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Chapter 1 Next-generation Sequencing ( NGS)

Over the past several years, next-generation DNA sequencing technologies have catapulted to
prominence, with increasingly widespread adoption of several platforms that individually
implement  different flavors of massively parallel ecyclic-array sequencing.  Common
characteristics extend beyond the technologies themselves, to the quantity and quality of data
that are generated, such that all raise a similar set of new challenges for experimental design,
data analysis and interpretation. The reduction in the costs of DNA sequencing by several
orders of magnitude is democratizing the extent to which individual investigators can pursue
projects at a scale previously accessible only to major genome centers. The dramatic increase in
interest in this area is also evident in the number of groups that are now working on sequencing
methods to supplant even the new technologies discussed here. Given the current state of flux,
it is difficult to peer even a few years into the future, but we anticipate that next-generation
sequencing technologies will become as widespread, commoditized and routine as microarray
technology has become over the past decade. Also analogous to microarrays, we expect that the
challenges will quickly shift from mastering of the technologies themselves to the question of
how best to go about extracting biologically meaningful or clinically useful insights from a very

large amount of data.
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Lesson 1
From Convention to Second-generation Sequencing

DNA sequence represents a single format onto which a broad range of biological phenomena can
be projected for high-throughput data collection. Over the past three years, massively parallel
DNA sequencing platforms have become widely available, reducing the cost of DNA sequencing
by over two orders of magnitude, and democratizing the field by putting the sequencing capacity
of a major genome center in the hands of individual investigators. These new technologies are
rapidly evolving, and near-term challenges include the development of robust protocols for
generating sequencing libraries, building effective new approaches to data-analysis, and often
a rethinking of experimental design. Nexi-generation DNA sequencing has the potential to
dramatically accelerate biological and biomedical research, by enabling the comprehensive
analysis of genomes, transcriptomes and intéraclumes to become inexpensive, routine and

widespread, rather than requiring significant production-scale efforts.

The field of DNA sequencing technology development has a rich and diverse history. However,
the overwhelming majority of DNA sequence production to date has relied on some version of
the Sanger biochemistry. Over the past five years, the incentive for developing entirely new
strategies for DNA sequencing has emerged on at least four levels, undeniably reinvigorating
this field. First, in the wake of the Human Genome Project, there are few remaining avenues of
optimization through which significant reductions in the cost of conventional DNA sequencing

can be achieved. Second, the potential utility of short-read sequencing has been tremendously

strengthened by the availability of whole genome assemblies for Homo sapiens and all major

model organisms, as these effectively provide a reference against which short reads can be

mapped. Third, a growing variety of molecular methods have been developed, whereby a broad
range of biological phenomena can be assessed by high-throughput DNA sequencing (e. g. |
genetic variation, RNA expression, protein-DNA interactions and chromosome conformation ).
And fourth, general progress in technology across disparate fields, including microscopy,
surface chemistry, nucleotide biochemistry, polymerase engineering, computation, data
storage and others, have made alternative strategies for DNA sequencing increasingly practical

to realize.
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1. Sanger sequencing

Since the early 1990s, DNA sequence production has almost exclusively been carried out with
capillary-based , semi-automated implementations of the Sanger biochemistry (Fig. 1. 1a). In
high-throughput production pipelines, DNA to be sequenced is prepared by one of two
approaches: first, for shotgun de novo sequencing, randomly fragmented DNA is cloned into a
high-copy-number plasmid, which is then used to transform Escherichia coli; or second, for
targeted resequencing, PCR amplification is carried out with primers that flank the target. The
output of both approaches is an amplified template, either as many “clonal” copies of a single
plasmid insert present within a spatially isolated bacterial colony that can be picked, or as many
PCR amplicons present within a single reaction volume. The sequencing biochemistry takes
place in a “cycle sequencing” reaction, in which cycles of template denaturation, primer
annealing and primer extension are performed. The primer is complementary to known sequence
immediately flanking the region of interest. Each round of primer extension is stochastically
terminated by the incorporation of fluorescently labeled dideoxynucleotides ( ddNTPs). In the
resulting mixture of end-labeled extension products, the label on the terminating ddNTP of any
given fragment corresponds to the nucleotide identity of its terminal position. Sequence is
determined by high-resolution electrophoretic separation of the single-stranded, end-labeled
extension products in a capillary based polymer gel. Laser excitation of fluorescent labels as
fragments of discreet lengths exit the capillary, coupled to four-color detection of emission
spectra, provides the readout that is represented in a Sanger sequencing “trace”. Software
translates these traces into DNA sequence, while also generating error probabilities for each
base-call. The approach that is taken for subsequent analysis—for example , genome assembly
or variant identification—depends on precisely what is being sequenced and why. Simultaneous
electrophoresis in 96 or 384 independent capillaries provides a limited level of parallelization.
After three decades of gradual improvement, the Sanger biochemistry can be applied to achieve
read-lengths of up to 1000 bp, and per-base “raw” accuracies as high as 99.999% . In the

context of high throughput shotgun genomic sequencing, Sanger sequencing costs on the order
of $0.50 per kilobase.

2. Second-generation DNA sequencing

Alternative strategies for DNA sequencing can be grouped into several categories. These include
(1) microelectrophoretic methods; (II) sequencing by hybridization; () real-time observation
of single molecules; (V) eyclic-array sequencing. Here, we use “second generation” in
reference to the various implementations of cyclic-array sequencing that have recently been

realized in a commercial product (Fig. 1. 1b). The concept of cyclic-array sequencing can be
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summarized as the sequencing of a dense array of DNA features by iterative cycles of enzymatic
manipulation and imaging-based data collection. Two reports in 2005 described the first
integrated implementations of cyclic-array strategies that were both practical and cost-

competitive with conventional sequencing, and other groups have quickly followed.

a DNA fragmentation b DNA fragmentation
L mmm o Sen :
gp =m == ==
:M ol ]
N
In vivo cloning and amplification In vivo adaptor ligation
O —> -, e
2 B
Cycle sequencing Generation of polony array
. GACTAGATACGAGCGTGA. ..-§' (template)
. CTGAT rimer .
...CTGATC ’E)@ b )
..CTGATCT p— W
.‘,CTGATCTA’W i —
LLCTGATCTAT ’ e —3p
...CTGATCTATG p e —
...CTGATCTATGC ﬂ e
Polymerase ...CTGATCTATGCT ,O
dNTPs ...CTGATCTATGCTC @
Labeled ddNTPs  ...CTGATCTATGCTCG
Electrophorsesis Cyclic array sequencing
(1 read/capillary) (>10%reads/array)
Cycle 1 Cycle 2 Cycle 3

c CTATGCTCG

— S

What is base 1? What is base 2?7 What is base 3?
Figure 1.1 Work flow of conventional( a) versus second-generation( b) sequencing

Although these platforms are quite diverse in sequencing biochemistry as well as in how the
array is generated, their workflows are conceptually similar ( Fig. 1. 1b). Library preparation is
accomplished by random fragmentation of DNA, followed by in vitro ligation of common
adaptor sequences. Alternative protocols can be used to generate jumping libraries of mate-
paired tags with controllable distance distributions. The generation of clonally clustered
amplicons to serve as sequencing features can be achieved by several approaches, including in

situ polonies, emulsion PCR or bridge PCR. What is common to these methods is that PCR

amplicons derived from any given single library molecule end up spatially clustered, either to a

single location on a planar substrate (in situ polonies, bridge PCR), or to the surface of
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micron-scale beads, which can be recovered and arrayed (emulsion PCR). The sequencing

process itself consists of alternating cycles of emzyme-driven biochemistry and imaging-based
data acquisition. The platforms that are discussed here all rely on sequencing by synthesis, that
is, serial extension of primed templates, but the enzyme driving the synthesis can be either a
polymerase or a ligase. Data are acquired by imaging of the full array at each cycle (e. g. , of
fluorescently labeled nucleotides incorporated by a polymerase). Global advantages of second-

generation or cyclic-array strategies, relative to Sanger sequencing, include the following:

(1) in vitro construction of a sequencing library, followed by in vitre clonal amplification to
generate sequencing features, circumvents several bottlenecks that restrict the parallelism of
conventional sequencing ( that is, transformation of E. coli and colony picking).

(2) Array-based sequencing enables a much higher degree of parallelism than conventional
capillary-based sequencing. As the effective size of sequencing features can be on the order of
Iwm, hundreds of millions of sequencing reads can potentially be obtained in parallel by
rastered imaging of a reasonably sized surface area.

(3) Because array features are immobilized to a planar surface, they can be enzymatically
manipulated by a single reagent volume. Although microliter-scale reagent volumes are used in
practice, these are essentially amortized over the full set of sequencing features on the array,

dropping the effective reagent volume per feature to the scale of picoliters or femtoliters.

Collectively, these differences translate into dramatically lower costs for DNA sequence

production.

Glossary

library /'laibreri/

S

A collection of DNA fragments that is stored and
propagated ina population of micro-organisms
through the process of molecular cloning.

Homo sapiens / hoomou'seipienz/

N; A

Homo sapiens is the binomial nomenclature ( also
known as the scientific name) for the human spec-
1es.

chromosome /'kroomasoom/

@k

A chromosome is a packaged and organized structure

containing most of the DNA of a living organism.
polymerase /'pplomarers/

R G

An enzyme that synthesizes long chains or polymers
of nucleie acids. DNA or RNA polymerases are used
to assemble DNA or RNA molecules, respectively,
by copying a DNA or RNA template strand using
base-pairing interactions.

capillary /'kapaleri/

BANE: EAEM

Capillaries are the smallest of a body's blood vessels
that make up the microcirculation. These microvessels,

measuring around 5 to 10 pm in diameter, connect
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arterioles and venules, and they help to enable the
exchange of water, oxygen, carbon dioxide, and many
other nutrients and waste substances between the blood
and the tissues surrounding them.

resequencing /re'zekwansip/

H=J

re + sequence + ing

The purpose of the sequencing of part of an individual
(whose reference genome is already known) genome
is to detect sequence differences between the indivi-
dual and the standard genome of the species.

clonal /'klounal/

LR (KR Rib; KM (D) RRN
clone—clonal , clonally, cloner, cloning, monoclone,
polyclone

amplicon /@mplikon/

i

An amplicon is a piece of DNA or RNA that is source

and/or product of natural or artificial amplification or

replication events.

fluorescently labeled

LRI

fluorescent—fluorescently

emission spectra

BB

base-call

AL

Base calling is the process of assigning bases
( nucleo-bases) to chromatogram peaks.
hybridization/ haibridai'ze [n/

A58 BLRD

hybrid—hybridize ; hybridization; hybridoma

(1) The process of combining different varieties of
organisms to create a hybrid.

(2) The process of joining two complementary
strands  of nucleic acids ( DNA, RNA or
oligonucleotides ) .

in vitro /1m'vitrou/

o Bk

In vitro studies are performed with cells or biological

molecules studied outside their normal biological
context.

ligation /lai'geifn/

(BRI T AR ) 4%

The covalent linking of two ends of DNA or RNA
molecules, most commonly done using DNA ligase,
RNA ligase ( ATP) or other enzymes.

adaptor /3'depta/

ek

An adapter is a short, chemically synthesized,
double stranded DNA molecule which is used to link
the ends of two other DNA molecules. It may be used
to add sticky ends to ¢DNA allowing it to be ligated
inio the plasmid much more efficiently.

jumping library

525 SCHE

A collection of genomic DNA fragments generated by
chromosome jumping.

in situ /1n'saituy/

JRAL; 1

To examine the phenomenon exactly in place where it
oceurs (e. g without moving it to special medium).
enzyme /'enzaim/

i

ligase /'lai,geis/

AL

Ligase is a specific type of enzyme that facilitates the
joining of DNA/RNA strands together by catalyzing
the formation of a phosphodiester bond.
enzymatically /enzar' matikly/

Rl o

Enzymes are molecules that accelerate, or catalyze
the chemical reactions.

microliter /'markroulita/

It (pl) 1l =1mm’

picoliter /pika'laita/

Tt (pL) 1pL= 10" pm’

femtoliter /'femtoulita/

KIF (L) UL =1pm'
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Notes to Difficult Sentences

(1) Second, the potential utility of short-read sequencing has been tremendously strengthened
by the availability of whole genome assemblies for Homo sapiens and all major model organisms ,
as these effectively provide a reference against which short reads can be mapped.

5, NS BOHA 3= SR A P iy 4 B DR 21 21 R0 A 280 Ok S8 3 4 D o4 1 2
A, B AR & 1 B S i AR 8O

HRE: B 1985 FxEARFRRERLRAXZEFTA TR AR, MFMFHADTE
K, BRMEMERA R AR\ HLHE, Ao, BFEDLAE, BIL, F
. HANEEATR, EESY AN, Ee F EHENERLAITR, £%, A
T, WEEUTE MR DA AAEEE LR A B, iS5k (5000 7 B & &
4t X]) . GIOK (7 # 3 4 2 4 3£ B 411+ %] ) . 100 000 Genomes Project ( 3 & 10 7
REAR) %, £afFARTENEHE e XE AR K,

(2) What is common to these methods is that PCR amplicons derived from any given single
library molecule end up spatially clustered, either to a single location on a planar substrate (in
situ polonies, bridge PCR) , or to the surface of micron-scale beads, which can be recovered
and arrayed ( emulsion PCR).

SRR S R AR, AR T 45 5 1 S SRS B A9 PCR 508 R A 2 1 —
A L RERE, EARERVE LR (EA RS, i PCR), BAK
ERIRORR M/ NREER |, W] BRI BT ARIUAHE Y (FL# PCR) .

WR: LA PCR £EHA THAELNF. 45 1F DNA § 8 4K ¢ DNA 1 B4
Ry AN AR P, & — XN A # DNA RALHEAT PCR 8, BARKAT, — MK
iR AH — DNA it fe — ok, B T/NAKRAe DNA BB ERD, TURD Y
KEKEF—NER Ry WHTFANERFRZHT BN RE, TRRERZEE
HEREEATY A RAEHN DNA fF Bovila.
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Lesson 2
Application of Next-generation Sequencing

The past several years have seen an accelerating flurry of publications in which next-generation
sequencing is applied for a variety of goals. Important applications include: (I)full-genome
resequencing or more largeted discovery of mutations or polymorphisms; (Il) mapping of
structural rearrangements, which may include copy number variation, balanced translocation
breakpoints and chromosomal inversions; () “RNA-Seq” , analogous to expressed sequence
tags (EST) or serial analysis of gene expression (SAGE), where shotgun libraries derived
from mRNA or small RNAs are deeply éequem't‘d; the counts corresponding to individual
species can be used for quantification over a broad dynamic range, and the sequences
themselves can be used for annotation (e. g , splice junctions and transeript boundaries ) ;
(IV) large-scale analysis of DNA methylation, by deep sequencing of bisulfite-treated DNA ;
(V) “ChIP-Seq”, or genome-wide mapping of DNA-protein interactions, by deep sequencing of
DNA fragments pulled down by chromatin immunoprecipitation. Over the next few years, the
list of applications will undoubtedly grow, as will the sophistication weth which existing

applications are carried oul.

The applications of NGS seem almost endless, allowing for rapid advances in many fields
related to the biological sciences. Resequencing of the human genomes is being performed to
identify genes and regulatory elements involved in pathological processes. NGS has also
provided a wealth of knowledge for comparative biology studies through whole-genome
sequencing of a wide variely of organisms. NGS is applied in the fields of public health and
epidemiology through the sequencing of bacterial and viral species to facilitate the

identification of novel virulence factors.

Additionally, gene expression studies using RNA-Seq ( NGS of RNA) have begun to replace
the use of microarray analysis, providing researchers and clinicians with the ability to visualize
RNA expression in sequence form. These are simply some of the broad applications that begin
to skim the surface of what NGS can offer the researcher and the clinician. As NGS continues to

grow in popularity, it is inevitable that there will be additional innovative applications.
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1. Whole-exome sequencing

Mutation events that occur in gene-coding or control regions can give rise to indistinguishable
{ 3
clinical presentations, leaving the diagnosing clinician with many possible causes for a given
condition or disease. With NGS | clinicians are provided a fast, affordable, and thorough way
to determine the genetic cause of a disease. Although high-throughput sequencing of the entire
human genome is possible, researchers and clinicians are typically interested in only the
2 I YE ) i
protein-coding regions of the genome, referred to as the exome. The exome comprises just over
1% of the genome and is therefore much more cost-effective to sequence than the entire
)

genome , while providing sequence information for protein-coding regions ( Fig. 1.2).
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Figure 1.2 Clinical application of whole-exome
sequencing in the detection of two disease-causing mutations

Figure 1. 2 demonstrates the direct effect that NGS can have on the correct diagnoses of a patient. It summanzes the use of
homozygosity mapping [ollowed by whole-exome sequencing to identify two disease-causing mutations in a patient with
oculocutaneous albinism and congenital neutropenia. a and b display the phenotypic traits common 1o oculocutaneous albinism
type 4 and neutropenia observed in this patient. ¢ is a pedigree of the patient’s family, both the affected and unaffected
individuals. The idiogram ( graphic chromosome map) in d highlights the areas of genetic homozygosity. These regions were
identified by single-nucleotide-polymorphism array analysis and were considered possible locations for the disease-causing
mutation (s). e and f display chromatograms for the two disease-causing mutations identified by whole-exome sequencing. e
depicts the mutation in SLC45A2, and f depicts the mutation in G6PC3. This case portrays the valuable role that NGS can play

in the correel diagnosis of an individual patient who displays disparate symptoms with an unidentified genetic cause.



