencing, i.e., Sanger’s method of DNA sequencing, covered the first-
generation sequencing along with Maxam-Gilbert method. Both methods were 
capable of sequencing about 1 kilobase length DNA fragment at one shot. In the 
process of analyzing longer sequences, researchers used the “shotgun technique” 

Fig. 15.1  Sequencing events, developments, and introduction of different generations’ sequenc-
ing platforms in chronological order
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where overlapping sequences were cloned and sequenced separately followed by 
assembly into contigs (Anderson 1981). Sanger’s method is one of the best methods 
for years to come for the sequencing of gene cloned in heterologous system because 
of its precision, robustness, and ease of use.

Scientists presented a next-generation sequencing technology, which comes 
under second-generation sequencing technology that includes Roche 454, Illumina 
Solexa, and ABI-SOLiD and has transformed the field of omics. This technology 
was able to produce enormous amount of data at very economic cost and expedi-
tiously. Moreover, this technology is very rapid than traditional method that whole 
genome of small organisms can be sequenced in a single day. However, in recent 
years, Illumina platforms have contributed very much to the second-generation 
sequencers and hence are considered to be one of the best platform providers.

The third-generation sequencing that is also known as next next-generation 
sequencing refers to those technologies which do not depend on the PCR amplifica-
tion of DNA molecule. Thus, the problem related to biasness through PCR amplifi-
cation and dephasing was ruled out. Platforms of this generation, which include 
Helicos and PacBio, are capable of sequencing single molecule.

There is a platform called Ion Torrent that has been kept between second and 
third generation because it is based upon first “post light sequencing” technology. 
This does not require fluorescence or luminescence. Nanopore sequencers offered 
by Oxford Nanopore Technologies (ONT), namely, GridION and MinION, lie 
under fourth generation. These platforms are based on different chemistry from 
third-generation sequencers.

Note that Roche 454 platform was commercially introduced first, but nowadays 
it is not available in the market. This shows that the changes made in this field in the 
past 12–15 years are very rapid.

15.3	 �Comparison of First-Generation and Second-
Generation Sequencing Principle

First generation includes two separate methods, namely, Sanger and Maxam Gilbert 
method. Both methods were equally accepted in the beginning, but Sanger’s method 
was extensively used for the routine sequencing purposes, which was based on the 
chain termination method. In the chain termination method, upon incorporation of 
the dideoxynucleotides (ddNTPs), the growing chain terminates. Fragments of var-
ied length (length varied by single nucleotide) of the DNA molecule then run on the 
traditional slab gels and pattern of bands obtained for the sequence determination. 
Subsequently, radiolabeling is replaced with fluorescently labeled (automated 
method of sequencing) ddNTPs, and the laser light at different wavelengths does the 
sequence determination (Smith et al. 1986). This method can generate a maximum 
read length that ranges from 800 to 1000 bp. In this method, only one fragment can 
be sequenced in one capillary, which means the output of one run is the length of the 
sequenced fragment.
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Conversely, the principle of second-generation sequencers or next-generation 
sequencers is based on clonal amplification of DNA molecule where billions of dif-
ferent DNA fragments get sequenced at the same time in parallel fashion and gener-
ate enormous data. For sequencing of the whole genome of an organism, random 
fragmentation is done at particular size range and then fragments ligated to the oli-
gonucleotide adaptors, which are platform specific, followed by independent paral-
lel sequencing. Parallel analysis increases the sequencing speed. NGS offers the 
capability to produce massive volume of data from a single run at a very low cost in 
a very short duration without the need of fragment cloning strategy, which is gener-
ally used in conventional method. As we can see, there is a vast difference in the cost 
per genome sequencing in 2001 ($100M) as compared to the cost in 2017 (<$1K) 
(data from NHGRI genome sequencing program). Complete draft sequence of the 
human genome with the help of automated Sanger’s method was published in 2001, 
which was the outcome of 13 years of rigorous efforts of international project of 
$2.7 billion. On the contrary, using NGS platform, the whole human genome can be 
sequenced in a week for a few thousand dollars (Gullapalli et al. 2012).

15.4	 �Second-Generation/Next-Generation Sequencing 
Technologies

NGS and high-throughput sequencing generally denote to technologies that permit 
the millions of sequencing reactions in parallel on the same solid surface which may 
be beads or glass slide. This does not require the physical separation of reaction in 
different well or in lane/tube but spatially separated. Hence, thousands of million 
different reactions ensue simultaneously, because of which there is a dramatic 
decrease in the labor input as compared to other conventional methods and the huge 
reduction in cost per se. The path involves several commercial NGS platforms that 
are based on different technologies but typically follow a general pattern or steps. 
General steps involved in the DNA sequencing using NGS are (i) library prepara-
tion (random fragmentation of genome, ligation with appropriate adaptors), (ii) 
amplification of library, and (iii) sequencing using different approaches. The basic 
steps involved are presented in a flowchart in Fig. 15.2. The generated results differ 
with respect to read length, quality of the data, and quantity of the data based upon 
the platform used. Classification of different sequencing technologies based upon 
the type of technology, chemistry, detection system used, and method of amplifica-
tion used in different generations of sequencing platforms is described in Fig. 15.3. 
Here in the following section, we will discuss about the current sequencing tech-
nologies, their principle, and their advantages and limitation.

15.4.1	 �Pyrosequencing Technology

Nyren’s group pioneered this sequencing by synthesis (SBS) approach technology in 
1993, where DNA sequencing is based upon detection of released pyrophosphate 
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(PPi) molecule during addition of nucleotide by DNA polymerase (Ronaghi et al. 
1996). The speed of the reaction is very fast as it just takes 3–4 s at room temperature 
to complete the reaction from addition of nucleotide to chemiluminescent detection. 
Later, 454 Life Sciences (a USA-based biotechnology company which was later 
acquired by Roche) took over this technology and commercialized it with some 

Fig. 15.2  Schematic representation of the basic steps involved in DNA sequencing using different 
NGS platforms

Fig. 15.3  Classification of the next generation sequencing (NGS) on the basis of types of technol-
ogy, chemistry, detection system and clonal application
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modifications. Pyrosequencing uses the enzyme luciferase from Photinus pyralis 
(American firefly) and recombinant ATP sulfurylase from Saccharomyces cerevisiae 
(Karamohamed et al. 1999). Two different approaches are available in pyrosequenc-
ing: (i) solid phase (Ronaghi et al. 1996) where DNA gets immobilized (based on 
three-enzyme cascade method with washing step) and (ii) liquid phase (Ronaghi 
et al. 1998) in which a nucleotide-degrading enzyme, pyrase, has been added (based 
on four-enzyme cascade method without washing step) which excludes the require-
ment of solid support because of which reaction can be performed in a single tube.

15.4.2	 �Roche 454 (GS FLX plus)

In 2007, 454 Life Sciences, a pyrosequencing technology-based sequencer, was 
taken over by Roche and later known as Roche 454. Steps involved in pyrosequenc-
ing are fragmentation of the nucleic acid to be sequenced followed by synthesis of 
template strand with the assistance of polymerase enzyme. On incorporation of new 
nucleotide by polymerase, the pyrophosphate molecule is released. This pyrophos-
phate molecule converts the ADP to ATP in the presence of the enzyme ATP sulfury-
lase. ATP molecule supplies the energy for the oxidation of luciferin, which 
subsequently emits light and recorded by charge-coupled device (CCD). The identity 
of nucleotides added (all four dNTPs added in the reaction separately) into the reac-
tion for polymerization is known to help in the determination of template sequence.

Pyrosequencing-based platform uses a massively parallel system for sequencing 
in picolitre volumes in microfluidic format. In brief, the methodology of sequencing 
is the fragmentation of DNA (~800 bp) using spray method (nebulizer), adaptors 
ligation to the fragmented DNA, library preparation followed by attachment of 
library to beads (DNA capture beads, which allows attachment of one fragment per 
bead). The beads make individual compartments, which are usually referred to as 
microreactors/microvesicles. Clonal amplification takes place in those compartments 
by emulsion PCR; subsequently, emulsion gets broken and beads attached clonally 
amplified DNA becomes enriched in microreacters/microvesicles (Margulies et al. 
2005). All clonally amplified DNA-bound beads are individually loaded on picotitre 
plate (PTP; imprinted on the fiber-optic slide), which contains approx. 3.4  ×  109 
wells of ~55 μm in depth and 75 picolitre calculated size. The slide/plate comprising 
the picolitre-sized wells mounted in a flow cell, which forms the channel for the flow 
of the sequencing reagents above the wells. The base of the plate is connected with 
the imaging device called as CCD that captures the emitted light and provides the 
results in the form of flowgrams. Genome sequencer GS FLX produces nearly 
450 MB data from a single run whereas new genome sequencer (GS FLX plus) can 
produce 700 MB data from a single run in ~10 h with an approximate cost of 5K to 
7K USD.

Advantage  This is a fast (700 MB data in a day), accurate (~99.9% after filter) and 
reliable technology for high throughput real-time sequencing. The Roche 454 is an 
upgraded platform, which can give read length>700  bp. Further, the technology 
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does not require labeled nucleotides and primers followed by gel electrophoresis 
and suitable for de novo sequencing as well as confirmatory sequencing (Ronaghi 
2001). The technology provides flexibility in primer designing since it starts 
sequencing immediately downstream of primer sequence without keeping gap of 
30–40 bp.

Limitation  The platform sure has some limitation. The main constraint is the prob-
lem in sequencing same nucleotide repeat (>8 bp), that is, homopolymer sequencing 
(Mardis 2008). Another, it is relatively costlier than other NGS technologies.

15.5	 �Reversible Terminator Technology

This technology also depends on the sequencing by synthesis (SBS) strategy. Dr. 
JingyueJu was the first person who described reversible terminator sequencing tech-
nology (Li et al. 2003). The basic difference between traditional sequencing and this 
is that the traditional sequencing uses ddNTPs to irreversibly terminate the exten-
sion of the primer whereas reversible sequencing technology employs modified 
analogue of nucleotide to terminate the extension of primer reversibly (Guo et al. 
2010). In the past decade, numerous reversible terminators have identified based 
upon reversible blocking groups and can be categorized into two types. One cate-
gory belongs to 3’-O-blocked reversible terminators and other is 3’ unblocked 
reversible terminator. Illumina Solexa commercializes this technology because of 
its comprehensive acceptance in second-generation sequencers (Bentley et  al. 
2008).

15.5.1	 �Illumina Solexa

As stated above, this is the popular NGS platform of second generation. David 
Klenerman and Shankar Balasubramanian gave the idea for only one DNA mole-
cule sequencing attached to microsphere with the foundation of Solexa in 1998. The 
“Solexa Genome Analyzer” system, which came in 2006 and later, it was acquired 
by Illumina for the sequencing of clonally amplified DNA (Voelkerding et al. 2009).

A flow cell, which is used by Illumina Solexa, is made up of optical transparent 
slide having eight lanes on its surface. Oligonucleotide anchors are immobilized to 
the surface of the flow cell. In brief, the methodology of the sequencing is the frag-
mentation of template DNA, end repairing of fragments (blunting and 5’ end phos-
phorylation). Adenylation of 3’ ends by the addition of single ‘A’ nucleotide to 
facilitate ligation with the oligonucleotide adapters carrying a ‘T’ overhang at 3’. 
Since ligated adapters are complementary to the flow cell, anchors thus get hybrid-
ized. The DNA template attached to the anchors of the flow cell relies for the cluster 
generation by “bridge amplification” in contrast to emulsion PCR (Adessi et  al. 
2000). Further, DNA fragment makes an arc and hybridizes with its distal end to 
neighboring anchor oligonucleotide to its complementary part. Because of clonal 
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amplification, each template generates thousands of copies (clusters) of same tem-
plate DNA and subsequently millions of separate (unique) clusters are generated on 
the single flow cell followed by addition of DNA polymerase, and four different 
fluorescent-labeled reversible terminators aid in sequencing the millions of clusters 
in parallel fashion onto the flow cell. Polymerization terminates because of the 
incorporation of fluorescent-labeled reversible terminators (ddNTPs) and incorpo-
rated nucleotide is identified by the fluorescence captured (Guo et al. 2008). By the 
enzymatic cleavage, the fluorescence label gets cleaved, which permits the incorpo-
ration of next nucleotide (www.illumina.com). Recently, several technical improve-
ments are happening rapidly  in this sequencing technology including library 
preparation method, which involves fragmentation of the DNA in acceptable sizes 
by Covaris (Adaptive Focused Acoustic wave) sonication method and improved 
adapter ligation efficiency, etc.

Illumina platforms dominate in high throughput sequencing market. Currently, 
Illumina is producing a series of platforms (MiSeq, HiSeq series and NextSeq series). 
Different platforms are augmented for throughput and turnaround time of the run. 
Most recognized platforms are MiSeq and series of HiSeq platforms. The MiSeq is a 
personal tabletop sequencer marketed in 2011, where a run can be completed in as 
fast as in four hours for the targeted bacterial sequencing. On the contrary, HiSeq 
2500 is applicable for high throughput sequencing like 1 TB data from a single run 
in 5–6 days. New model of HiSeq platform, that is, HiSeq 2500, can also be run in 
fast mode. However, run will not be cost effective and will sequence 30X human 
genome in approximately 27 h. In the beginning of 2014, Illumina launched another 
two NextSeq 500 and HiSeq X Ten. NextSeq 500 is similar to MiSeq made for indi-
vidual labs. HiSeq X Ten platform works as whole genome sequencer at population 
scale. Presently, Illumina only supports sample of human for whole genome sequenc-
ing on HiSeq X Ten. MiniSeq platform from Illumina also came into the market in 
2016. Most recently released platforms from Illumina are HiSeq 3000 and HiSeq 
4000 based on the patterned flow cell technology. Their data output and run time lie 
between HiSeq X Ten and HiSeq 2500 (Reuter et al. 2015).

The latest machine from Illumina launched at the end of 2017 is HiSeq 100. This 
is the smallest and most inexpensive sequencer in the portfolio of Illumina with a 
maximum data output of 1.2 GB and 4 million reads per run, with run time ranging 
from 9 to 17.5 h (www.illumina.com/iseq).

Advantage  First and foremost, the technology provides high throughput data in a 
very short period of time with very low amount of sample per run (Buermans and 
den Dunnen 2014). The newer platforms of Illumina like HiSeq 2500, HiSeq 2000 
and MiSeq generate more data (up to 600 GB) at low cost per base. Using the plat-
form based on reversible terminator technology, 1 TB data can be generated in a 
single day. Another big advantage is the longer read lengths, that is, 300 bp paired-
end sequencing in Illumina (MiSeq) platform is now possible, which was earlier 
25 bp single-end reads by Solexa. Besides this, Illumina platforms provide 99.9% 
accuracy of the sequencing data (Morey et al. 2013). Because of the presence of 
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blocking group, the addition of only one nucleotide per cycle facilitates the sequenc-
ing of homopolymeric regions efficiently (Mardis 2013).

Limitation  Major limitation is guanine and cytosine (GC) biasness, which gets 
introduced during bridge amplification (Mardis 2013). Another concern is dephas-
ing, which means the different copies of DNA in a cluster get out of sync (inconsis-
tent). In other words, inappropriate deblocking of nucleotide results in varying 
length fragments in a cluster. This decreases the accuracy in base calling at 3’ end 
of the DNA fragments, especially in invert repeat sequence (Nakamura et al. 2011).

15.5.2	 �Sequencing by Ligation Technology

This is a DNA sequencing technique, which determines the DNA sequence by uti-
lizing the mismatch sensitivity of DNA ligase enzyme (Ho et al. 2011). Applied 
Biosystems, USA marketed this technology in 2008. The platforms of this technol-
ogy rely upon oligonucleotide probes of variable lengths, labeled with different 
fluorescence tag liable to the nucleotide to be sequenced.

15.5.3	 �ABI-SOLiD

The expansion of SOLiD is small oligonucleotide ligation and detection system. The 
technology was invented in 2005 by George Church. Later in 2008, it was further 
upgraded and marketed by Applied Biosystems (Voelkerding et al. 2009), which is 
now acquired by Life Technologies. The sequencing reaction can be divided into five 
broad steps: (1) preparation of DNA library (2) clonal amplification in microreactors 
by emulsion PCR (3) attachment of the beads (4) sequencing and (5) resetting of 
primer. In brief, the methodology for sequencing using this technology includes frag-
mentation of DNA, attachment of fragments to the beads and clonal amplification of 
fragments attached to the beads by emulsion PCR. Following this, adapter sequences 
in amplified fragments hybridized to the specific primers. This facilitates the ligation 
of octamer (eight base pair) interrogation probe (fluorescently labeled) by offering 5’ 
-PO4 group in place of 3’ –OH group. The first two bases of interrogation probes are 
specific while the other six are degenerate. Set of four different fluorescent-tagged 
probes (interrogation probe), having one out of sixteen possible combinations (e.g., 
AC, AT, AC, AG, CG, TC, GT and TT) of two base (specific) at the end compete to 
ligate with the primer. After ligation, fluorescence is imaged that is equivalent to the 
interrogation probe ligated. For another round of cycle, 5’ –PO4 group regenerated 
by the deletion of fluorescence label of the attached interrogation probe. Further, 
steps of the previous cycle are repeated after injection of set of four different fluores-
cent-tagged probes. Generally after seven cycles of ligation, template is reset to the 
n-1 position of complementary primer for another round of ligation. This procedure 
is repeated every time with a consecutive offset like n-1, n-2 and so on of a new 
primer. A single run on SOLiD 5500 platform takes approx. 6–7 days to complete 
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and produce 120–240 GB data with 75 bases read length while SOLiD 4 platform 
generates 100 GB data.

Advantage  This technology offers the highest accuracy of ~99.99% (Voelkerding 
et al. 2009) because each nucleotide sequenced two times, thus, there is pretty less 
chances of miscall from two contiguous colors.

Limitation  One of the limitations is time taken in one run is so long (6–7 days) 
along with production of less data as compared to Illumina platforms. Another limi-
tation is that if we compare with other second-generation methods (sequencing by 
synthesis), the analysis of the data is complex in this technology, which impedes the 
marketing of the platform. De novo sequencing is another limitation in using this 
technology.

15.6	 �Third-Generation Sequencing Technologies

Second-generation technology platforms were the most widely used platforms. But 
the major limitation of them was the occurrence of biasness because of PCR ampli-
fication step. On the contrary, third-generation sequencing technologies do not 
require amplification step and are capable of sequencing single DNA molecule in 
real time. These platforms have the capability to provide single run at very low cost 
as well as made the preparation of sample easier. Further, third-generation platforms 
produce generally longer read of about some kilobase length, which resolve the 
problem of assembling the reads.

Dr. Stephen Quake’s team established the first single-molecule sequencing tech-
nology (SMT) (Braslavsky et  al. 2003), which was further commercialized by 
Helicos Biosciences.

15.6.1	 �Single-Molecule Real-Time Sequencing

Nanofluidics Incorporation pioneered single-molecule real-time sequencing 
(SMRT). This technology for sequencing is based upon two key inventions: phos-
pholinked nucleotides and zero-mode waveguides (ZMW). The key feature of 
ZMW is that it only permits light to illuminate the bottom of a well where the 
immobilized template and DNA polymerase are present.

15.6.1.1	 �Pacific Biosciences (PacBio)
The PacBio depends on the SMRT technology, which was commercialized in 2010 
by Pacific Biosciences (Roberts et al. 2013). This allows us to know about the syn-
thesis of DNA in real time. This is possible because of the presence of zero-mode 
waveguide (ZMW) holes where DNA synthesis takes place.
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Methodology in brief, single stranded adapters (hairpin adapters) ligated to the 
fragmented DNA, which is then known as capped template. Here to increase the 
accuracy, a strand displacing DNA polymerase is used to sequence the same tem-
plate several times (Travers et al. 2010). DNA polymerase and template immobilize 
at the base of the ZMW where DNA synthesis takes place (Levene et al. 2003). 
Approximately 75K ZMWs/SMRT cells are present allowing 75K single-molecule 
reactions in parallel fashion. There is concept of physics, which does not allow the 
laser light (600 nm) to pass completely through the ZMWs (because of zepto-litre 
holes) and it decays exponentially after entering into ZMW. Thus, the laser light 
only illuminates the 30 nm of the hole. Phospholinked nucleotides of all four types 
subsequently pass over the ZMWs. The nucleotides get excited and fluoresce when 
reaching the base because laser cannot penetrate up within the hole. Therefore, 
nucleotides cannot be fluoresced till they are present on the surface of the hole. 
Hence, polymerization reaction takes place continuously; fluorescent signals can be 
detected in real time so the sequence can be read (Eid et al. 2009). RS II platform of 
Pacific Biosciences, which is commercially available, was released in 2010, whereas 
PacBio Sequel is the latest platform released by Pacific BioSciences in autumn 
2015 in collaboration with Roche Diagnostics for the development of clinical grade 
sequencer for diagnostics. RS II platform is the foremost platform that offers 
sequencing read length >20 Kb and PacBio Sequel is analogous to its former. The 
new platform PacBio sequel generates almost seven times (~365,000) more number 
of reads than RS II (55,000). The driving force for the long read length is single-
molecule real-time technology in combination with zero-mode waveguides.

Advantage  The reaction can be monitored in real time is the biggest advantage per 
se, which permits to gather the data related to base composition or sequence of the 
DNA template as well as the enzyme kinetics. Difference in enzyme kinetics pro-
vides us the clue about different modifications present in the DNA like methylation 
(6-methyladenine, 5-methylcytosine) (Flusberg et al. 2010; Fang et al. 2012). With 
the help of the identification of this modification sites genomewide, the approach 
can also be used to identify the potential modification present in different genetic 
diseases. Additional advantage includes longer reads and unbiased data. Moreover, 
using the SMRT approach, not only DNA, ribosome can also be observed at single-
molecule resolution (Uemura et al. 2010). De novo sequencing can be easily per-
formed because of the longer read length. Hence, short read allows error in the 
assembly of fragments and formation of scaffold in repeat and GC-rich regions 
(Bahassi el and Stambrook 2014).

Limitation  The cost per base sequencing being relatively high and the lower 
throughput are disadvantages, which limit its use in maximum genomewide studies. 
Higher error rate (insertion and deletion) is the main limitation of the technology 
(Mardis 2011). Along with this, the data generated per run is very less as compared 
to second-generation platforms.
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15.6.2	 �True Single-Molecule Real-Time Sequencing

This technique also provides us the sequence of single molecule of template 
DNA. Hence, evade the requirement of clonal amplification and library preparation 
(Harris et al. 2008). It is also known as single-molecule fluorescent sequencing. In 
this method, virtual terminators were employed for the fluorescent detection of 
nucleotide. The virtual terminators were introduced in 2009 (Bowers et al. 2009) for 
the third-generation sequencing technology. Their working methodology is similar 
to the second-generation reversible terminators. However, different fluorescent dyes 
and different blocking groups express different features rendering to structure and 
nucleotide binding region of them. Generally, virtual terminators are made up of 
free 3’ –OH group, which interacts with DNA polymerase and fluorescent molecule 
bounded with the linker group (Korlach et al. 2010).

15.6.2.1	 �Helicos Biosciences (HeliScope)
This is the first commercial platform of third generation, which has again revolution-
ized the DNA resequencing technology in 2008. Helicos Biosciences Corporation, 
Cambridge MA, USA has launched the HeliScope platform and produces 3 × 107 
reads/channel in a channel slide format (Metzker 2010). In this method, the template 
to be sequenced is fragmented and polyadenylated at the 3’ end by terminal transfer-
ase. The flow cell, which is coated with the oligo-dT containing primers gets hybrid-
ized to poly-A tail present in the fragments. To avoid Poly-A tail sequencing present 
in the fragments, virtual terminators of nucleotides other than dTTP are added in the 
initial sequencing step. The principle/chemistry of the sequencing is same as for 
sequencing by reversible terminator. Likewise, in the cyclic extension manner tem-
plate, molecules get sequenced and imaged using CCD camera after cleavage of 
blocking group and fluorescent dye (Thompson and Steinmann 2010). Approximately 
35 GB data can be generated from a single run on this platform.

Advantage  It does not require clonal amplification step, which resulted in reduc-
tion of biasness. So, it is a beneficial substitute for applications that are mostly 
affected by PCR biasness like RNASeq. This is the first sequencing method able to 
sequence every single nucleotide of each DNA molecule from the fossils, which 
provide the information regarding DNA damage (Krause et al. 2010). Furthermore, 
this requires very less concentration of template molecule.

Limitation  Despite the advantages, there are some limitations as well, like shorter 
reads and high cost, because of the repetitive sequencing to get the most accurate 
data by reducing error rates. Shorter reads make it difficult to be used for the de 
novo sequencing. Also, the technology does not generate the paired end sequences, 
which could help in the orientation and location determination of contigs for assem-
bling of the data. In 2012, Helicos Biosciences announced the impoverishment. 
However, SeqLLCompany (Boston MA, USA) provides the services for DNA and 
RNA sequencing using this technology.
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15.6.3	 �Ion Semiconductor Sequencing

Basically, this is an extension of the pyrosequencing technology as described by 
Ansorge in 2010. This technology uses a chip (semiconductor), which is fabricated 
with millions of micro wells. These wells capture the release of proton (H+) during 
the sequencing followed by change in pH. Proton detected by the technology is the 
product other than PPi molecule released during polymerization. This is an amalga-
mation of semiconductor technique (digital) and chemistry, which allows the 
expression of chemical signals into digital data (to determine the base call/sequence). 
DNA Electronics in London licensed the principle of this technique, that is, the 
detection of proton (H+).

This is a first commercial sequencing technology, which does not demand for 
costly optics, lasers and different fluorescently labeled nucleotides for complex 
sequencing chemistries (Ansorge 2016).

15.6.3.1	 �Ion Torrent
Ion Torrent released the Personal Genome Machine (PGM), a compact benchtop 
platform in late 2010 that was later acquired by Life Technologies, Carlsbad, 
USA.  This machine uses the high-density arrays and generates the data usually 
10–20,000 MB per run of up to 400 bp read length in 2–7 hours. It is according to 
the chip used and also based on application purpose. The basic methodology is 
almost similar to other NGS technology, which involves fragmentation and ligation 
of adapters. Hybridization to the complementary sequences (primers) bounded with 
the beads followed by emulsion PCR. After clonal amplification, beads flooded over 
the semiconductor chip. Each bead goes to the individual well present on the chip 
flowed by the floating of nucleotides sequentially. On incorporation of each nucleo-
tide by DNA polymerase, a proton (H+) is released, which results in change of the 
pH.  This change in pH determines the base sequence by changing the chemical 
signal into digital signal. In homopolymers (more than one same nucleotide incor-
porated simultaneously), intensity of signal gets high, which is parallel to the pyro-
sequencing technology (Quail et al. 2012).

In the third quarter of 2012, Ion Torrent released its advanced and bigger plat-
form named Ion Proton. This new platform play an important role in the sequencing 
of whole genomes, transcriptomes and exomes. The data output was up to 10,000 MB 
with 200 bases read length in a very short duration, that is, two to four hours. The 
platform has a number of applications including de novo sequencing, ChIP sequenc-
ing, sequencing analysis of the methylation in DNA, small RNA sequencing and 
gene expression analysis. Subsequently, other versions, namely, Ion S5 and Ion S5 
XL, came with their broad range of applications having both low throughput and 
high throughput. In reference of throughput, these platforms can be compared to 
Illumina HiSeq platforms.

Advantage  These platforms require very low input of (DNA or RNA) concentra-
tion (~10 ng) for the identification of mutations and expression profile. Also, the 
technology has simplified the analysis of the sequencing data because of the new 
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Ion Reporter Software. There are plug-ins and operating software available for data 
analysis from amplicon sequencing, microbial sequencing, etc. They are widely 
accepted because of the reasonable cost, though they generate shorter reads than 
some other platforms like PacBio. In simpler words, they are affordable, rapid (run 
completes in 2–4 h) and simple and so are suitable for laboratories.

Limitation  Major limitation is lack of coverage in sequencing of genomes that 
contain very high-AT content using Ion Torrent Personal Genome Machine 
(Ballester et al. 2016). Another difficulty in homopolymer sequencing is stretches of 
more than six same nucleotides trigger deletion and insertion error rate (~1%) 
(Reuter et al. 2015).

15.7	 �Fourth-Generation Sequencing Technologies

This generation of the sequencing has the ability to in situ (perform sequencing 
directly in the cell) sequence the fixed tissue and cells by using second-generation 
methodology (Mignardi and Nilsson 2014). Targeted and untargeted methods devel-
oped for in situ RNA sequencing are based on the principle of ligation chemistry. 
Further, it has the quality to sequence the entire human genome rapidly and authen-
tically at very low cost, that is, <$1000. Thus, fourth generation has come up with 
the use in numerous applications like validation of biomarkers and transcriptomic 
analysis. A group led by Church overcame the limitation present in the Ke’s method 
where they gave an idea of partition sequencing to reduce read density. With this 
approach, determination of expression of large number of genes in the cell is pos-
sible in parallel fashion for several types of RNA. Example: mRNA, rRNA, anti-
sense RNA and non-coding RNA (Mignardi and Nilsson 2014). Using in situ 
sequencing method, it is possible to screen the whole cell population with the reso-
lution of single cell.

Fourth-generation platforms based on recent technique, namely, “Spatial 
Transcriptomics,” are in their infantile stage (Stahl et al. 2016). Again, this tech-
nique is also based upon NGS chemistry for the sequencing. This technique offers 
the simultaneous visualization and quantitative analysis of the transcriptome (gene 
expression data) in the fixed tissues. Nanopore-based sequencing method is also 
available to sequence nucleic acid inexpensively in a short duration.

15.7.1	 �Nanopore Technology

Though this idea of nanopore sensors based sequencing is very old, it was first 
envisaged by David Deamer in 1989. This portable technology emerged from coul-
ter counter and ion channels. On the supply of the voltage, particles of smaller size 
than the pore size circulated across the pore. The read lengths of > 150 Kb can be 
attained. Now, many companies have offered the strategies for nanopore-based 
sequencing. One is NanoTag sequencing by Genia where DNA strand gets excised 
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in monomers followed by their channeling one after another, across a nanopore. 
Another is strand sequencing by Oxford Nanopore; here, whole single strand of 
DNA passes through a nanopore, which allows the pulling base by base in only one 
direction (ratcheted) via nanopore. Till now, Oxford Nanopore Technology is the 
most successful technology for strand sequencing by nanopore.

15.7.1.1	 �Oxford Nanopore (MinION)
MinION is the first nanopore device for sequencing. Oxford Nanopore Technologies, 
UK, licensed it in 2007 and commercialized in May 2014. A flow cell is present at 
the core of this device in which 2048 individual nanopores are present. They are 
divided into four groups of 512 nanopores in each group and controlled by 
application-specific integrated circuit (ASIC). Brief methodology for sequencing 
involves ligation of adapters to the fragments at each end. Adapters enable capture 
of the fragment and polymerase binding at the 5’ ends of the fragments. Additionally, 
these adapters concentrate the DNA fragments closer to the nanopore, which 
enhances the rate of fragment capture thousandfold. Also, these hairpin-like adapt-
ers allow adjoined sequencing of two complementary strands by covalently attach-
ing the strands to each other. On translocation of a fragment through nanopore, the 
polymerase processes along the template strand and the process repeats for comple-
mentary strand. The sensor identifies the change in ionic charge when fragments 
move through the nanopore. The change in the ionic charge or characteristic disrup-
tion in current is divided into separate events, which ensure associated duration, 
mean amplitude and variance. The series of events is finally interpreted using com-
puter software/graphical models (e.g., MinKNOW) to identify the nucleotide 
sequence. Finally, the information collected from the template and complementary 
strands is merged to generate the “2D read.” Another available method for the 
library preparation does not involve the hairpin adapters to covalently connect two 
strands of the fragments. This method generates the “1D reads”; so in this, nanopore 
reads only template strand. However, this allows high throughput but slightly less 
accuracy in data in comparison to 2D data (Jain et al. 2018).

Advantage  The key advantage of this technology is that the device is able to pro-
duce long read length > 882 Kb (Quick et al. 2017; Jain et al. 2018). The ultra long 
read length provides the comfort in data alignment and assembly, which lowers the 
computational burden. Another advantage is that it is a portable device, which also 
provides us chance to see the data in real time. MinION is an economic and high 
throughput device for sequencing of nucleic acid. The biggest advantage of its por-
tability and mini size is that it has given a chance to look for the opportunity of life 
in outer space (Castro-Wallace et al. 2017). This is the first DNA sequencing plat-
form used in the cosmos. Major properties of MinION assists in rapid surveillance 
of epidemics like Ebola virus and Zika virus. Nanopore sequencers can also detect 
cytosine modifications in the native DNA (Rand et al. 2017).
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Limitation  One major drawback of the nanopore technology is the higher error 
rate. Recently in the mid of 2016, Oxford Nanopore Technologies launched a newer 
version of MinION. This platform is based on the newer chemistry known as R9 (R 
stands for reader) and providing the lesser error rates (https://nanoporetech.com/
about-us/news/update-new-r9-nanoporefaster-more-accurate-sequencing-and-new-
ten-minutepreparation). However, it is also not up to the mark for frontline applica-
tions. Currently, the latest version of the technology i.e. R9.4 is getting used in the 
flow cells of the MinION platform. Since the improvements in next-generation tech-
nologies are taking place very quickly, the limitations of this generation will also be 
taken care very soon.

Following are the features why Nanopore sequencers are more suitable for 
sequencing:

The biggest quality of them is no requirement of fluorescent labeling of the nucleo-
tides in sequencing and also provides longer read length. Identification of nucle-
otide is based upon the chemical or electronic structure. Compact size 
(four-inch-long device) of the machine offers the in-field/natural environment 
experiments possible and it has lower cost of sequencing per run including higher 
throughput. This MinION platform has the capability to break the set market of 
$1000 target fixed by the NHGRI, USA.

15.7.1.2	 �Oxford Nanopore (ProMethION)
In the beginning of year 2017, Oxford Nanopore Technologies delivered its new 
highest throughput sequencing benchtop platform ProMethION to the laboratories, 
which has been commercially available in May 2018. Here, up to 48 flow cells can 
run independently, each consisting of 3000 channels (nanopores). Oxford Nanopore 
Technologies promised that ProMethION would perform even better than the best 
platform by Illumina. They have also assumed the data it will generate per run will 
be approximately 11 TB when the manufacturing was underway. Currently in 2018, 
it generates approximately 2 TB in 48 h.

Now this platform has been placed in many sites in many countries proving that results 
continue to rise. In June 2018, more than 100  GB from the individual flow cell of 
ProMethION at University of Aalborg was first achieved. In the University of Birmingham, 
at the time of writing of this chapter (first week of August 2018), ProMethION benchtop 
platform was able to break the record by producing >130 GB data/flow cell (https://nano-
poretech.com/about-us/news/promethion-wild-2-data-yield-continues-climb).

Advantage  The platform offers on-demand sequencing. It means the researcher 
can start and stop the run as and when required or utilize more than one flow cell for 
single experiment for high throughput and faster speed. Individual flow cells of 
3000 nanopores can be used and it provides almost six times more data compared to 
MinION and GridION. Currently, ProMethION beta system module is in use that 
allows 192 different libraries within the whole device.
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15.7.1.3	 �Oxford Nanopore (GridION X5)
In early 2017, Oxford Nanopore Technologies released another platform, namely, 
GridION X5. This is a grid collection of five units of MinION with built-in comput-
ing software for the base calling. This allows five queries simultaneously or indi-
vidually at a time depending upon the requirement of the researcher.

This platform also uses the same core technology and is useful in generating 
huge data (~35 GB in 2017) of long read length along with immediate access to the 
data in real time like MinION and ProMethION (https://nanoporetech.com/prod-
ucts/gridion). Library preparation is very easy and fast and almost the same that of 
MinION, ProMethION and GridION. It requires very less concentration of sample 
(femtogramfor >40 Kb DNA) and also has versatile and complete range of cDNA 
and gDNA library preparation kits. There are two methods for library preparation 
based on amplification of library. PCR amplification-based preparation requires 
when the starting amount of DNA is low. If we use 20 GridION platforms at a time, 
then it can sequence the whole human genome in only 15 min with relatively lower 
cost. A compact microfluidic device, VolTrax (programmable Hand Off preparation 
of Sample), is made available by Oxford Nanopore Technologies for the automation 
of library preparation (Leggett and Clark 2017) that is made up of USB-powered 
base. A consumable cartridge can be placed onto this base with an array of fluid 
comprising pixels on the surface. The software controls movement of drops of fluid 
on the surface of the cartridge. In addition, Oxford Nanopore Technologies is in the 
making of other protocols and customized user protocols. Recently, a new protocol 
has been developed for direct RNA sequencing, which is the most awaited protocol. 
The initial versions are not as precise as those of DNA but there is high hope to see 
the potential method shortly for direct RNA sequencing.

15.7.1.4	 �Oxford Nanopore (SmidgION X5)
In late 2017, Oxford Nanopore Technologies released an even smaller platform than 
MinION that can be attached with the mobile phone, SmidgION. This device is also 
based on the same technology like MinION and ProMethION. This is a very small 
128-nanopore channel flow cell platform for sequencing of clinical, environmental 
and ecological samples. It is useful in the monitoring of the outbreaks (pathogens) 
remotely (https://nanoporetech.com/products/smidgion).

Other than Oxford Nanopore Technologies, Hitachi (Goto et al. 2016) and Genia 
(maintained by Roche) are among the companies who are working on the biological 
nanopore technologies. But, there is no company till now that has launched its plat-
form in the market. This Oxford Nanopore Technologies is competing with both 
long-standing PacBio longer read and Illumina’s shorter read technologies. On the 
other hand, Oxford Nanopore Technologies is providing platform at almost no cost 
or very low cost. Laboratories have to just pay for the consumables.

Table 15.1 provides the overview and characteristics of commonly used next-
generation sequencing platforms.
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15.8	 �Applications of NGS to Address Public Health

To advance public health by unlocking the power of genome, we have just started 
utilizing high throughput sequencing technology, that is, next-generation sequencing. 
Schematic representation in Fig.  15.4 is illustrating that all the applications that 
address the public health utilize or take advantage of the different methods of high 
throughput sequencing technology like whole genome sequencing, targeted sequenc-
ing, ChIP sequencing, RNA sequencing, whole exome sequencing, transcriptome 
sequencing and amplicon sequencing. NGS is exhibiting a broad impact in public 
health welfare and clinical laboratories. This new high throughput technology holds 
remarkable promises with a wide range of applications in exploring biological ques-
tions, which includes management and surveillance of outbreaks, study of human 
microbiome to investigate the infectious organism/polymicrobial infections and taxo-
nomic identification of microbiomes, diagnosis of infectious disease and investigation 
of zoonotic microbes transmission to humans from animals and so on. In this chapter, 
some key areas of NGS applications related to public health are summarized:

Table 15.1  Overview and characteristics of new and commonly used next generation sequencing 
platforms

Company Platform

Maximum 
Read 
Length

Throughput/
run (Gb) Run time

Error 
rate 
(%) Error type

Illumina MiSeq 
(Benchtop)

2 × 300 0.3–15 5–55 h 0.1 Mismatch

HiSeq 
(Capital)

2 × 150 125–700 <1–4 days 0.1 Mismatch

MiniSeq 
(Benchtop)

2 × 150 0.5–7.5 4–24 days 1 Mismatch

NextSeq 
(Benchtop)

2 × 150 20–120 12–32 hr 1 Mismatch

iSeq100 
(Benchtop)

2 × 150 0.2–1.2 9–17.5 hr <1 NA

Thermofisher 
(Ion Torrent)

PGM 
(Benchtop)

200–400 0.03–2 2–8 hr 1 Insertion/
deletion

Ion S5 
(Benchtop)

200–400 0.5–15 2–4 hr 1 Insertion/
deletion

Ion S5 XL 
(Benchtop)

200–400 0.5–15 <24 hr 1 Insertion/
deletion

Pacific 
BioSciences

RS II 
(Capital)

>20,000 0.5–1 30 min–
24 hr

15 Insertion/
deletion

Sequel 
(Capital)

>20,000 0.6–1.25 30 min–6 hr NA NA

Oxford 
Nanopore

MinION 
(Portable)

230,000–
300,000

21–42 1 min–48 hr 12 Insertion/
deletion

ProMethION 
(Benchtop)

>200,000 3–6 Tb 
(>130 Gb/
flowcell)

1 min–64 hr NA NA
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15.8.1	 �Outbreak Management

“An outbreak anywhere is a risk everywhere”—Dr. Frieden. Outbreaks can be 
stressful for individuals and public. However, traditional epidemiology generally 
catches the source of an outbreak, for example, by case control studies (King et al. 
2012). For the past so many decades, laboratory investigation played a significant 
role in investigation and management of outbreak (Sabat et al. 2013). Now, Whole 
Genome Sequencing (WGS)-based typing is encouraging the employment of next-
generation sequencing for investigations of public health. WGS is very useful in the 
detection of outbreak and its management locally and globally and also in the moni-
toring of evolution of multidrug resistance pathogens (Albiger et al. 2016). First 
application of WGS in public health was to dissect the epidemiological connections 
in hospital-acquired infections, for example, bacterial (Acinetobacterbaumannii) 
outbreak in 2010 in a hospital in Birmingham, UK (Lewis et al. 2010). In a very 
short time, several studies have shown that WGS has taken charge for interpretation 
and stopping of the transmission pathways of pathogens in hospital outbreaks. Few 
examples of characterization of newly emerging pathogens, which helped to stop 
the transmission/spread between patients at the same center and inter health care 
centers transmission, are Methicillin Resistance Staphylococcus aureus (MRSA), 
carbapenem resistant Klebsiellapneumoniae (Harris et al. 2010; Snitkin et al. 2012) 
and early detection of K. pneumoniae high-risk clone (HiRiC) (Zhou et al. 2016).

A large outbreak of highly virulent Shiga toxin producing Escherichia coli 
(STEC) was also characterized by WGS. Upon characterization, WGS has the abil-
ity to reveal about isolates like species, strain, virulence, antibiotic resistance and 
much more information from the genome other than phylogenetic information to 
manage the case and outbreak. Investigation of foodborne disease and its outbreak 
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management is the most important area for public health welfare, and WGS prom-
ises to identify those bacteria. According to a WHO survey, approximately 1900 
million people get infected with foodborne pathogens every year and out of them, a 
big proportion (7,15,000) are not able to survive (2007–2015, Food Borne Disease 
Burden Epidemiology Reference Group). Great improvement has been found in the 
outbreak detected and outbreak solved (management) of listeriosis by traditional 
gold standard method in countries like France and US after implementation of 
WGS. Information about drug resistance and virulence characters can be taken into 
account for the clinical practice but more correlation among genotype and pheno-
type is required. Further, NGS data mining may disclose new targets, which may 
help in the investigation of outbreak by highly clonal pathogens. Remarkably, a 
major downside of NGS is that there is no standard guideline from controlling agen-
cies for the sharing of data.

15.8.2	 �Human Microbiome

Human microbiome is one of the important players to affect the immunity of the 
host and metabolic functions that are not determined by human genome. Microbes, 
mainly bacteria, are both closest relative and enemy of our body. Yeast, single-celled 
eukaryotes, helminths and some viruses are also associated to our body. There are 
organisms in our microbiota, which cannot be cultured and identified. Some very 
well-known spots are found for the colonization in the human body like stomach, 
vagina, colon, skin, esophagus, oral cavity, nose and hair. In 2008, National Institute 
of Health (NIH), USA has started two high-profile human microbiome projects of 
international level, namely, Human Microbiome Project (HMP) and Metagenomics 
of the Human Intestinal Tract (MetaHit) on the foundation of NGS as a tool. These 
projects were initiated to isolate and characterize microbes present in the healthy 
individuals and diseased and to develop the new methods for computational analysis 
of sequenced genomes. In the MetaHit program, from the sequencing of gut micro-
biome of 124 healthy adults having obesity, it was found that there are >1000 bacte-
rial species present in the human gut microbiota. This revolutionary project was 
based on the de novo assembly of short reads from human microbiome datasets (Qin 
et al. 2010; Arumugam et al. 2011).

The new sequencing technologies like NGS are facilitating researcher commu-
nity to analyze the world of different microbial populations in varied environments 
and in human body from wider and deeper viewpoints. The ongoing advances in 
sequencing platforms are not only supporting the characterization of whole genome 
of microbes but also are a valuable tool for the taxonomic identification of microbi-
omes, which are an inhabitant of particular niche. This enables us to detect polymi-
crobial infections and colonization at better perspective. Also, identification of new 
species using sequencing of metagenomes by implementing whole genome sequenc-
ing method or 16S rRNA gene amplicon sequencing from a mixed population. A 
new approach, that is, metatranscriptomic method of sequencing, has made the con-
tribution in functional analysis of the interactions among different microbes of a 
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single microbiome. In case of whole genome sequencing, we get longer read length, 
which enables us in better assembling of genome from diverse organisms. By using 
reference sequences or denovo clustering, taxonomy profiling can also be per-
formed. Nowadays, it is very much noticeable that imbalance of gut microbiome 
(also known as dysbiosis) is intensely connected with the immune disorder develop-
ment and/or improper metabolic functioning (Kim et al. 2015). Here, we can say 
that microbiomics has its use in a very controlled manner at the point of care. For 
instance, if a person is suffering from meningitis and doctors/clinicians are not able 
to identify (pathogen eluding the clinicians like criminal eluding the police), then 
microbiomics plays pivotal role for the identification of the responsible pathogen, 
be it bacteria or amoeba. This identification helps the clinicians to precisely medi-
cate (precision medicine) the patient with choice of antibiotics. In other words, 
genomics in these cases is life saving.

15.8.3	 �Diagnosis of Infectious Disease

Recently, the application of next-generation sequencing has also approached the field 
of infectious disease diagnosis like any other medical field to empower the public 
health globally. Earlier, the origin of the disease causing microbe and its diagnosis 
was only based upon the evidence of the existence of a given pathogen in a particular 
given sample. This standard time-taking method of culture-based identification/
detection is still being used. However, this classical approach has many limitations, 
which include problem in cultivation of certain species of microbes like viruses and 
some other pathogens, which are hard to grow in culture. Further, culturing of 
microbes is time consuming and too expensive. Nucleic acid based diagnostic meth-
ods, for example, Polymerase Chain Reaction (PCR), have progressively replaced 
the culturing method. PCR-based method is cost effective, sensitive and specific but 
the main limitation is that it demands prior hypothetical knowledge. It can only iden-
tify the conserved targets of the pathogen and cannot distinguish between genotypes; 
this again restricts the detection of new emerging pathogens (Lecuit and Eloit 2014). 
Other methods for diagnosis were also developed, which include multiplex PCR 
assays, enzyme-linked immunoassays and pulse field gel electrophoresis (PFGE) to 
widen the pathogen detection sensitivity and specificity. But, these conventional 
methods also do not prove to be much useful because of insensitivity for clinical 
diagnosis.

On the other hand, NGS, which has revolutionized the diagnostic field, is differ-
ent from other diagnostic assays because it does not require prior hypothetical 
knowledge. And now it has been commonly used to diagnose and discover the novel 
pathogens, for example. bacteria, fungi, virus or parasite (Frey et al. 2014). The field 
of “diagnosis genomics” or “pathogenomics” has unveiled emerging and re-
emerging pathogens that translate the genomic technologies into methods for diag-
nosis. This new method has facilitated high-resolution mapping of the genetic 
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determinants in microorganisms that uphold the pathogenicity. Whole genome 
sequencing and targeted amplicon sequencing of rRNA genes have come up as 
favored technologies for microbial identification from primary human specimens 
and to analyze the dynamic genomes with a high moldability that is a must for 
pathogens to cling to life in arduous environment (Edwards and Rohwer 2005; 
Weinstock 2012). Analysis of genomes using whole genome sequencing delivers 
high-resolution information to differentiate microbial strains that possess difference 
of as low as one Single Nucleotide Polymorphisms (SNP), thereby it can replace 
other multiple tests. For the detection of pathogenic microorganism from patients 
having suspected infections from uncultivable microbe and or not possible to diag-
nose by standard diagnostic method, whole genome sequencing method is an ideal 
option. In such cases, specimen directly from the patient can be sequenced. Here is 
an example of the strong ability of the whole genome sequencing method in diag-
nosis of a pediatric instance of alymphocytosis or severe combined immunodefi-
ciency (SCID) and recurrent meningoencephalitis, where this whole genome 
sequencing together with a dedicated bioinformatics software (Naccache et  al. 
2014) diagnosed the Leptospirasantarosai in cerebrospinal fluid (CSF) (total DNA 
from CSF) using Illumina platform within 48 hours’ time from the sample collec-
tion, where 475 sequence reads were aligned with the pathogen out of 3,063,784 
total reads (Wilson et al. 2014). Similarly, there are a number of cases where whole 
genome sequencing diagnosed the pathogens from the uncultivable sample in 
patients having infectious syndrome of uncertain cause.

For the analysis of heterogeneity or identification of microbial species in a given 
medical sample, targeted amplicon sequencing of 16S rRNA genes by NGS is also 
a method of choice. Several studies have been performed in relation with the diag-
nosis of patient sample as well as healthy sample to identify the heterogeneity 
among the patient. Because from the studies it is now known that during progres-
sion of disease, bacterial diversity decreases, which may be due to the increased 
antibiotic exposure to the pathogen in the patients (Morgan et al. 2012).

Further, RNA sequencing technology, which is in its infancy, also holds the 
promise for its applicability in diagnosis of infectious disease causing organism. 
Based on the performed studies as of now, this is clear that next-generation sequenc-
ing is progressively working on its way for routine diagnostic purpose in the foun-
dation for public health and clinical laboratories. The approach is applicable for 
diagnosis of all kinds of microorganisms (virus, fungi, bacteria and or parasite/
eukaryotic organism), which participate in the infection process. But there are a 
number of challenges that still obstruct the widespread use of next-generation 
sequencing in the diagnosis of infectious disease. First and foremost, requirement is 
the development and improvement in the software that is required for the analysis 
of the sequencing data. However, now there are several open source pipelines for the 
diagnosis of pathogen by NGS available. But the limitation is again that they require 
a substantial knowledge of bioinformatics/bioinformatics expertise that is generally 
not available in clinical health laboratories.
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15.8.4	 �Determination/Investigation of Zoonotic Microbes 
Transmission to Humans from Animals

Zoonotic diseases are a threat to public health, which is only recently acknowledged 
though the transmission of zoonotic microbial (infections that animals spread to 
humans) agents is on rise from last so many decades. From the studies it has been 
shown that since the Second World War, annually one pathogenic disease comes to 
light globally and developing countries like India significantly carry the ball.

A research group has reported that three out of four emerging pathogens to 
human are of zoonotic origin (Taylor et al. 2001). It has recently become apparent 
that zoonotic diseases involve worldwide devastating diseases like Ebola virus 
infection, bird flu (highly pathogenic avian influenza), severe acute respiratory syn-
drome (SARS) and so many other (Heymann and Dar 2014). These newly apparent 
threats for public health are linked with considerable economic cost, which includes 
direct or indirect impact on our healthcare system.

Next-generation sequencing (NGS) is revealing more understanding on the 
transmission of zoonotic microbes and the method of choice nowadays (Chatterjee 
et  al. 2017). Earlier studies in this area were done by serotyping (Tenover et  al. 
1997). Recently, studies are based on newer methods like pulse field gel electropho-
resis (PFGE) or multilocus variable number tandem repeat (MLVNTR) analysis to 
identify the specific species of microbe in animals and humans (Sabat et al. 2013). 
Nonetheless, still so much is left to understood, mainly frequency of transmission 
(number of contacts needed for the transmission from animals), risk factor linked 
with the acquiring of zoonotic agent and how the transfer of pathogen from animal 
to human is affected by antibiotic use in animal. For all these topics, NGS shows a 
newer perspective. This is also unraveling the difference in previously indistin-
guishable strains of human and animal (Harrison et al. 2013). Besides, NGS also 
permits a wide range analysis of how the use of antibiotics changes the specific 
microbiome and effects on interspecies transmission. Current projects are based on 
whole genome sequencing methods that will help to understand the dynamics and 
mechanism of transmission of pathogen between animals, human and environment. 
A recent study by a veterinary research group has revealed the presence of mcr-
1gene (using whole genome sequencing method) in three E. coli strains isolated 
from poultry meat. Although this gene is not carried by any human strain, two of the 
three strains were related to ST117 (avian pathogenic E. coli), which is a common 
strain between human and poultry animal. This represents a potential concern in 
public health (Kluytmans-van den Bergh et al. 2016).

According to a latest published study in 2018, the next-generation sequencing 
technique has been used to diagnosed the neurobrucellosis from cerebrospinal fluid 
(Fan et  al. 2018). Neurobrucellosis is the condition of brucellosis where central 
nervous system gets involved and it is very common zoonotic disease globally. Its 
diagnosis is challenging with clinical indications it shows because of their non-
specificity and low sensitivity of routine culture test. This group has shown the 
command of NGS for diagnosis from CSF together with bioinformatics analysis.
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Using whole genome sequencing on Illumina HiSeq platform, molecular epide-
miology of the related isolates of methicillin-resistant Staphylococcus aureus 
(MRSA) has been investigated. Also, it was revealed that human and animal isolates 
of the same farm were only varied by few number of Single Nucleotide 
Polymorphisms (SNP). This analysis supports the possibility of zoonotic transmis-
sion of MRSA isolates. The study further shows that mecC-MRSA ST130 isolates 
can transmit between animal and human (Harrison et al. 2013). And this mecC gene 
is liable for the resistance to the penicillin like antibiotic methicillin. This study 
emphasizes the role of farm animal (livestock) as a likely reservoir of antibiotic 
resistant pathogen.

A bacterium, Corynebacteriumulcerans, that causes diphtheria-like infection in 
humans and present in pets was thought to work as reservoir for zoonotic transmis-
sion. Furthermore, the reports reveal that this new bacteria is now playing the lead 
role to cause diphtheria in past years in several economically developed countries. 
Here also, next-generation sequencing approach enables us to identify the novel 
virulence genes rapidly acquired by C. ulcerans and a putative pathogenicity island, 
which possesses the diphtheria toxin gene. This rapid acquisition of genes changes 
the virulence of the strain even in single round of zoonotic transmission. During 
genomewide sequencing/SNP profiling of pair of patient and domestic animal com-
panion, it was revealed that there is very less or almost no difference between their 
profiles. This supports the idea that C. ulcerans encounter zoonotic transmission 
between human and animal. In addition to this, these results demonstrate that NGS 
helps in improving the phylogenetic and epidemiological studies by giving insights 
between closely relative isolates.

15.9	 �Future Perspectives

Next-generation sequencing is making possible the term “One test fits for all” as 
clinical laboratories, public health laboratories and researchers are progressively 
embracing it. Further, this technology has revolutionized each and every field of 
medical science and life sciences imparting numerous benefits in terms of massive 
parallel sequencing. Earlier, high cost of sequencing was also the barrier and now 
the reduced cost by several folds is enormously attracting the researchers and mak-
ing it feasible to plan their research based on sequencing.

In time to come, sequencing of individual genomes of importance living in dif-
ferent conditions, having different nutritional intake and/or under different treat-
ment conditions will pave the way for disease control and its prevention thereby 
facilitates the social security. It is thought that genome sequencing of livestock will 
enable scientific community for more precise identification of genetic markers of 
important traits. However, the information obtained from NGS data will also bring 
advantage to the medical field with respect to better diagnostics and therapeutics. 
Also, the data generated from NGS will help agricultural society to improve the 
breed of dairy cattle and beef cattle. Earlier, the sequencing of animal was used to 
be done for its use as model system to study the human/public health issues.
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Further, sequencing of human microbiomes and parasites of agricultural animals 
can benefit in the development of therapeutics and new vaccines for social welfare. 
Cell-free fetus DNA sequencing (which simply requires only blood sample of six-
week pregnant mother) is showing the new opportunities for prenatal diagnosis, 
which ends the risk for the fetus.

In the end, these rapidly growing new technologies are accelerating the process 
of drug discovery and personalized medicine for public health welfare. Now, it is 
not surprising to say that only our imagination can put the limits of what is possible 
to be done by next-generation sequencing technologies!
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