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Next Generation Sequencing: Chemistry,

Technology and Applications

Pei Hui

Abstract High-throughput next generation sequencing (NGS) has been quickly

adapted into many aspects of biomedical research and begun to engage with the

clinical practice. The latter aspect will enable the application of genomic knowl-

edge into clinical practice in this and next decades and will profoundly change the

diagnosis, prognosis and treatment of many human diseases. It will further demand

both philosophical and medical curriculum reforms in the training of our future

physicians. However, significant huddles need to be overcome before an ultimate

application of NGS in genomic medicine can be practical and fruitful.
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1 Introduction

The conclusion of the human genome sequencing project in 2003 established

the molecular basis for the understanding of many disease processes at genetic

level [1]. As a result, the availability of reference sequence of the human genome

has fueled the emergence of a new era of genomic medicine [2–5]. Advance in

technology of high throughput next generation sequencing (NGS), also known

as massively parallel or multiplex cyclic sequencing, is the key element that

will enable the application of genomic knowledge into clinical practice. However,

DNA sequencing and related genomic informatics must become more economical,

informative, and readily applicable for the ultimate transition from empirical

practice to precision medicine [6, 7]. The current speed of evolution of NGS

technology is stunning and will soon result in the delivery of low-cost, high-

throughput, and even portable DNA sequencing apparatuses to clinical laboratories.

In fact, NGS has already begun to produce clinical benefits in some healthcare

setting [8–10]. In the next few decades, genomic medicine driven by NGS will

profoundly change the diagnosis, prognosis, and therapy of human diseases. It will

demand both philosophical changes and curriculum reform in the training of our

future physicians as well.

In order to get there, there are obstacles remaining to be overcome, such as

developing sophisticated bioinformatics and computational biology techniques for

analyzing vast amount of sequencing data, understanding variations of the

genome, understanding genetic and non-genetic bases of human diseases,

establishing effective ways to deliver evidence-based genomic medicine, and,

finally, resolving ethical and legal issues in the practice of genomic medicine. In

this chapter, the chemistry and technological background of NGS will be

presented. It will be concluded by the direction of future technological develop-

ment in these aspects.

2 Chemistry

DNA sequencing undertaken by the HumanGenomic Project was completed in 2003

almost exclusively by Sanger’s method, the first generation sequencing. In 2007,

DNA sequencing was taken to the next level when the Illumina genome analyzer

was introduced, heralding the era of next generation sequencing.Within 1 year, NGS

was used successfully to sequence the first individual human genome (James

Watson) in 2008 [11]. Now NGS technology is evolving at an unprecedented pace

along with diminishing cost. It is expected that the cost will be approaching less than
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$10,000 per human diploid genome in the coming years [12]. At the time of writing,

a typical platform could produce up to 600 giga-base data in a sequencing run that

lasts for 7–10 days. The data represent about 6,000,000,000 sequencing reads with a

length of 100 bases.

Generally speaking, NGS employs DNA synthesis or ligation chemistry

(sequencing-by-synthesis) to read through many independent DNA templates at

the same time in a highly parallel fashion to produce a tremendous quantity of DNA

sequence data. Sequencing-by-synthesis strategies [13] include a single molecule

approach or ensemble approach (sequencing of multiple clonally amplified DNA

targets on isolated surfaces or beads). Both approaches can be accomplished in

either real-time fashion (DNA polymerase synthesizes without interruption) or

synchronous-controlled fashion (DNA polymerase synthesizes in “stop-and-go”

through controlled delivery of nucleotides or temporarily limiting extension using

modified nucleotides or metal catalysts). The detection of signal can be achieved by

fluorescent labeling of nucleotides, enzyme-coupled chemiluminescence assays for

pyrophosphate, and pH change as result of proton release during each nucleotide

incorporation.

One sharp contrast to the first generation Sanger sequencing is that NGS

generates short reads of frequently less than 500 bp as opposed to over 1,000 bp.

However, the massive depth of coverage, i.e. multiple reads over the same template

DNA region, compensates for the limitations of short reads. NGS technologies have

drastically increased the speed and throughput capacities over Sanger sequencing

while reducing cost, even as we write. NGS may be classified into second and third

generations according to their years of availability and chemistry. Second genera-

tion sequencing essentially uses DNA synthesis chemistry as employed by the

traditional Sanger’s sequencing. Third generation sequencing (Ion Torrent of Life

Technologies, Inc and single polymerase sequencing platforms of PacBioRS, Inc)

employs distinct chemistries, which will be elaborated in the following technology

section.

3 General Workflow of NGS

Regardless of various sequencing chemistries, both second and third generations of

NGS require highly complex pre-sequencing target preparation procedures and

post-sequencing bioinformatics data analysis (Fig. 1). The pre-sequencing step

includes target DNA enrichment and NGS library preparation. Target enrichment

can be accomplished by amplification methods (PCR, Long-ranger PCR, or

Raindance fluidigm PCR) or hybridization capture methods (by solid phase or in

solution). NGS library preparation generally involves (1) fragmentation of the

enriched target DNA by physical methods (sonication, acoustic wave or nebuliza-

tion) into generally a length of 150–500 base pairs (library sequences), (2) ligation

of the fragments to adaptor primers, and (3) clonal amplification of the library by

either emulsion bead PCR or surface cluster amplification.
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The performance of sequencing reaction and capture of sequence data are the

subject of a subsequent section. After a sequencing reaction, billions of reads are

generated. Each read contains the sequence, typically ~100 bases in length, of a

single template clone. Post-sequencing bioinformatics analysis generally involves

sequence image processing to generate base sequences, sequence file conversion to

readable files, and sequence alignment with reference DNA sequence for final

variant identification and annotation. Adequacy of NGS relies on the sequence

coverage and the depth. Sufficient coverage of DNA regions of interest is essential

and sufficient depth of coverage (how many reads of the same region) is critical for

accuracy and interpretation. Some common problems associated with NGS include

sequencing reads are too short, resulting in difficulties in final sequence assembly or

mapping; not all sequences are equally processed at high GC rich regions and

homopolymers, amplification bias is inherent to some target enrichment processes,

and sequencing errors (particularly longer reads) occur from 0.01 to 16 per 100 base

read [14].

4 Evolution of Sequencing Technology

4.1 First Generation Sequencing

First generation sequencing technologies include sequencing by synthesis developed

by Sanger [15] and sequencing by cleavage pioneered by Maxam and Gilbert [16].

Sanger sequencing dominated the biomedical research field before 2008. Standard

four-color fluorescent labeling, where each color relates to one of the four DNA

Fig. 1 Workflow of next-generation sequencing. This target enrichment and library sequencing

approach are typically used in second and third generation sequencing approaches
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bases, has been the method of choice for detection by automated capillary electropho-

resis (CE) platforms, commercially available from Applied Biosystems Inc., Life

Technologies Inc., and Beckman Coulter Inc. The first complete human diploid

genome (Craig Venter) was sequenced by Sanger’s method in 2007 [17]. Although

sequencing tasks in large comprehensive research projects have now shifted to

NGS platforms, Sanger sequencing-CE platform will likely remain in significant

use for targeted sequencing projects (biomarker identification and pathway

analysis) and clinical diagnostic applications until small-scale NGS platforms become

cheap and fast enough; this is an rapidly evolving area of industrial development

(see below).

4.2 Second Generation Sequencing

Second generation sequencing is represented by Roche 454 pyrosequencing, revers-

ible terminator sequencing by Illumina, sequencing by ligation of ABI/SoLiD, and

single-molecule sequencing by Helicos. Using DNA polymerase or DNA ligase as

their core chemistry, these platforms provide significant performance in large

comprehensive whole genome sequencing projects [18]. Roche454 uses emulsion

PCR to achieve clonal amplification of target sequence. The sequencing machine

contains many picoliter-volume wells each containing a single bead and sequencing

enzymes. Pyrosequencing uses luciferase to generate light for detection of the

individual nucleotide incorporated into the nascent DNA [19–21]. Illumina

(Solexa) uses cluster target sequence amplification on solid surface (bridge ampli-

fication). Sequencing is performed by adding four types of nucleotides, each

labeled by one of four fluorophores and containing a 30 reversible terminator. In

contrast to pyrosequencing, DNA can only be extended one nucleotide at a time in

the Illumina approach. After a fluorescent image of the incorporated nucleotide is

recorded, the fluorophore along with the 30 reversible terminator is chemically

removed from the DNA molecule, allowing the next cycle to occur [12, 22].

Applied Biosystem/Life Technologies’ SOLiD technology employs ligation

reaction for sequencing using a repertoire of all possible oligonucleotides of a

fixed length that are labeled according to the sequence position. Oligonucleotides

are ligated after annealing. The preferential ligation by DNA ligase for matching

sequences records the nucleotide position. DNA is clonally amplified by emulsion

PCR on beads, leading to each bead containing only copies of the same DNA

molecule. The beads are deposited on a glass slide [23] and sequenced. The

sequences in terms of quantities and lengths are comparable to Illumina sequencing

[20, 24].

HeliScope sequencer employs “true single molecule sequencing” technology

[25, 26]. DNA fragments along with added polyA tail adapters are attached to the

flow cell surface, followed by extension-based sequencing with cyclic washes of

the flow cell with fluorescently labeled nucleotides similar to Sanger sequencing.

Although the reads are short, recent improvement of the methodology provides
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enhanced accuracy of reading through homopolymers (stretches of one type of

nucleotides) and also allows for RNA sequencing [18, 26, 27].

The second generation sequencing platforms vary significantly with regard to

their throughput, read-length, and operating cost [12]. They are generally high

throughput but highly expensive machines of scales of 0.5–1.0 million US dollars.

The signal recording method is either fluorescence labeling or pyrophosphate

chemical conversion, both requiring optical detection. The second generation

sequencing platforms, although being successful in many research applications,

suffer variably from high cost of instrument, complexities of sample preparation

and chemistry (fluorescent labeling and enzyme-substrate reaction), complexities

of optics and instrumentation, and read-length limitations [13].

4.3 Third Generation Sequencing

Sequencing technology evolves with the high demand for a low cost of technology.

In line with the ultimate target goal of $1,000 per genome aimed at by the NIH/

NHGRI invited grant challenge in 2004 for developing novel technologies, the third

generation sequencing platforms are characterized by new chemistry, less operation

time, desktop design, and lower operation cost. At the time of writing, three leading

third-generation sequencers have emerged, which include Pacific Biosciences’ real-

time single molecule sequencing (PacBioRS), Compete Genomics’ combined pro-

anchor hybridization and ligation (cPAL), and Ion Torrent of Life Technologies, Inc.

PacBioRS is a real-time single molecule-single polymerase sequencing platform

that can produce 1,000 bp read. Each chip has so-called zero-mode wave guided

(ZMW) nanostructures of 100-nm holes, inside which DNA polymerase performs

sequencing by synthesis with phospholinked nucleotides labeled with fluorophores

which are introduced sequentially (Fig. 2) [28–32]. In addition to producing DNA

sequence, monitoring the kinetics of nucleotide incorporation may help in the

future to extract epigenetic information (e.g., methylation pattern) of the native

DNA strands [33]. The platform has the ability to sequence mRNA by replacing

DNA polymerase with ribosome [34]. The instrument of such configuration will,

however, be expensive.

Fig. 2 PacBioRS real-time single molecular-single polymerase sequencing single stranded DNA

template is sequenced by synthesis in nanostructure hole. (Copyright permission obtained from

PacBioRS) [32]
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Complete Genomics announced a combinatorial approach of probe-anchor

hybridization and ligation (cPAL) sequencing with the claimed highest throughput

among third generation sequencers [35] (Fig. 3). The method uses rolling circle

amplification of small DNA sequences into so-called nanoballs. Unchained

sequencing by ligation is then used to determine the nucleotide sequence [35].

This method permits large numbers of DNA nanoballs to be sequenced per run and

at low consumable costs [36]. The platform has been successfully used in clinical

genome sequencing applications such as whole genome sequencing of individuals

[37, 38]. However, mapping the short sequencing reads to a reference genomic

database can be difficult, especially in the analysis of tumor DNA.

Ion Torrent technology (Life Technologies, Inc), perhaps the current most

versatile and low cost method, has been delivered in the form of a personal genomic

machine (PGM) as a benchtop instrument to research and clinical laboratories [39].

The sequencing chemistry of Ion Torrent technology involves proton release during

each nucleotide incorporation by DNA polymerase. The dense microarray of

individual microwell allows DNA polymerase to act on clonally amplified target

DNA fragments. Beneath each microwell the Ion-Sensitive Field Effect Transistor

(ISFET) detects the pH change as a result of each proton release and a potential

change (DV) is recorded as direct measurement of nucleotide incorporation events

(Fig. 4). The system does not require nucleotide labeling and no optical detection is

involved. Ion-Torrent’s PGM costs less than 100 K with sequencing capability

adequate for small-scaled research projects or clinical diagnostic laboratories. Its

introduction into the market hails the beginning of NGS as a commodity for

biomedical and clinical applications. As a common feature to many other systems,

it has multiplex bar-coding adaptors which allow simultaneous testing of multiple

samples. The available chip sizes (314–318) capture 10–1,000 MB of sequence

information per run. Although the current Ion Torrent operation is labor intensive,

automation with one-step library preparation (one-touch sequencing library prepa-

ration kit) has recently become available to simplify the process. The limitations

include short read-length (100–200 bp) and technical difficulties in reading through

highly repetitive sequences and homopolymers, for which improvement has

recently been made.

Fig. 3 Complete Genomics’ Nanoball formation after rolling cycle amplification. These DNB are

sequenced by ligation (#2010 Complete Genomics, Inc. Used with permission)
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4.4 Emerging Next Generation Sequencing Technology

Oxford’s nanopore technology has a different sequencing approach currently in the

developmental phase. It uses the scanning tunneling electronmicroscope (TEM) that

measures alterations of conductivity across a nanopore while a single DNA
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molecular is passing through. The amount of current that can pass through the

nanopore at any given moment varies depending on the shape, size, and length of

the nucleotide blocking the ion flow through the pore. The change in current through

the nanopore as the DNA molecule passes through represents a direct reading of the

DNA sequence. An exonuclease enzyme is used to cleave individual nucleotide

molecules from the DNA, and when coupled to an appropriate detection system

these nucleotides could be identified in the correct order [40]. Oxford’s nanopore

technology may also be suitable for integration into a system for analyzing epige-

netic modifications. The a-hemolysin nanopore is a promising sensor for ultra-rapid

sequencing of DNA strands within nanopores, which may provide additional

sequence information using two recognition sites rather than one [41]. Furthermore,

nanopore technology is free from some of the drawbacks of other platforms through

elimination of the need for optical detection and DNA synthesis and even target

DNA amplifications [40, 42–44].

5 Common Problems with NGS Data

There are some common technical problems associated with various NGS platforms.

Short reads in manyNGS systems result in difficulties with assembling and mapping

to the reference sequences, particularly at repetitive regions. Not all sequences are

equally processed and sequenced, and DNA regions enriched with GC content

are particularly prone to low coverage. For NGS platforms with target amplification

or enrichment, amplification bias may be introduced. Last but not least, sequencing

errors are present essentially in all NGS platforms. Longer reads are prone to

have error readings, particularly towards the ends. Repetitive sequences and

homopolymers are also of concern for some third generation sequencers; however,

rapid improvement has been made in recent months to overcome these problems.

Increase of coverage and deep sequencing are important to correct some of these

problems. Table 1 provides a summary of key characteristics of the current NGS

platforms.

6 Applications

Genomic medicine driven by the latest development of NGS technologies will have

profound impacts on our understanding of the pathogenesis of human disease and

many aspects of clinical practice in the future: diagnostics, prognostics, and thera-

peutics. These clinical applications can be roughly divided according to defined

target sequences: whole genome sequencing, targeted sequencing of exomes

(selected or whole) or selected genes related to a specific disorder or category of

disease, epigenetic mapping, transcriptome sequencing, and microbial population

sequencing.
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6.1 Whole-Genome Sequencing

Whole genome sequencing can be used to identify germline or somatic mutations,

single nucleotide polymorphism (SNPs), indels (insertion and deletion), and copy

number variations. In the past 5 years and using NGS, genome-wide association

studies have begun to provide unprecedented information of the connection

between genetics and disease [45]. For example, such an approach has recently

helped to identify new genomic loci for susceptibility to Crohn’s disease [46],

a chronic debilitating intestinal disease of which the pathogenesis was poorly

understood. Not only has the identification of these novel loci improved our

understanding of the pathophysiology of the disease but it has also had implications

for patient treatment [47]. Genome-wide association studies have also produced

data of non-coding sequences implicated in the pathogenesis of complex human

disorders [45]. Whole-genome sequencing now permits the compilation of sophis-

ticated databases of full spectrum of germline variants conferring risks for inherited

diseases [48] and numerous somatic mutations underlying all aspects of human

cancers [47]. The recent $48 million grant from the National Institutes of Health

opens the door to the use of NGS to analyze the genomes of thousands of patients

who suffer from more than 6,000 rare genetic disorders, many of which follow

Mendelian inheritance patterns with mutations involving a single gene (http://www.

nih.gov/news/health/dec2011/nhgri-06.htm). It is important to note that as human

genomic research has been progressing into the whole-genome sequencing era

using NGS, it is imperative to identify and document the genetic variation across

human populations to ensure diverse ancestry to be included in our genomic studies

so that healthcare disparities introduced by genetics community can be curtailed [49].

Beyond human studies, NGS has been used to study genetic diversities and popula-

tion structures of endangered animal species [50] and has been found to have

significant applications in plant as well [51].

6.2 Targeted Sequencing

NGS has already enabled many forms of clinical diagnostic testing by targeting

selected genes or gene exons to accommodate specific clinical needs. Many human

disorders are caused by dysfunctions in one of several causative genes. Mutations of

genes involved in the same metabolic or signaling pathways may lead to similar

disease phenotypes. On the other hand, different mutations involving the same gene

may carry subtle to drastically different clinical manifestation of the disease and

many diseases may have overlapping mutation profiles. For example, hereditary

erythrocyte disorders may involve any of the 27 genes related to the red cell

membrane structure, red cell enzyme deficiency, and hemoglobin metabolism [52].

Phenotypic overlap among many involved genes requires precise diagnosis of these

Next Generation Sequencing: Chemistry, Technology and Applications
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disorders by identifying the corresponding gene mutation(s). Indeed, many medical

centers have begun to offer clinical mutation analysis using NGS; examples include

extensive panels for detection of mutations in one of the 10–30 genes for the

diagnosis of cardiomyopathy [53], X-linked congenital diseases [54–58], compre-

hensive mutation detection in 24 genes known to cause congenital disorders of

glycosylation [59], and various other autosomal disorders [60–62].

Whole exome capture and sequencing by NGS have been successfully applied to

identify mutations using various tissue sources [63, 64]. Given the magnitude of

carrier burden in human population and increasingly available low-cost NGS

platforms, targeted carrier screening is also possible in clinical practice to reduce

the incidence and suffering in severe recessive childhood disorders [65]. Targeted

gene mutation panel analysis for oncology is becoming increasingly important and

cost-effective for cancer diagnosis, prognosis, and precision therapy. Currently

dozens of major medical centers in the United States are validating such cancer

sequencing panels by NGS.

6.3 Epigenetic Applications

Epigenetic applications of NGS may include platforms such as CHIP-seq-Protein-

DNA binding and histone modification [66]. Such technology has been used to map

the methylome of the diploid human genome recently [67]. Epigenetic applications

of NGS are beginning to provide fundamental insights into human biology and

diseases, for example the discovery of widespread allele-specific epigenetic varia-

tion in the human genome will likely contribute to our understanding of some

common diseases with complex genetic background [68, 69].

6.4 Transcriptome Analysis

Through combination of hybridization capture of cDNAs and next-generation

sequencing, targeted RNA-Sequencing (RNA-Seq) provides an efficient and cost-

effective method to analyze specific subsets of transcriptome simultaneously for

mutation, structural alteration, and expression [70]. NGS technologies with appro-

priate assembly algorithms have facilitated the reconstruction of the entire

transcriptome in the absence of a reference genome [71]. Targeted RNA-Seq is

also a powerful tool suitable for a wide range of large-scale tumor-profiling studies

to identify sequence variations and novel fusion gene products [72].
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6.5 Microbial Population Analysis

NGS is ideal for whole viral, bacterial, and yeast genome sequencing owing to its

high throughput, depth of sequencing, and appropriate size of most microbial

genomes [39]. Currently large amounts of NGS data have become available that

will greatly enhance our understanding of host pathogen interactions with the

discovery of new transcripts, splice variants, mutations, regulatory elements, and

epigenetic controls [73]. For example, NGSwas successfully applied to characterize

the genome of the German Enterohemorrhagic Escherichial coli O104:H4 outbreak

very recently using the Ion Torrent platform [74]. The ability to perform whole-

genome comparisons further allows one to link phenotypic dissimilarities among

closely related organisms and their underlying genetic mechanisms, and therefore

gain a better understanding of pathogen evolution [75]. Current applications of high-

throughput whole viral genome sequencing include detection of viral genome

variability and evolution within the host (e.g., human immunodeficiency virus and

human hepatitis C virus) and monitoring of low-abundance antiviral drug-resistance

mutations. NGS techniques lead to a new field of study called “metagenomics.” It is

now possible to detect unexpected disease-associated viruses and emerging new

human viruses, including cancer-related ones [76]. Other applications include HPV

typing because of its high detection sensitivity and its broad spectrum coverage of

HPV types, subtypes, and variants [77].

7 Limitations of NGS in Clinical Practice

Several technical limitations of NGS in genomic studies or genomic medicine have

already been briefed in the aforementioned sections. To emphasize the clinical

aspects of NGS application in medicine the following are important confounding

factors that are likely the subjects of many future discussions: (1) quality control/

quality assurance programs are likely difficult to be standardized from the initial

technical operation to clinical validation; (2) data management and storage

(analyzing, managing and instrumentation for storage) require electronic devices

of extremely high capacity; (3) daunting challenges in the analysis of sequence data

for clinical interpretation (such as previously unknown genetic variants) are major

issues to be tackled; (4) reporting complex results may be extremely difficult with

regard to clinical implication in disease diagnosis, prognosis and guiding precision

therapy; (5) incidental findings with significant biomedical implications may pose

ethical responsibilities for pathologists (duty to report); (6) patent infringement may

affect laboratories using NGS and reporting genes or DNA sequences under patent

protection; and (7) finally how NGS can be adequately reimbursed requires aca-

demic institutions, commercial laboratories and regulatory agencies to develop

consensus utilities, and fee codes (e.g., CPT codes) in collaboration with and

being acceptable by clinicians, service providers and insurance industry.
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8 Summary

Defying the Moore’s law in computer industry, NGS has been far outperforming its

prediction of doubling technical improvement and affordability every 2 years. The

exponential improvement of speed and the concomitant astronomical drop in costs

are quickly driving NGS from the research arena to the patient bedside. NGS will

affect essentially all aspects of clinical care issues enabling many diagnostic tests

that have never been considered possible before. In the next 10 years we will likely

see the arrival of NGS platforms that are versatile, accurate, affordable, and

portable for clinical use. However, a significant hurdle for clinical application of

NGS is bioinformatics analysis of the sequencing data. Sequence variant annotation

requires data mining into various databases (e.g., locus specific database, HGMD/

Biobase, OMIM, SeattleSeq, and 1000 Genome program) and functional prediction

programs such as PolyPhen and SIFT are essential for biological and clinical

interpretation of new or uncommon sequence variants. Clinical validation of

sequence variants in relation to disease or phenotype is more difficult and requires

prospective studies of large cohorts of patients. While we transition from single

gene analysis in the recent past, to multi-gene panel analysis, to whole exome

sequencing, and soon to the whole genome approach, the complexity of the

technology and bioinformatics increase dramatically and their clinical applications

have been proven far more complicated than previously thought. Navigation from

DNA base pairs of the human genome to the bedside of patients will continue to

rely on new technologies such as NGS, genomic bioinformatics sciences, large

scale collaborative efforts, and a multidisciplinary team approach involving aca-

demic institutions, hospitals, government agencies and industries [6].
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