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Genetic sequencing technologies are evolving at a rapid pace with major implications
for research and clinical practice. In this review, the authors provide an updated
overview of next-generation sequencing (NGS) and emerging methodologies. NGS has
tremendously improved sequencing output while being more time and cost-efﬁcient in
comparison to Sanger sequencing. The authors describe short-read sequencing
approaches, such as sequencing by synthesis, ion semiconductor sequencing, and
nanoball sequencing. Third-generation long-read sequencing now promises to overcome many of the limitations of short-read sequencing, such as the ability to reliably
resolve repeat sequences and large genomic rearrangements. By combining complementary methods with massively parallel DNA sequencing, a greater insight into the
biological context of disease mechanisms is now possible. Emerging methodologies,
such as advances in nanopore technology, in situ nucleic acid sequencing, and
microscopy-based sequencing, will continue the rapid evolution of this area. These
new technologies hold many potential applications for hematological disorders, with
the promise of precision and personalized medical care in the future.

Next-generation sequencing (NGS) is a rapidly advancing
area of technology that has propelled the research space and
is inﬁltrating clinical applications with enormous impact. It
has revolutionized the ability to sequence nucleic acids by
increasing the amount of sequence data that can be obtained
in a rapid and cost-effective manner, considerably defying
Moore’s law.1 As technologies are continually emerging and
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improving, it is necessary to understand the capabilities and
drawbacks of each method and their clinical and research
applicability. With the expansion in sequence output capabilities and reduction in costs, the challenge is not in
producing sequence data, but in comprehensively analyzing
and rationally interpreting it.
As informatics tools and analysis pipelines improve with
time, the requirement of accurate patient phenotyping,
variant pathogenicity assessment, functional validation of
candidate ﬁndings, and informative reporting is critical to
obtain a genetic diagnosis. In this review, we provide an
overview of NGS techniques and emerging methodologies.
Many of these technologies have had a remarkable impact on
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our understanding of disease biology and are serving as
rapid, accurate, and economical tools for the diagnosis of
inherited genetic disorders. Since the technology and chemistries behind NGS change so frequently, this review is not
intended to be exhaustive but rather a snapshot of the past,
present, and the foreseeable future.

The Genesis of Nucleic Acid Sequencing
Since the discovery of the structure of DNA in 19532 and the
realization that the genetic code is the blueprint for life, a
necessity to sequence DNA has existed. Despite this, it took
nearly a quarter of a century before the ﬁrst generation of
DNA sequencing techniques were developed.3 Sanger
sequencing, as it became known, is a “sequencing by synthesis” approach where the nucleic acid sequence is determined one nucleotide at a time as a function of the DNA
template length. Development of the method over a decade
saw its automation by Applied Biosystems in 1987, paving
the way for the Human Genome Project soon after. The
Human Genome Project cost $2.7 billion, required international collaboration on an unprecedented scale, and took a
decade to complete.4–6 By the end of the project in 2001,
ﬁrst-generation Sanger sequencing had reached a theoretical
technical threshold, and scaling the process to routinely
perform genomic sequencing was unrealistic.7 With an
emphasis on performing routine genome sequencing, a
new era of methods emerged, collectively known as NGS.

Basic Concepts
First-generation Sanger sequencing was technically limited
in the amount and extent of DNA sequence that could be
generated in a sequencing run and was generally restricted to
regions of interest within genes of interest (►Fig. 1). With

the advent of NGS, larger regions of the genome could be
more comprehensively sequenced, giving rise to multiple
approaches. Targeted sequencing approaches (►Fig. 1) focus
on speciﬁc regions within the genome and can include
targets within individual or multiple genes (targeted amplicon sequencing) or speciﬁc genes of interest (targeted gene
sequencing). Most clinical gene panels use a targeted gene
sequencing approach to analyze genetic variation in genes
associated with speciﬁc phenotypes. A more comprehensive
approach to targeted gene sequencing is whole-exome
sequencing (WES) (►Fig. 1), which targets the protein coding
regions (i.e., exons, hence the name exome) of all genes,
accounting for approximately 2% of the entire genome.8 It is
estimated that around 85% of currently known diseasecausing variants are found within the exome, largely because
these regions have been of primary focus until recently. The
most comprehensive genome sequencing approach is wholegenome sequencing (WGS) (►Fig. 1), which produces a
sequence of both the coding and noncoding regions. This
allows for considered sub-analyses of the other approaches
(targeted and WES) in silico, in addition to analysis of the
non-coding regions. With developing bioinformatics tools
and approaches, interrogating non-coding regions of the
genome and transcriptome is becoming increasingly possible and is beginning to show a vast amount of small- and
large-scale variation that could hold the key to unknown and
unsolved disease (reviewed in9–11).
Brieﬂy, DNA (or RNA) to be sequenced by NGS is fragmented into manageable sizes (see the Sample Preparation
section), that when sequenced, provide a portion of nucleotide sequence known as a read. Different NGS platforms are
generally compared by (1) the read size (35–600 base pair
[bp] for second-generation short-read platforms and > 1
kilobase [kb] for third-generation long-read platforms,

Fig. 1 Sequence output capacity of different next-generation sequencing approaches. From top down: the genomic structure of the ﬁbrinogen
gene cluster involves three genes (ﬁbrinogen β gene [FGB], ﬁbrinogen α gene [FGA], and ﬁbrinogen γ gene [FGG]) separated by intergenic
regions, with FGB on the plus strand and FGA and FGG on the minus strand of chromosome 4. Structurally, the genes consist of untranslated
regions (small black boxes), protein coding exons (colored boxes), and noncoding introns (horizontal line between exons). Due to the technical
limitations of ﬁrst-generation Sanger sequencing, it is usually restricted to a gene of interest and can involve amplicons spanning regions of
interest up to approximately 800 bp. Targeted amplicon sequencing focuses on genomic regions of interest, with several targets being sequenced
in parallel at high-read depth. The diagram indicates that 3′ exons are targeted as they encode C-terminal functional domains where mutations
often cluster. Targeted gene sequencing focuses on genes of particular interest and is generally represented by gene panels associated with a
particular disease. Here, FGB and FGG are the focus of targeted gene sequencing, highlighting that combinations of genes can be sequenced.
Whole-exome sequencing (WES) provides sequence data enriched for all protein coding exons of the entire genome, offering a cost-effective
means of considering pathogenic variants throughout the coding regions of the genome. Finally, whole-genome sequencing (WGS) provides
comprehensive sequencing data across the entire genome, including the protein coding exome, intronic regions between exons, and intergenic
regions between genes.
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Next-Generation Sequencing
Next-generation sequencing collectively describes sequencing
approaches that have reduced the time and cost and tremendously increased the sequence output when compared with
Sanger sequencing. Sanger sequencing is only capable of
producing a sequence for one template per reaction, whereas
NGS is typiﬁed by performing millions to billions of individual
sequencing reactions simultaneously in a process referred to
as massively parallel sequencing. The approach has revolutionized DNA sequencing to the point that a whole human
genome can now be sequenced within 3 days for around US
$1,000. Most next-generation technologies currently available
(►Table 1) are based on the sequencing by synthesis approach,
with second- and third-generation sequencing methods
deﬁned as short-read and real-time long-read technologies,
respectively. Despite the vast differences in NGS methods, the
workﬂow largely follows three broad steps: sample preparation, nucleic acid sequencing, and data analysis. For a review of
NGS with comparisons of platforms and their speciﬁcations, as
well as schematic representations of sequencing methods,
refer to Goodwin et al.13

Sample Preparation
Library preparation refers to the preparation of nucleic acid
templates (DNA or RNA) for sequencing, which differs for
each platform. For short-read applications, this is generally
achieved in three main steps: (1) DNA fragmentation to
application-speciﬁc template lengths, (2) ligation of adaptors
to facilitate the attachment of fragments to solid surfaces
(such as microchips, microbeads, or nanowells) or to be
circularized, and (3) ampliﬁcation of templates to provide
enough copies of each template to allow the sequencer to
detect them. The libraries can either be sequenced from one
end only (known as single-end reads) or from both ends
(known as paired-end reads). Library preparation can introduce several technical errors, predominantly related to polymerase chain reaction (PCR) ampliﬁcation and sequencing
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chemistry inefﬁciencies (i.e., inherent polymerase errors and
inefﬁciencies associated with template guanine–cytosine
[GC] content). Recently, PCR-free library preparation has
been released for short-read platforms, increasing the ﬁdelity of a template sequence.
Long-read platforms differ in their library preparation as
an ampliﬁcation step is not required, and in some, the
original DNA or RNA molecule is directly sequenced. Various
library preparation methods also exist for several other
applications, including RNA sequencing and chromatin
immunoprecipitation sequencing (discussed in the Complementary Methods section).

Nucleic Acid Sequencing
Second-Generation (Short-Read) Sequencing
Short-Read Sequencing by Synthesis (Illumina)
Illumina is the current market leader for short-read NGS,
using sequencing by synthesis with optical base calling,
reminiscent of Sanger sequencing but on an enormously
increased scale.14 Following library preparation, which
afﬁxes adaptors to DNA fragments of approximately
450 bp, the templates are hybridized to a glass slide that
has patterned clusters of complementary adaptors. Once
attached to the solid surface, the fragments are PCR ampliﬁed
from one end only (single-end read) or from both ends
(paired-end reads), producing millions to billions of clusters
of clonal template DNA fragments that can be sequenced
simultaneously.14 One adaptation over Sanger sequencing is
the use of reversible terminator nucleotides. This permits
one nucleotide to be incorporated at a time and the representative ﬂuorescence to be recorded as a base call by highresolution optical imaging, followed by cleavage of the
terminal chemical modiﬁcation, thereby allowing the next
complementary nucleotide to be incorporated. This process
is repeated for the length of the read to generate the
sequence output, where read lengths are now typically
between 75 to 250 bp.14,15
Illumina currently has four benchtop and two productionscale platforms with variable applications, including in vitro
diagnostics. When paired with different library preparation
kits, each instrument offers a diverse range of throughput,
output, cost per base and applications (►Table 1). The benchtop sequencers (iSeq, MiniSeq, MiSeq, and NextSeq) cater for
smaller experiments, ranging from bacterial genomes to transcriptome and WES, with increasing capacity.14 The production-scale sequencing platforms (HiSeq and recently released
NovaSeq) are primarily used for large-scale analysis of WES
and WGS. The patterned ﬂow cell technology of the HiSeq X
and 4000 Systems provides a very high level of throughput,
with the capability to sequence tens of thousands of genomes
per year and recently lowering the cost to below US$1,000 per
genome.16 The Novaseq 6000, the newest addition to the suite
of Illumina sequencers, combines a patterned ﬂow cell with a
two-color nucleotide detection system that enables enhanced
speed, ﬂexibility, and throughput for ultra deep WES and WGS,
as well as tumor normal proﬁling.16
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discussed later), (2) the number of reads that can be
sequenced in a run, and (3) the total amount of data that is
generated (►Table 1). After a sequencing run, raw sequencing reads are reassembled into the correct order by aligning
to a known reference sequence or by de novo genome
assembly. To do so, reads are stacked on top of each other
as they overlap and align to the same reference sequence. The
number of unique reads in which a given reference nucleotide appears is known as the read depth and determines the
conﬁdence with which a base is called. This also determines
whether variant base calls that may be related to the disease
can be considered genuine or an error.7 For instance, a singlenucleotide variant (SNV) in the nuclear genome should occur
in more than 10 unique reads (i.e., read depth of 10  ) to
provide enough conﬁdence that it is a genuine genomic
variant and not a technical error from the sequencing
process. This sequencing platform-speciﬁc parameter
deﬁnes the type of genetic variants that can be identiﬁed
and the conﬁdence with which they can be determined.12
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Table 1 Comparison of next-generation sequencing instrument parameters

Illumina

Instrument

Maximum
reads
per run

Maximum
output range
(gigabases)

Read length

Iseq 100

4M

0.144
0.2
0.3

8M
MiniSeqa

MiSeqb,c

NextSeq 550a,b

HiSeq 3000

HiSeq 4000

HiSeqX

Ion Torrentf

36-bp SE

9

50-bp SE

9

75-bp SE

10

Small genome
sequencing, targeted gene
sequencing, longrange PCR, amplicon sequencing

75-bp PE

13

1.2

150-bp PE

17.5

25 B

1.65–1.875

75-bp SE

7

50 B

3.3–3.75

75-bp PE

13

6.6–7.5

150-bp PE

24

25 B

3.3–3.8

75-bp PE

21

50 B

13.2–15

300-bp PE

56

0.4 B

25–30

75-bp PE

11

0.8 B

50–60

75-bp PE

18

100–120

150-bp PE

29

24–84

Exome Sequencing,
whole transcriptome sequencing

24–84

Exome sequencing,
whole transcriptome sequencing

150-bp PE

72

Whole-genome
sequencing
Whole-genome
sequencing, exome
sequencing, whole
transcriptome
sequencing,
methylation
sequencing

2.5 B

105–125

50-bp PE

5B

325–375

75-bp PE

650–750

150-bp PE

5B

210–250

50-bp SE

10 B

650–750

75-bp PE

6B

NovaSeq 6000

Main applications

0.6

1,300–1,500
d

Sequencing
run time
(hours)

e

1,600–1,800
134–500

50-bp PE

13–16

6.6–8.2 B

333–1,250

100-bp PE

19–36

16–20 B

1,600–3,000

150-bp PE

25–44

Ion 510 Chip

2–3 M

0.3–0.5

200 bp

2.5–4

0.6–1

400 bp

Ion 520 Chip

4–6 M

0.6–1

200 bp

1.2–2

400 bp

3–4 M

0.5–1.5

600 bp

15–20 M

3–4

200 bp

6–8

400 bp

1. 5–4.5

600 bp

9–20 M
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Small genome
sequencing, targeted gene
sequencing, 16S
metagenomic
sequencing
Small genome
sequencing, targeted gene
sequencing, mRNASeq gene expression proﬁling,
miRNA and small
RNA analysis

150-bp PE
e

2.6–3.2 B

Ion 530 Chip

Small genome
sequencing, targeted gene
sequencing, targeted gene expression proﬁling, 16S
metagenomic
sequencing

Targeted, exome,
transcriptome,
small genome
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Instrument

Maximum
reads
per run

Maximum
output range
(gigabases)

Read length

Sequencing
run time
(hours)

Main applications

Ion 540 Chip

60–80 M

10–15

200 bp

Ion 550 Chip

100–130 M

20–25

200 bp

MGISEQ-200

300 M

60

50-bp SE/PE,
100-bp SE/PE

48

Small genome
sequencing, targeted sequencing

BGISEQ-500

1,300 M

520

50-bp SE/PE,
100-bp SE/PE

45–213

Whole-genome
sequencing, wholeexome sequencing,
targeted sequencing, RNA
sequencing

MGISEQ-2000

1,800 M

1,080

50-bp SE/PE,
100-bp SE/PE,
150-bp PE,
300-bp SE

48

Whole-genome
sequencing, wholeexome sequencing,
transcriptome
sequencing

MGISEQ-T7g

–

6,000

150 bp PE

24

Whole-genome
sequencing, deep
exome sequencing,
transcriptome
sequencing, targeted panel
sequencing

PacBio

Sequelh

0.5 M

20

10–30 kb
on average

10–20

Whole-genome
sequencing, RNA
sequencing, Targeted sequencing,
complex population sequencing,
epigenetics

Nanopore

MinION Mk 1B

0.5 M

50

Up to 72

GridION X5

2.5 M

250

Hundreds to
thousands of kb

PromethION (Beta)

375 M

15,000

Whole-genome
sequencing, targeted sequencing,
gene expression
and RNA sequencing, epigenetic
interrogation

BGI

Up to 72
Up to 64

Abbreviations: B, billion; bp, base pairs; kb, kilobase pairs; M, million; PCR, polymerase chain reaction; PE, paired-end reads; SE, single-end reads.
Note: all information was accessed from company Web sites on November 12, 2018: www.illumina.com; www.thermoﬁsher.com; http://en.mgitech.
cn/; www.pacb.com; www.nanoporetech.com.
a
High-Output Kit speciﬁcations provided (Mid-Output Kit also available for 150 base pair paired-end reads).
b
Diagnostic instrument version also available.
c
MiSeq Reagent Kit v3 speciﬁcations provided (v2, Micro and Nano Kits also available).
d
Single HiSeqX instrument speciﬁcations provided. This instrument is only available as clusters of 5 or 10 instruments.
e
Speciﬁcations provided for a dual ﬂow cell.
f
Speciﬁcations provided refer to a chip rather than an instrument: Ion Gene Studio S5 instrument compatible with Ion 510 and Ion 540 chips, Ion
Gene Studio S5 Plus and Prime instruments compatible with Ion 510 and Ion 550 chips.
g
Reported release date in 2019.
h
Speciﬁcations provided for one SMRT Cell. Up to 12 SMRT Cells can be run simultaneously.

The advantages of Illumina sequencers include high output (1.2–6,000 Gb), high accuracy, relatively low cost per
base, diversity of applications, and diversity of library preparation conﬁgurations. Disadvantages include those inherent to short-read sequencing platforms, such as the inability
to resolve repetitive regions of the genome, making some
types of genetic variants challenging to identify, including

repeat expansion disorders, and structural variants (SVs) if
the breakpoints are in repetitive regions.
Ion Semiconductor Sequencing (ThermoFisher Scientiﬁc)
The ion semiconductor method essentially pairs sequencing
by synthesis with a massively parallel array of microwells,
each with a dedicated sensor. Library preparation ﬁrst
Seminars in Thrombosis & Hemostasis
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isolates template DNA to the surface of microbeads, which
are then ampliﬁed by emulsion PCR. The microbeads are then
dispersed into individual microwells where sequencing is
paired to a dedicated sensor that essentially acts as a highly
sensitive pH meter. This nonoptical sequencing by synthesis
method does not rely on labeled nucleotides but rather
measures the electrical changes associated with hydrogen
ion release as nucleotides are incorporated into the growing
complementary strand.17 Individual nucleotides are primed
through the ﬂow cell and, if incorporated, an electrical
response is measured by the semiconductor sensor, and
the relevant base call is registered to the sequence output.
If a homopolymer of the same nucleotide is present in the
template sequence, an electrical signal proportional to the
number of nucleotides is registered and converted to a
multibase call. However, this can be inconsistent and is
generally limited to homopolymers of less than six
nucleotides.
The current iteration of ion semiconductor sequencer, the
Ion Torrent Gene Studio S5, has three instruments that use a
range of chips producing read lengths of 200 to 600 bp with
more than 99% accuracy and outputs up to 50 Gb (►Table 1).
The main applications for these instruments include targeted
resequencing, exome sequencing, transcriptome sequencing,
small genome sequencing, liquid biopsy, and large cancer
gene panels. Advantages of the system are the relatively low
cost per base, owing to the absence of labeled nucleotides
and the requirement for expensive optical imaging detection.
Drawbacks to the Ion Torrent method are its relatively low
throughput and challenges with resolving homopolymers,
which can affect indel performance.
Nanoball Sequencing (Beijing Genomics Institute)
Complete Genomics (a subsidiary of Beijing Genomics Institute [BGI]) developed a genome sequencing platform that
achieves efﬁcient imaging and low reagent consumption
with combinatorial probe-anchor ligation chemistry,18 currently the only sequencing by ligation method. It independently assays each base from patterned arrays of selfassembling DNA nanoballs.18 The BGISEQ-500 sequencer
was initially announced by BGI in October 2015.19 BGI now
produces four versions of its unique sequencing by ligation
platform (►Table 1), which are capable of multiple research
and clinical applications.
A recent study demonstrated that the sequencing
throughput and turnaround time, single-base quality, read
quality, and variant calling were similar to Illumina
HiSeq2500 data.19 The main advantage of BGI nanoball
sequencing is the reduced cost relative to Illumina sequencing, and recent updates have led to equivalent read lengths
(i.e., 150-bp paired-end reads). Novel analysis methods,
including Google’s DeepVariant,20 have also improved the
variant calling accuracy. Limitations of the system are similar
to other short-read technologies, namely the inability to
resolve repeat sequences and some SVs.18 In October 2018,
BGI launched a new high throughput sequence platform
called the MGISEQ-T7, which is capable of sequencing a
whole human genome in less than 24 hours with 150-bp
Seminars in Thrombosis & Hemostasis
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paired-end reads.21 The instrument is expected to rival
Illumina’s NovaSeq when it is released in mid-2019.

Third-Generation (Long-Read and Real-Time) Sequencing
The complexity of short-read second-generation sequencing
data assembly and the inability to reliably resolve repeat
sequences or large genomic rearrangements22 were overcome by the third generation of sequencing, typiﬁed by long
reads (> 1 kb to 2 Mb) and real-time sequencing.
Single-Molecule Real-Time Sequencing (Paciﬁc Biosciences)
Single-molecule real-time (SMRT) sequencing from Paciﬁc
Biosciences (PacBio) was the ﬁrst popular third-generation
sequencer.23 SMRT sequencing introduced the capability of
real-time sequence acquisition for read lengths >1 kb using
sequencing by synthesis and optical detection. The predominant library preparation method provides a template
known as SMRTbell, a single-stranded circular DNA template
formed by ligation of hairpin adaptors to both ends of a
double-stranded DNA fragment.22,24 This format only allows
for relatively short reads with very high accuracy, whereas an
alternative linear template approach enables longer read
lengths but lower accuracy. The SMRTbell molecules are
then individually dispersed into nanowells, known as zeromode waveguides,25 that have a single DNA polymerase
molecule anchored to the bottom. The polymerase performs
rolling ampliﬁcation of the circularized SMRTbell template
incorporating ﬂuorescently tagged nucleotides. The ﬂuorescent tag is cleaved by the polymerase as the nucleotide is
incorporated, and the release of the ﬂuorophore is recorded
as a base call by real-time optical recognition before the next
nucleotide is incorporated and its ﬂuorophore is released. By
continually amplifying the circular template, sequence from
both the template and complementary strands of DNA can be
captured multiple times to increase read depth and improve
base call accuracy. As the sequencing rate is a function of
nucleotide addition by the polymerase, PacBio sequencing
can detect modiﬁed bases in the template as a variable delay
in nucleotide incorporation.26 Furthermore, the limiting
factor in PacBio sequencing runs is the ﬁnite functional life
of a polymerase molecule, resulting in single reads for ultra
long templates and multiple contiguous reads of both
strands for shorter templates.27
The chief advantage of PacBio sequencing is the long-read
length that allows for greater certainty in read overlap and
assembly, thus providing better resolution of repetitive regions
and SVs.22 Furthermore, PacBio can sequence DNA with unusual GC content, which is generally challenging to amplify and
thus poorly resolved by short-read sequencing. The main
shortcomings for earlier PacBio platforms were lower throughput, higher error rate (13%), and greater cost per base.22
However, with the release of the Sequel platform and advances
in both ﬂow cell design (increased from 150,000 to over 1
million zero-mode waveguides per chip) and sequencing
chemistry, error rates as low as 3% can now be achieved. The
main applications of PacBio sequencing include WGS, targeted
sequencing, full-length mRNA sequencing, complex population sequencing, and detection of epigenetic modiﬁcations.28
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Nanopore Sequencing (Oxford Nanopore Technologies)
In 2014, Oxford Nanopore Technologies released nanopore
sequencing in the form of the MinION, a handheld sequencer
that uses a grid of membrane-embedded biological nanopores.31 The membrane in which the nanopores sit provides
separation of two ionic solutions allowing an electrical
current to ﬂow through the nanopores. Long DNA molecules
are prepared by adding a hairpin adaptor to one end of the
double-stranded molecule before a helicase, and motor
protein attached to the template unwind and thread single-stranded DNA through the nanopore channel. The DNA
can be ratcheted through the pore one base at a time, with
the nucleotide bases inducing characteristic changes in the
electrical current running through the nanopore that are
translated to base calls.31 As the sequencing process uses
very few depletable reagents, the run can effectively continue until a satisfactory result is achieved.
Currently, Nanopore sequencing has much higher error
rates (15%) than short-read sequencing, but there is a great
deal of research and development occurring to continually
improve nanopore structure and function. One such way to
improve read accuracy is termed 1D2 sequencing.31 This
method attaches a special adaptor to one end of the double-stranded DNA template molecule and allows the nanopore to sequence both the template and complementary
strands contiguously, thereby providing higher sequence
accuracy.
The MinION has the distinct advantage of being highly
portable and capable of sequencing when plugged into a
laptop.31 It proved particularly advantageous in the ﬁeld
when there was an Ebola outbreak in 2015 and it was used to
conduct the ﬁrst sequencing experiments in space.32,33 In
addition to the MinION, Oxford Nanopore Technologies have
released the GridION X5 and PromethION platforms (5 and
42 ﬂow cell conﬁgurations, respectively) allowing vast
throughput and scaling to many whole genomes per run
(►Table 1). A single-use ﬂow cell for the MinION, called a
Flongle, is set be released and should enable smaller sequencing experiments to be performed, such as targeted sequencing, quality analysis, small genomes, and targeted
diagnostic testing.
Nanopore sequencing has many potential beneﬁts over
other platforms, including label-free sequence determination of native DNA and RNA molecules without the need for
ampliﬁcation, and is capable of producing extremely longread lengths. The read lengths from nanopore sequencing are
rapidly increasing, with some groups reporting read lengths
of > 2 Mb,34 making it an excellent approach for de novo
genome assembly.31 Furthermore, as no ampliﬁcation steps
are necessary for nanopore sequencing, nucleotide modiﬁ-

667

cations (such as methylation) are preserved on the template,
with the capability to discriminate at least 25 DNA modiﬁcations and many more RNA modiﬁcations.26,35,36
Synthetic Long Reads (Illumina and 10X Genomics)
With respect to reduced quality and the cost associated with
third-generation sequencing, 10X Genomics created the
Chromium synthetic linked-read technology, an alternative
short-read sequencing method that effectively produces
long-read outputs. High molecular weight DNA templates
(> 100 kb) are partitioned into gel beads, where they are
fragmented into short-read libraries, with all library fragments from the same bead being tagged with the same
unique molecular barcode. After traditional short-read Illumina sequencing, the unique barcodes can be read and used
to phase the short reads back onto their original long
template molecule, resulting in synthetic linked-reads. The
linked-reads provide long-range information, which can
improve read alignment, phasing of variants, and SV detection. This approach has the same accuracy and throughput as
standard Illumina sequencing, but the library preparation is
more expensive.

Data Output and Prebioinformatics Processing
Following a sequencing run, raw sequencing data must be
computationally processed to a useable format, usually following established protocols, such as the Genome Analysis Toolkit
(GATK) Best-Practices Pipeline.37 Brieﬂy, raw sequence reads
are generally conﬁgured in FASTQ format, a text-based representation of every nucleotide base sequenced and an associated base quality score.38 Sequencing reads are then aligned
to a reference genome39 using an aligning tool, which differ by
manufacturer, DNA or RNA template, and read length. This
produces a human-readable sequence alignment map (SAM)
ﬁle and a binary version (BAM), which has a smaller ﬁle size.40
These ﬁles enable visualization and interrogation of the
sequence (read assembly and base sequence) using programs
such as the Integrative Genomics Viewer.41,42 Variant detection algorithms identify single nucleotide, short indel, or copy
number variants (CNVs) and SVs based on reads that differ
from the reference sequence. These variations are typically
stored in a variant call format (VCF) ﬁle,43 and are then
annotated to determine the consequence, if any, of each
genetic variant. A typical whole genome sequence will yield
in the order of 5 million SNVs and 250,000 short indels. By
disregarding common single-nucleotide polymorphisms and
short insertions or deletions (indels), there are generally
around 300,000 unique variants left to consider.44 Downstream bioinformatics analysis of NGS data is covered elsewhere in this issue.

Complementary Methods
Several methods exist that can complement high-throughput next-generation DNA sequencing to provide greater
conﬁdence in DNA sequence ﬁndings and also to support
pathological and biological inference obtained from genomic
sequencing.
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At the time of writing, Paciﬁc Biosciences reported the
highest quality and most complete (2.89 Gb ¼ 96% of the
human genome) human genome to date, also showing
unprecedented insight into the extent of structural variation
across the genome.29 In late 2018, Illumina announced that
they had acquired Paciﬁc Biosciences to add true long-read
sequencing to their suite of next-generation sequencers.30
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Optical Mapping (Bionano Genomics Irys and Saphyr)
Next-generation mapping (NGM), or optical mapping, allows
for the interrogation of megabase (Mb) length DNA molecules that are beyond the detection range of single-base
resolution NGS.45 The Irys platform from Bionano Genomics
enables very long DNA molecules to be optically mapped
using a 7-bp recognition sequence that becomes ﬂuorescently labeled. The ﬂuorescent signal provides a genomewide, sequence-speciﬁc pattern that can be directly visualized by the Irys instrument and aligned to a reference
sequence to highlight regions of structural variation > 1.5
kb with high accuracy or for de novo genome assembly and
phasing by hybrid sequencing (see the next section).46–48
The Irys platform recently identiﬁed deletions between 45
and 250 kb, an insertion of 13 kb, and a 5.1-Mb inversion in a
Duchenne muscular dystrophy cohort.49 NGM using the Irys
platform was also able to distinguish 85 large somatic
structural rearrangements, 89% of which were undetectable
using high-coverage, short-read NGS.45 By inspecting short
reads associated with large structural rearrangements identiﬁed by NGM, 94% were able to be conﬁrmed. A new platform, named Saphyr,50 was recently released by Bionano
Genomics, promising a higher throughput, faster turnaround, and simpliﬁed workﬂow, which were major limitations of the Irys platform.

Hybrid Sequencing (Combining Second- and ThirdGeneration Sequencing)
The shortcomings of second- and third-generation sequencing (shorts reads and relatively higher error rates, respectively) can be compensated for by using them in
combination. This is particularly beneﬁcial for de novo
genome assembly. This approach, known as hybrid sequencing, uses long-read sequencing or mapping to deﬁne a highlevel genome assembly, including its repetitive regions that
cannot be resolved by short-read sequencing, and then uses
short reads to resolve the underlying sequence with high
quality.51,52 Conversely, genomic features unresolved by
short-read sequencing can be conﬁdently determined by
long-read sequencing. This hybrid sequencing may present
as a costly approach but can considerably reduce the amount
of long-read data required to provide accurate sequence.22
For instance, Illumina reads were recently used to improve
the base call accuracy of ultra long nanopore reads covering
the centromere of the Y chromosome.53 In addition, the
Vertebrate Genomes Project from the UK Genome 10k consortium54 is now using a combination of technologies,
including PacBio, 10X Genomics, Bionano Genomics, and
HiC-proximity ligation data to generate high-quality
sequence assemblies, combined with Illumina short-read
sequencing data.

NanoString
The NanoString Technologies nCounter platform is a relatively new technology that can directly quantitate gene
expression for a variety of different applications including
molecular diagnostics.55 The automated nCounter platform
directly hybridizes ﬂuorescent barcodes to RNA, allowing for
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non-ampliﬁed measurement of up to 800 gene targets within
a sample using commercial or custom target gene panels.56
The NanoString platform can achieve quantitative RNA
expression levels with RNA as small as 100 nucleotides in
length, thereby lending itself to the analysis of potentially
degraded RNA from clinical samples, such as formalin-ﬁxed
parafﬁn-embedded tissue.56 In 2018, NanoString announced
the release of a quantitative spatial proﬁling application for
protein and RNA in tissues, allowing for the accurate quantiﬁcation of protein and gene expression spatially for deep
characterization of a heterogeneous tissue sample, as well as
an enzyme, ampliﬁcation and library preparation-free hybridization and sequencing application that can sequence DNA
and RNA concurrently.57

RNA-Seq
RNA-Seq provides a detailed view of the transcriptome,
allowing for the detection of novel RNA transcript variation.58,59 RNA-Seq has numerous potential advantages over
gene expression microarrays, such as an increased dynamic
range of expression, measurement of speciﬁc changes
(including SNVs and indels), detection of transcript isoforms,
splice variants, and chimeric gene fusions.58 It has even been
shown that PacBio and Nanopore sequencing can detect RNA
nucleotide base modiﬁcations by monitoring reverse transcription in real time,36,60 whereas other approaches require
RNA to be converted to cDNA before sequencing, thereby
losing any base modiﬁcations.
Potential applications for RNA-Seq include the diagnosis
of infectious diseases, particularly RNA viruses.58 As an
example, nontargeted metagenomic RNA-Seq was used to
directly detect inﬂuenza virus RNA in respiratory cases, with
additional viral pathogens found in some of these cases.58,61
In clinical studies, integrating DNA and RNA analysis has
provided further evidence of altered regulation of mutated
genes, with the potential to detect gene fusions and splicing
variants, allowing for accurate prioritization of variants.58 A
recent study investigated the utility of RNA-Seq as a complementary diagnostic tool in 50 patients with genetically
undiagnosed rare muscle disorders.62 RNA-Seq was able to
validate candidate splice-disrupting mutations and to identify splice-altering variants in exonic and deep intronic
regions, resulting in an overall diagnosis rate of 35%.62
RNA-Seq may have a broad range of clinical applications;
however, test proﬁciency and validation need to be elucidated before it can be introduced into clinical practice.58

Chromatin Immunoprecipitation with Seq
Chromatin immunoprecipitation combined with NGS (ChIPSeq) is an important tool for research into gene regulation.63
ChIP-Seq permits mapping of in vivo DNA–protein interactions at high resolution and on a genome-wide scale.63 Crosslinking of DNA-bound proteins is followed by immunoprecipitation, degradation of exposed DNA, unlinking of proteins, and recovery of DNA recognition sequences by NGS.63
This has been widely applied to determine regulatory elements, including transcription factor binding sites, promoters, and enhancers. ChIP-Seq has a low cost and high
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throughput and is highly amenable to short-read sequencing
approaches, making data analysis the main bottleneck for
this technique.63

Single-Cell RNA/DNA Sequencing
A promising application of NGS is the ability to consider
nucleic acids from individual cells. There are several reasons
why single-cell sequencing may be necessary, including (1)
some cells that are important to analyze are found in lower
numbers (e.g., human oocytes and circulating tumor cells),
(2) every cell has a unique genome (e.g., immune cells), (3)
the genomes of individual cells change over time, (4) there
may be heterogeneity for individual cells in the same sample
(e.g., primary cancer tissue), and (5) single-cell genomes may
be altered by environment, lifestyle, disease, or therapeutic
treatment.64
Usually, NGS requires nanogram amounts of DNA to
construct a library for sequencing65,66; however, a single
cell only contains 6 to 7 picograms of genomic DNA.65
Therefore, an important step for single-cell sequencing is
whole-genome ampliﬁcation to generate an adequate
amount of DNA for library construction.65 Given the trace
amounts of DNA from a single human cell, strict measures
must be adhered to in order to avoid contamination from the
environment or operators.64
There are several exciting potential applications of singlecell sequencing, including isolation and WGS of fetal cells
from maternal blood as a step toward comprehensive, noninvasive, prenatal testing of genetic disorders.67 Single-cell
WGS has also been used to map and quantify karyotype
heterogeneity in primary mouse lymphoma and human
leukemia samples.68 This revealed copy number heterogeneity, consistent with ongoing chromosomal instability that
other platforms failed to detect.68

Methods under Development: The Next
“Next-Generation Sequencing”
With the potential impact on rapid and personalized health
care that NGS holds, there is a great deal of interest in
developing new technologies and applications that will
increase throughput, speed, and accuracy of sequencing
while reducing the associated cost and error. A few of the
many methods under development are presented here.

Nanopore Advances
Current nanopore technology uses protein-based nanopores
that are structurally precise at an atomic level, easily modiﬁed, and capable of being engineered and produced on a
large scale using bacteria. To increase the resolution of
nanopore DNA sequencing, several improvements have
been proposed, including integrated sensors, solid-state
nanopores, and hybrid nanopores (protein nanopore in a
solid-state membrane).69 One such method under development uses the concept of electron tunneling currents, a
quantum physical property of atoms. Brieﬂy, a pair of electrodes separated on the nanometer scale across the nanopore
aperture could resolve electrical differences in nucleotide
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bases more effectively than the existing ionic current
method.70 This would not only improve the resolution of
DNA sequence but could also speed up the process of base
calling.71 Theoretically, this could be further improved by
solid-state nanopores engineered from synthetic materials,
such as graphene or carbon nanotubes. Indeed, in a 2010
study by Garaj et al, a graphene nanopore showed electrical
variations as a single molecule of DNA was translocated
through the pore.72 Some advances have been made, but a
great deal more development is required to realize solidstate nanodevice DNA sequencing (reviewed by Heerema
and Dekker73). Challenges associated with nanopore sequencing development and several other nanopore sequencing
approaches are summarized by Wang et al.74
In addition to these research-based developments, Oxford
Nanopore Technologies has indicated that an even smaller
platform than the handheld, highly portable MinION will be
available in the near future. The SmidgION is being developed
to attach to a smartphone for analysis and will be complemented by rapid library preparation and simpliﬁed analysis
pipelines.50

In Situ Nucleic Acid Sequencing
In a progression from single-cell RNA sequencing methods,
in situ sequencing is performed intracellularly within intact
tissues, thereby preserving the spatial context of gene
expression within and between cell types.75,76 In a recent
methodological development, more than 1,000 genes were
simultaneously resolved to show three-dimensional expression patterns between neurons in mouse brain on a cubic
millimeter scale.77 The hybrid technique used pairs of DNA
probes binding to target RNA sequences, which were ampliﬁed to create DNA nanoballs. The DNA nanoballs were then
bound to an in situ hydrogel matrix and the speciﬁc RNAs
determined from ﬂuorescent barcodes by means of in situ
sequencing.78 Furthermore, a truly innovative approach to
mutation detection was recently reported where in situ
sequencing analysis was achieved using a mobile phone
camera paired with a small portable ﬂuorescent and brightﬁeld microscope unit.79

Microscopy-Based Sequencing
Interest in nucleic acid sequencing by electron microscopy
has been around since the 1960s, but fell out of favor due to
DNA damage from the high levels of radiation used and the
inability to resolve nucleotides without heavy atom labeling.
More recently, advanced low-energy electron microscopy
and spectroscopy platforms have been used to discriminate
individual nucleotides.80,81 Further development may realize the original aim of providing high throughput label-free
DNA sequencing capable of discriminating all manner of
modiﬁed nucleotides at an atomic level.
Another theoretical approach proposed in 2005 is the use
of tunneling currents to sequence DNA.82,83 Aside from the
theoretical use of tunneling currents in nanopores (mentioned previously), efforts to develop this method for microscopy-based DNA sequencing have been slow. However, over
the past decade, Tanaka et al have managed to use scanning
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electron tunneling microscopy to distinguish between the
purine nucleotides adenine and guanine.84,85 This heralds a
signiﬁcant advance for DNA sequencing by scanning electron
tunneling microscopy, as a complete sequence could be
inferred through the complementarity of pyrimidines with
purines when sequencing both strands of a DNA molecule.

Clinical Applicability of Next-Generation
Sequencing Methods
Comparison of Sequencing Approaches
Although the limited approach of Sanger sequencing is costly
and inefﬁcient for large-scale genomic sequencing, it
remains the most widely accepted means to validate variants
identiﬁed by NGS methodologies, particularly for clinically
reportable ﬁndings.86
Targeted gene panels typically focus on sequencing genes
that are known to be causative of or associated with a given
phenotype. While they can be convenient and are commonly
used, the gene lists are often too restrictive, can rapidly
become out of date, and can miss unanticipated ﬁndings.87,88
In this regard, more comprehensive sequencing approaches,
such as WES and WGS, are clinically more appealing.
Whole-exome sequencing is performed by targeted
enrichment of exonic regions, inclusive of canonical splice
sites to 20 bp either side of an exon, followed by short-read
sequencing. Although the exome is said to contain the vast
majority (85%) of disease-causing mutations,89 WGS and
third-generation long-read sequencing analyses are beginning to show the extent of noncoding and SVs that have the
potential to cause disease. The chief advantage of WES is that
it is cheaper than WGS and focuses the analysis on regions of
the genome most likely to be implicated in disease.
Whole-genome sequencing covers the entire genome,
including noncoding regions, that have previously been
considered nonfunctional, although it is now apparent that
these regions produce RNA molecules essential for cell
development and biology.89 In fact, genetic variation that
controls protein regulation lies outside of the coding genome
and plays a critical role in complex traits and diseases.89,90
WGS is less susceptible to technical artifacts that relate to
capture bias inherent in targeted gene panels and WES, with
newer PCR-free library protocols showing reduced GC-bias
and improved resolution of short repeats. Consistently, it has
been estimated that with incomplete sequencing of GC-rich
regions by WES, up to 400 disease-causing variants may be
missed in an exome.91 In comparison, WGS offers a more
uniform coverage and greater breadth of coverage, as well as
being better able to detect SNVs, indels, and SVs, including
short and large CNVs.89,92,93
As a result of the apparent advantages that WGS has over
WES (better breadth of coverage and better variant identiﬁcation), WGS has been referred to as “a better exome.”91,94
This is reﬂected in the diagnostic rate, where WES generally
achieves in the range of 25 to 35%, as opposed to WGS, which
is in the range of 40 to 60%.89 Although these rates are highly
dependent on the level of cohort selection, it is suggestive of
an inherently higher diagnostic yield for WGS compared with
Seminars in Thrombosis & Hemostasis

Vol. 45

No. 7/2019

WES.89 Furthermore, a recent study emphasized the utility of
WGS for detecting pathogenic variants in deep intronic
regions,95 and long-read WGS has disclosed the extent of
SVs in the genome.96
Whole-genome sequencing data represents a repository
of comprehensive genetic information for an individual that
can be interrogated and re-interrogated in the future as
conﬁdence in analysis and disease association improves.89
We suggest that WGS will likely be the preferred method for
clinical genetic sequencing as technology improves and the
cost falls over time. However presently, it is often the view
that WES is a more cost-effective alternative.

Next-Generation Sequencing in Thrombosis and
Hemostasis
Next-generation sequencing is having a large impact upon
the hematology ﬁeld, with numerous reports of NGS being
used to elucidate the genetic etiology for inherited forms of
bleeding, thrombosis, and platelet disorders. There is marked
genetic heterogeneity with a rapidly expanding list of genes
implicated in these disorders,97 making NGS highly suitable
for sequencing them. NGS promises to increase the diagnostic yield, reduce time to diagnosis, provide insights into
genotype–phenotype correlations, and facilitate the discovery of novel genes.98 In fact, the diagnostic yield may be
above 90% when the phenotype corresponds to a known
disorder but falls to 10% when the phenotype is consistent
with a novel disorder.97
As an example, one study developed a targeted sequencing platform covering 63 genes (the ThromboGenomics
platform) to identify previously detected variants in 100%
of samples tested (n ¼ 159), as well as 56 (91.8%) of 61 cases
with clinical and laboratory phenotypes suggesting a particular molecular etiology.99 In contrast, in a group classiﬁed
as “affected with uncertain cause,” a molecular diagnosis was
reached in only 8 (10.5%) of 76 cases.99
Another recent study focused on the detection of SVs as a
cause of hemoglobinopathies.100 The authors developed an
automated analytical pipeline (Snappy) to detect the ﬁrst
duplication of the entire β globin cluster. The analysis
method incorporated the assessment of sequence coverage
and detection of split and discordant reads in an approach
that could be applied to a routine diagnostic pathway.100
Finally, an ongoing study that shows great promise is the
My Life Our Future (MLOF) program, which was initiated in
2012 to provide genetic analysis and expand hemophilia
research by creating a research repository.101 DNA from
5,141 MLOF subjects has undergone WGS through the
National Heart, Lung, and Blood Institute’s Trans-Omics for
Precision Medicine program of the National Institutes of
Health and will provide a large, comprehensive database
that will serve as a valuable resource to study this disease in
the future.101

Conclusion
Sequencing technology is evolving at a rapid pace, and there
is now a vast array of options available for different
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applications of massively parallel sequencing. As the analysis
and interpretation of sequence variants improve and catch
up to data generation, the diagnosis of previously unresolved
disorders will become commonplace. We believe that the
beneﬁt of these new technologies has not yet been fully
exploited and will provide a means to offer precision and
personalized medical care in the future.
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