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Abstract

The term next-generation sequencing is almost a decade old, but it remains
the colloquial way to describe highly parallel or high-output sequencing
methods that produce data at or beyond the genome scale. Since the intro-
duction of these technologies, the number of applications and methods that
leverage the power of genome-scale sequencing has increased at an exponen-
tial pace. This review highlights recent concepts, technologies, and methods
from next-generation sequencing to illustrate the breadth and depth of the
applications and research areas that are driving progress in genomics.
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INTRODUCTION

Since the fundamental discovery of the structure of DNA (128) and the pioneering development
of methods to detect the sequence of DNA bases by foundational approaches such as Maxam &
Gilbert’s technique (76) and Sanger sequencing (106), the field of DNA sequencing has rapidly
evolved in capacity, capability, and applications. As with many technologies, advances across mul-
tiple fields were brought together to achieve routine sequencing at the genome scale. The devel-
opment of the polymerase chain reaction (103, 104), the widespread availability of high-quality
nucleic acid-modifying enzymes, and the development of fluorescent automated DNA sequenc-
ing enabled the Human Genome Project to deliver the first draft of the human genome sequence
in 2001 (64, 123) and the first completed draft three years later (54). Since then, genomics has
evolved at an amazing pace. Dozens of next-generation sequencing companies and technologies
have been created, and the corresponding field of bioinformatics has exploded as a major scien-
tific and training discipline. DNA sequence has even been proposed as a highly efficient storage
mechanism for large-scale data (22).

The progression from the discovery of the structure of DNA to the ability to sequence it
as a routine assay has had several inflection points. In the mid-to-late 1990s, microarrays were
developed as highly parallel assays to measure RNA and DNA (91, 107). Between 2001 and
2006, microarrays offered the first genome-scale parallel analysis of DNA and RNA. In 2006,
second- and third-generation sequencing techniques began to emerge that permitted an unbiased
means to examine billions of templates of DNA and RNA. Although now almost a decade old,
the term next-generation sequencing remains the popular way to describe very-high-throughput
sequencing methods that allow millions to trillions of observations to be made in parallel during
a single instrument run.

Since 2006, there has been an explosion of new methods, techniques, and protocols for the
examination of virtually any question in basic genetics or clinical research involving nucleic acid.
The rapid evolution of instruments, chemistries, and techniques led to next-generation sequenc-
ing instruments changing within months and chemistries and analysis algorithms changing within
weeks, creating substantial challenges for both researchers and clinicians. The challenges arising
from such rapid changes were amplified by a lack of widely available biological and biochem-
ical standards and public data sets to assess these nascent technologies and methods. Over the
last few years, technology platforms have been used and tested across a broad user market in a
wide variety of research projects, helping the methods and instruments to mature and enabling
a diversity of publications, methods, and applications of sequencing technology. Thousands of
application, technical, informatic, and translational articles have been published that describe the
use of sequencing technologies, with many hundreds more added each year.

Several excellent reviews over the last several years have described the technological landscape
of sequencing (78, 80, 96). When examined in chronological order, these and other examples
provide a superb history of the changing sequencing space and the amazing pace that has brought
us from the first draft of the human genome sequence to the ability to routinely sequence human
genomes with widely available technology ata cost decreasing from billions of dollars to thousands
of dollars in less than 25 years. Table 1 summarizes the past, present, and future of commercially
launched sequencing platforms and their original references.

"This review focuses on advancements in several areas, with the caveat that the breadth and depth
of the field make itimpossible to be comprehensive. The exclusion of any particular area or advance
reflects nota lack of impact or importance but rather the sheer volume of information available and
the desire to highlight specific areas. Table 2 lists several excellent Internet resources, including
blogs and electronic journals, that expand on the information in this review and are frequently
updated with the latest developments and information.
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Table 1 Summary of second-generation sequencing manufacturers

Manufacturer | Amplification Detection Chemistry URL Reference(s)
Commercial
Tllumina Clonal Optical Sequencing by http://www.illumina.com 12, 26,47
synthesis
Oxford Single Nanopore Nanopore http://www.nanoporetech.com 10, 55, 95,
Nanopore molecule 125,
Pacific Single Optical Sequencing by http://www.pacb.com 16,17, 29, 30,
Biosciences molecule synthesis 33,35, 60,
67,71, 108,
117,120
ThermoFisher | Clonal Solid state Sequencing by http://www.thermofisher.com/us/ 70, 77,101
Ton Torrent synthesis en/home/brands/ion-torrent.html
Precommercial
Quantum Single Nanogate Nanogate http://www.quantumbiosystems.com | —
Biosystems molecule
Base4 Single Optical Pyrophosphorolysis| http://base4.co.uk —
molecule
GenapSys Clonal Solid state Sequencing by http://www.genapsys.com —
(GENIUS) synthesis
QIAGEN Clonal Optical Sequencing by http://www.qiagen.com —
(GeneReader) synthesis
Roche Genia Single Solid state Nanopore http://geniachip.com —
molecule
Postcommercial
Roche 454 Clonal Optical Sequencing by http://www.454.com 75
(GS FLX) synthesis
Helicos Single Optical Sequencing by — 48
BioSciences molecule synthesis
(Heliscope)
Dover Clonal Optical Sequencing by — 109
(Polonator) ligation
ThermoFisher | Clonal Optical Sequencing by http://www.thermofisher.com/us/en/ | 121
Applied ligation home/brands/applied-biosystems.
Biosystems html
(SOLiD)
Complete Clonal Optical Sequencing by http://www.completegenomics.com | 27
Genomics ligation

Dashes indicate that no URL or reference is available. Platforms listed as precommercial have been announced but at the time of writing have not been

formally launched; platforms listed as postcommercial are no longer commercially available as new instrument sales.

SEQUENCING PLATFORMS AND CAPABILITIES

Current as well as some past commercially available sequencing platforms can be generally divided

via three axes. Axis one is single-molecule detection per reaction, well, or sensor, as performed

by Pacific Biosciences and Oxford Nanopore platforms, or the detection of clonally amplified
DNA, as performed by Illumina, Ion Torrent, and Roche 454 platforms, among others. Axis two
is the use of optical detection to make sequencing base calls, as performed by Illumina, Pacific
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Table 2 Examples of well-known online resources for genomic technologies

Name URL
Next Gen Seek http://nextgenseek.com
Bits of DNA http://liorpachter.wordpress.com/seq

RNA-Seq Blog

http://www.rna-seqblog.com

Journal of Next Generation
Sequencing & Applications

http://www.omicsonline.org/next-generation-
sequencing-applications.php

CoreGenomics

http://core-genomics.blogspot.com

Next-Gen Sequencing

http://nextgenseq.blogspot.com

Omics! Omics!

http://omicsomics.blogspot.com

In Between Lines of Code http://fixlexblog.wordpress.com

Kevin’s GATTACA World http://kevin-gattaca.blogspot.com
Blog @ Illumina http://blog.illumina.com
Next Generation Technologist http://www.yuzuki.org

Biosciences (detection of fluorescently modified nucleotides), and Roche 454 (detection of light
via pyrosequencing) platforms, or nonoptical detection, as performed by Ion Torrent (detection of
the release of H" during a polymerization reaction via a solid-state sensor) and Oxford Nanopore
(measurement of the translocation of DNA through a nanopore sensor) platforms. The third axis
is the use of a polymerase or ligation process to drive a sequencing-by-synthesis reaction in which
the products of the reaction are measured to produce sequencing data, or direct measurement of
DNA molecules. Sequencing-by-synthesis reactions performed by Illumina, Ion Torrent, Pacific
Biosciences, and Roche 454 platforms utilize a polymerase reaction, whereas the former Applied
Biosystems SOLID platform and the Polonator platform use a ligation-mediated synthesis. Direct
measurement of DNA sequences is performed by the Oxford Nanopore platform. Each com-
mercially available platform has similarities and differences relative to the others depending on
the chemistries and detection methods used. These similarities and differences result in a spec-
trum of capabilities and specifications that lead to different strengths and weaknesses among the
platforms. The differences between the platforms, particularly in their limitations, have resulted
in frequent comparisons to evaluate their performance under similar conditions (94). It has also
become efficient to use multiple platforms in a single experiment, with the goal of capitalizing on
the strengths of each platform (60).

The two most common specifications used to compare platforms are the number of reads pro-
duced in a given instrument run and the length of those reads. Other metrics—such as cost per
run, cost per base, instrument run time, presequencing sample preparation time, sample prepa-
ration cost, and platform bias or error modes—are far more difficult to compare across multiple
platforms owing to the number of variables involved and great debate about how to consider those
factors. Although illustrating the available platforms based on the number of reads and read length
has limitations, it does provide a useful picture of comparative output and a convenient way to
compare changes over time. Figure 1 shows a graph of the commercially available instruments in
terms of read length and depth. It includes the now discontinued Roche 454 platform for a point
of comparison and because it was such a foundational platform in the development of the next-
generation sequencing field. The graph is taken from an actively updated blog by Lex Nederbragt
at the University of Oslo (http://flxlexblog.wordpress.com); the comprehensive and active up-
dates provide confidence that the graph will continue to be updated in the future to illustrate the
dynamic and changing nature of sequencing.
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Developments in high-throughput sequencing. SOLiD is an Applied Biosystems platform; Ion PGM and
Ton Proton are Ion Torrent platforms; GA II, HiSeq, NextSeq, and MiSeq are Illumina platforms; GS FLX
and GS Junior are Roche 454 platforms; and PacBio RS is a Pacific Biosciences platform. Adapted from a
figure created by Lex Nederbragt (http://dx.doi.org/10.6084/m9.figshare.100940) under the Creative
Commons Attribution license (http://creativecommons.org/licenses/by/4.0).

The sequencing world is a dynamic and unforgiving space. Only a few short years ago, the
winter of 2011-2012 brought tremendous hype and overpromise. At the annual Advances in
Genome Biology and Technology conference, Oxford Nanopore announced that their GridlON
sequencing platform would sequence a human genome in 15 minutes and be commercial available
by mid-2012. Swiss drug giant F. Hoffmann-La Roche (Roche) launched a takeover bid for
Tllumina. In the same month, Ion Torrent stated that by the end of the year they would begin
selling a machine that could sequence an entire human genome in a day for less than $1,000,
and Pacific Biosciences was approaching the one-year anniversary of their commercial launch.
Many of those announcements proved to be aggressive and unrealistic, and the development
efforts proved to be far more challenging than the manufacturers expected. However, 2015 saw
a resurgence of platforms and innovations. Illumina has proven the viability and efficiency of
their ultra-high-output HiSeq X and introduced patterned flow cells on the HiSeq X and HiSeq
3000/4000 platforms, likely paving the way for increased output from those instruments in the
future. Pacific Biosciences announced the details of their second commercial platform, the Sequel,
which has six to seven times the data output of their existing platform while decreasing the cost
of the instrument by half. Oxford Nanopore has had a successful early access program, with
their MinION sequencer being used by more than 1,000 researchers, and will launch the second
iteration of the MinION in 2016 along with a higher-output instrument tentatively named the
PromethION. Ion Torrent is launching the third iteration of its technology in the Ion S5 and Ion
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S5 XL. These systems include the same core instrument, but the Ion S5 XL adds local computing
to enhance analysis speed. Taking a step back from the whole-genome market, these Ion Torrent
instruments are aimed at targeted sequencing workflows, with the goal of greatly simplifying the
hands-on time. The first released applications will be amplicon based via Ion AmpliSeq technology,
a well-tested and robust multiplex amplification method for creating sequencing templates (14,
119), and will require a reported 45 minutes of hands-on time when coupled with the supporting
Ion Chef system. The output of both instruments will use one of three chips, with outputs per
chip ranging from 600 Mb to 15 Gb and read lengths of 200 or 400 nucleotides (nt), although
current specifications list the highest-output mode (10-15 Gb) as being limited to 200-nt reads.

Now more than two years old, the Illumina HiSeq X system remains the highest-output plat-
form and the only sequencing technology available that can generate highly accurate data thatallow
sequencing at the human genome scale at reagent costs under $1,000. In 2015, the chemistry and
flow cells on the platform were improved to increase the consistency in the amount and quality of
the data produced by the instrument. Initially launched as a human-only platform, the HiSeq X
can now be used with any species, provided that the targeted coverage per sample is at least 30 .
The limitation for whole-genome use and the minimum coverage requirements per sample are
contractual stipulations by Illumina and not based on any specific technological limitations. The
capabilities of the HiSeq X have resulted in more than 200 instruments installed or sold during
the last year, providing unprecedented sequencing scale to the worldwide markets. Several large-
scale sequencing projects are ongoing or in the planning stages. Significant among them for both
the volume of data produced and their transformative impact on genomics are the 1000 Genomes
Project (1) and the Exome Sequencing Project (36, 115). In addition to the large-scale efforts, the
available scale and platform capabilities have resulted in the development of several population-
scale sequencing efforts. The two largest announced to date are the 100,000 Genomes Project,
led by Genomics England (http://www.genomicsengland.co.uk), and the GenomeAsia 100K
Initiative, led by the nonprofit consortium GenomeAsia 100K (http://genomeasial00k.com).
Genomics England is a company founded and owned by the UK Department of Health. Using
England’s National Health Service, the project plans to perform whole-genome sequencing of
100,000 participant samples over a four-year period. The GenomeAsia 100K Initiative plans to
also sequence 100,000 individuals. The project will initially include populations from 12 South
Asian countries and at least 7 North and East Asian countries, in order to increase understanding
of the population history and population substructure of the region and contribute to health and
disease research.

Iceland has long been investing in the genetic and genomic analysis of its population, primarily
through efforts supported by deCODE Genetics (now owned by Amgen) (44, 45). These efforts
have been expanded to whole-genome sequencing of the Icelandic population, and the first pub-
lication from the group illustrated the potential of population sequencing as well as the power
of combining population-scale data sets. Gudbjartsson et al. (43) described the insights gained
from sequencing the whole genomes of 2,636 Icelanders to a median depth of 20x. The authors
reported the discovery of 20 million single-nucleotide polymorphisms (SNPs) and 1.5 million
insertions or deletions. The discovered variants were annotated with respect to functional impact
(gene position, protein sequence impact, pathway, and conservation score), frequency, and den-
sity. The relatively small and homogeneous population of Iceland allowed an elegant and effective
combination of existing microarray-based genotyping data and the newly annotated and phased
variants to be imputed using the sequencing data, resulting in 104,220 individuals imputed down
to a minor allele frequency of 0.1%. The combined results revealed in the Icelandic population a
recessive frameshift mutation in MYL4 that causes early-onset atrial fibrillation, several mutations
in ABCB4 that increase risk of liver diseases, and an intronic variant in GNAS associated with
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increased thyroid-stimulating hormone levels when maternally inherited (43). These clinically
relevant results illustrate the immediate value of this work, and the imputed genomes support
powerful tests of association with an extensive range of traits and phenotypes, including parent-
of-origin models as well as the recessive model. In combination, these data provide the foundation
for more studies at the population scale that will enable a deep and robust understanding of how
variation in the sequence of the human genome gives rise to human diversity.

The available sequencing power is not only being applied to humans at a grand scale; mas-
sive projects are under way to examine many other species. One exemplary project is the 100K
Pathogen Genome Project, launched in mid-2012 by Bart Weimer at the University of California,
Davis. This project aims to sequence the genomes of 100,000 infectious microorganisms to create
a database of bacterial genome sequences for use in public health, outbreak detection, and bacte-
rial pathogen detection. This information will be used to accelerate the diagnosis of food-borne
illnesses and identify and trace the origins of pathogens more quickly, with the goal of better
understanding and shortening infectious disease outbreaks. The project is a public-private col-
laborative project started by the University of California, Davis; Agilent Technologies; and the
US Food and Drug Administration. The US Centers for Disease Control and Prevention and
the US Department of Agriculture are notable collaborators. The project will enable worldwide
collaboration to identify sets of genetic biomarkers associated with important pathogen traits and
resultin a public database as part of the National Center for Biotechnology Information resources.

These population-scale sequencing efforts are extensions of foundational projects such as the
1000 Genomes Project, the Cancer Genome Atlas (http://cancergenome.nih.gov), and the re-
lated Encyclopedia of DNA Elements (ENCODE) project. The 1000 Genomes Project recently
published data from phase 3 of the project (113), discussing the completion of the project and its
description of more than 88 million variants from 2,504 individuals from six populations, with
all variants phased into high-quality haplotypes. The latest phase of the 1000 Genomes Project
provided a broad diversity of data to observe what a “typical” genome looks like in different pop-
ulations, a vital advancement toward effective personalized genomics or personalized medicine.
There are an ever-increasing number of consortium-based projects, some of which are mentioned
here and others of which have been reviewed elsewhere (see table 2 of Reference 96). These
projects reflect the changing challenges and opportunities for team-based science with respect to
sample availability, sequencing and data-sharing technologies, and funding resources. The effi-
ciencies and impacts these and many other consortium projects bring to basic and translational
research are profound. It is now inconceivable to perform any type of genomic analysis without
using data from one or more consortium projects, be it a reference genome, a variant frequency,
a sequence search, or any number of other data types available in the public domain.

SHORT- AND LONG-READ SEQUENCING

The amazing increase in data output and decrease in cost per base sequenced has been driven
primarily by increases in parallelization in short-read sequencing technologies such as the Illumina
and Ion Torrent platforms. Although there have been increases in read length, the highest-output
platforms continue to have relatively short read lengths, on the order of 35-300 bases per read.
As in many areas of genomics, the revisions to read lengths occur rapidly and will likely continue
to do so as chemistries are optimized and improved. Illumina compensates for its short read
lengths by supporting paired-end sequencing, in which each end of the same DNA molecule is
sequenced to the full read length. Because the approximate size of the insert is known, the paired-
end information greatly improves unique alignment rates compared with single reads alone. The
dominance of the Illumina platform both in the literature and in the amount of data from the
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platform submitted to the Sequence Read Archive (65) demonstrates its efficiency and power. The
Ilumina platform has proved to be powerful for both resequencing approaches (such as whole-
genome and whole-exome sequencing) and read counting applications [such as RNA sequencing
(RNA-seq) and chromatin immunoprecipitation sequencing (ChIP-seq)]. The genomics field has
contributed dozens of methods for template preparation on the Illumina platform, leading to more
than 50 different preparatory methods for template generation on this platform (53).

Although the first draft of the human genome sequence was completed in 2001, and a much
more complete draft was reported in 2003, many areas of the genome remain poorly characterized
or missing from the current assembly. This is due to challenges and biases in preparing, character-
izing, and sequencing DNA, spanning each point of sample manipulation, extraction, sequencing,
and analysis. Together, these regions represent the darker areas of the genome, where sequences
are substantially more difficult to resolve with short-read technologies or have never been well
resolved in the references. Several developments have expanded the diversity of technologies and
applications available to bring light to these dark regions or enable the efficient de novo sequencing
or characterization of nontraditional species.

Two commercially available, highly parallel sequencing technologies produce long sequencing
reads: Instruments from both Oxford Nanopore and Pacific Biosciences produce read lengths in
the thousands of bases per read. Both utilize single-molecule sequencing, albeit with very different
detection methods. As its name implies, Oxford Nanopore uses nanopores for detection, whereas
Pacific Biosciences uses optical detection of a sequencing-by-synthesis reaction that occurs inside
a zero-mode waveguide (67). The details of the chemistries used on both platforms have been well
reviewed elsewhere (96).

Although Illumina has a dominant position in terms of both current market share and the
amount of sequence their platforms can output, there are limitations to the resolution that short-
read technologies bring to many applications in genomics. De novo sequencing is probably the
most widely appreciated limitation of short-read sequencing, followed by the resolution of struc-
tural variations in the genome. Short-read sequencing data can be effectively used to investigate
structural variation, especially when applied in combination with genotyping data, as in a study
recently published by the Structure Variation Analysis Group of the 1000 Genomes Project (113).
However, appreciating the full resolution of genomic variation is assured only when a complete,
reference-free, de novo assembly of a genome is possible (reviewed in detail in 18). Using signif-
icantly longer sequencing reads provides a way to increase resolution for assembly or structural
variation. Short- and long-read technologies have been at opposing ends of the spectra for read
length and read density. Illumina’s two highest-output platforms, the HiSeq X for genome se-
quencing and the HiSeq 4000 for more general applications, are limited to 150-nt reads but can
output more than 6 billion paired-end reads or more than 12 billion total reads per instrument
run. The Pacific Biosciences platform, the most widely proven long-read technology, produces
approximately 880,000 reads per 16 SMRT (Single-Molecule Real-Time) cell instrument run but
ataread length that averages more than 10,000 nt and can exceed 40,000 nt in length. The current
P6-C4 chemistry has a per-base error rate of approximately 15%, but the stochastic nature of the
errors allows for highly accurate consensus sequencing, both when using the circular consensus
sequencing (69, 72) and when generating consensus reads by sequencing samples to multiple times
depth on the Pacific Biosciences platform.

The Pacific Biosciences RS platform was released in 2010 and has since undergone several
iterations and chemistry revisions. Template preparation involves ligating hairpin adapters on
either end of a DNA molecule, with the length of the DNA molecule defining the maximal read
length of the sequencing run. These capped templates are called SMRTbells; a sequencing-by-
synthesis reaction occurs on the SMRTbell template that is detected with an optical system via
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a zero-mode waveguide (29). Because the SMRTbell was created with a hairpin at either end, a
strand-displacing polymerase can sequence the template several times, providing multiple reads
of each base of the template and increasing the accuracy of the read (72, 117). This approach
has been applied to several areas, including assembly of chloroplast genomes (69). The circular
consensus method is not limited to Pacific Biosciences sequencing and has been described as
a preparatory method valuable in sequencing RNA viruses to very high accuracy, allowing the
detection of ultrarare variants and accurate measurement of low-frequency variants (2). The long
sequence reads of the Pacific Biosciences platform have allowed the analysis of challenging areas
of the genome, such as the major histocompatibility complex (MHC) class I region transcripts (19,
129) and regions of segmental duplication (52). Studies performed to generate de novo assemblies
have also illustrated the impact of the platform and its potential role in developing routine analysis
of human genomes driven by de novo assembly rather than comparisons to a reference sequence
(18, 31).

In late 2015, Pacific Biosciences announced a new platform to augment their RS II instrument.
"This new platform, named Sequel, is a significant change from the RS in both form and capabilities.
It is a fraction of the size of the original RS platform and has a capital cost that is half that of
the original RS. The platform will reportedly launch with a substantial increase in read density
compared with the available RS, with each SMRT cell having 1 million zero-mode waveguides
(compared with 150,000 on the RS II), increasing the read output by approximately seven times.
Taken together, these improvements will reduce the cost of sequencing a 20x human genome by
atleast 50% and provide a sevenfold improvement in the speed of data production compared with
the RS II. The Sequel is being developed in collaboration with Roche, and the first instruments
will be provided to Roche for development of human in vitro diagnostics.

The use of nanopores to sequence DNA has been discussed or demonstrated in various forms
since at least 1996 (59), and the potential and challenges of nanopore sequencing have been well
reviewed elsewhere (13). The promise in nanopore sequencing is its sensitivity to native molecules
and the potential to use inexpensive materials and reagents in the process. Nanopore sequencing
is based on measuring changes in electrical properties as biomolecules such as DNA traverse the
pore and then using those electrical changes to identify the exact DNA base going through the
pore. Oxford Nanopore was the first company to commercialize nanopore sequencing technology,
which they did in their handheld sequencer, the Min[ON. The MinION broke many barriers at
its launch. It was the first DNA sequencer that could be handheld and not require anything more
than an active USB port to operate. It is also the lowest-cost DNA sequencer to be released, with
an instrument price of $1,000. These features remain exceptional in the genomics world.

Oxford Nanopore has been a somewhat nontraditional biotechnology company. It has alter-
nated between grandiose and stealthy, and it introduced its instrument to the world via an early
access program that allowed those selected for the program to acquire the sequencer for a deposit
of $1,000. This program had robust online community support and by nearly all measures was
a reasonable success. It provided an ever-expanding number of users with access to the platform
while also providing the company with an ever-increasing amount of data and feedback to work
with and base improvements on. As stated above, the detailed chemistry of the Oxford Nanopore
platform has been reviewed in detail elsewhere (96).

Aswith the other commercially launched platforms, several features make the Oxford Nanopore
platform unique. Sequencing is performed on template DNA by measuring the translocation of
the DNA through a protein pore. The current MinION platform generates approximately 100 Mb
of data per 16-hour run, with an average read length of approximately 6 kb (10). Oxford Nanopore
has announced that a next-generation version of the MinION will be released in 2016, along with
the higher-output PromethION and an automated sample preparation device called Voltrax that
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will connect to either platform (58). Oxford Nanopore has reported advancements that will allow
its platforms to break the gigabase and terabase barriers per run and has announced a pay-as-you-
go pricing system for the new platforms. It will be interesting to see whether these changes have
any fundamental impact on the genomics field.

During the early access program, several studies illustrated the capabilities of the Oxford
Nanopore platform, including combining nanopore data with Illumina data to produce a hybrid
assembly (42, 97). Library preparation methods that support sequence capture and sample indexing
have been described (57), and there has been rapid development of analysis algorithms for long-
read sequencing data. These include scaffolding methods for assembly of draft genomes (126), tools
for real-time visualization and analysis of MinION data (15), and error corrections to drastically
improve read accuracy (55, 114).

Long-read sequencing has also been robustly applied to sequencing full-length transcripts
with both the Pacific Biosciences and Oxford Nanopore platforms. Pacific Biosciences launched
its SMRT Analysis 2.2 software with support for the Iso-seq method of analyzing full-length
transcripts and gene isoforms, without the requirement of assembly. Several studies have utilized
this approach, including analyses of human pluripotent stem cells (11), allele-specific transcription
(116), and alternative splicing (118). It will be interesting to see how the transcriptional analysis
field evolves as long-read sequencing becomes more available and cost effective, particularly in light
of a study that raised questions about errors in short-read data and transcriptional analysis (99).
Although this paper is thought provoking, it raises as many questions about analysis techniques
and algorithms as it does about sequencing technology. As more options and more transcriptional
data from long-read sequencing become available, a more thorough evaluation will be possible
to determine the balance between the lower read output (and therefore lower dynamic range) of
long-read technologies compared with the lower alignment accuracy and relative insensitivities
for all splice variants of short-read technologies.

SYNTHETIC LONG READS

The generation of long sequencing reads is not limited to direct measurement using long-read
technologies such as the Pacific Biosciences and Oxford Nanopore platforms; several innovative
and elegant approaches have combined biochemical and informatic approaches with short-read
sequencing data to generate synthetic long reads. These methods all rely on partitioning the
genome to a subhaploid concentration and then generating a sequencing library that can be
uniquely mapped back to the subhaploid fraction. Early methods used fosmid libraries to partition
a genome sample (28), whereas later methods have relied on the use of a diversity of synthetic se-
quences added as barcodes in a manner that allows differentiation of hundreds to hundreds of thou-
sands of sequences based on the barcodes. Several methods have been applied with varying com-
plexity and resolution. Several synthetic long-read technologies and methods were described in
2012. The long-fragment-read method illustrated sequencing and haplotyping from 10-20 human
cells (92). Another long-fragment technology was commercialized from Stephen Quake’s labo-
ratory at Stanford University as Moleculo (63). Moleculo was acquired by Illumina and is now
available in a kit form. The Moleculo technology was used to phase a human genome to greater
than 99% completeness with N50 phase blocks in the 400-500-kb range (63). The N50 statistic
refers to the contig length produced following data analysis and is similar to the mean or median
length of the resulting contigs. The formal definition of N50 is the length for which the collection
of all contigs of that length or longer contains at least half of the sum of the lengths of all contigs,
and for which the collection of all contigs of that length or shorter also contains at least half of
the sum of the lengths of all contigs. Illumina independently published an approach that targeted
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a 1-Mb region of the X chromosome, phasing more than 95% of SNPs and deriving haplotype
blocks of hundreds of kilobases (56).

More recently, a transposase-mediated library preparation of a subhaploid fractionated genome
that leverages the unique contiguity-preserving activity of the Tn5 transposase (CPT-seq) has
been described (3) and applied to whole-genome sequencing (8). Whereas the long-fragment-read
and Moleculo technologies were limited to hundreds of partitions, CPT-seq uses 9,216 barcode
pools via combinatorial indexing. 10X Genomics recently commercialized another method via
their GemCode platform, extending the number of subhaploid partitions that can be resolved
to 750,000. GemCode uses a microfluidic assay to dropletize high-molecular-weight DNA into
approximately 100,000 droplets and combines each droplet with a dissolvable bead known as a
Gem. Each Gem contains oligonucleotides with a single barcode sequence that is introduced in
the sequencing library preparation method. The unique barcode is used following the sequencing
data generation to partition the sequencing reads and provide phasing and structural variation
analysis. In publications describing results with the GemCode platform, the example data released
show more than 99% of SNPs phased and haplotype block sizes of more than 12 Mb.

Applications for synthetic long reads extend beyond haplotype phasing. Kuleshov et al. (62)
used synthetic long-read methods to analyze the human microbiome and identified 51 additional
species that were not observed with short-read sequencing alone. Additionally, these synthetic
long reads revealed extensive intraspecies variation, providing a resolution to the microbiome
data that was previously unobtainable.

TOWARD A REFERENCE-FREE ANALYSIS

Many new methods, technologies, and algorithms have emerged that can provide routine, efficient
synthesis of very long fragments of DNA, either as synthetic reads or through direct sequencing.
These methods promise to dramatically increase our understanding of almost all fields of biology,
including genomes, epigenomes, transcriptomes, epitranscriptomes, and metagenomes. Nearly all
of these methods rely on an analysis method thatis rooted in the initial alignment of the sequencing
data to a linear reference genome. Representing genomic information in tracks in a uniform
manner that allows flexible, extendable track types is critical for the continuing advancement of
genomics (46, 102).

Diploid organisms receive two sets of chromosomes, one from each parent. The sequences of
these chromosomes are highly similar but differ at all positions that show heterozygous variation.
These variations can be at the single-nucleotide level or at the insertion/deletion and chromosomal
rearrangement/translocation levels. Representing the diploid genome as a single linear sequence
requires removing much of this variation and using additional reporting or representation methods
beyond the linear representations. Complicating the issue is that any single sample may have
genomic content that is not represented in the reference, regardless of the representation method.
In other words, any sequencing reads that are unique to an individual and are not part of the
reference may be missed, and any single haploid reference is insufficient to fully represent genomic
diversity (21). The most recent release of the human genome (build 38, GRCh38) contains so-
called alternate loci, defined as “multiple representations for regions that are too complex to be
represented by a single path” (40). These are regions, often of modest size, that are found in some
genomes but are not part of the reference representation. Alignment software is being revised to
accommodate these alternative representations and allow for more comprehensive mapping and
flexibility. The nearly ubiquitously used alignment program Burrows-Wheeler Aligner (BWA) has
detailed capabilities for dealing with these alternate loci (68). A new alternate loci—tolerant aligner
(SRPRISM) and companion reference-guided assembly tool (ARGO) have recently been described
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as part of a study to assemble a single-haplotype genome derived from a hydatidiform mole
(112). The assembly of the haploid DNA from the hydatidiform mole has added to the curation
framework available for genome annotation and assembly and provided at least one accurate
allelic representation across loci with a complex genomic architecture. These data facilitate the
understanding of the genomic architecture and diversity in complex regions, including regions
such as the immunoglobulin heavy-chain locus (127).

Although the best way to robustly use and represent multitrack reference information as a step
toward a reference-free assembly remains an open and active area of study, techniques such as
graph-based representation remain interesting potential solutions. Nearly all assembly programs
use graph representations and graph algorithms to assemble reads into a genome representation,
and using graphs to represent DNA sequences has a long history; for example, string graphs (82)
and De Bruijn graphs (23) are used in this context. As discussed in detail by Church et al. (21),
the newly formed Global Alliance for Genomics and Health (http://genomicsandhealth.org) is
leading an effort to formalize data structures for graph-based reference assemblies. These efforts
will require developing infrastructure and analysis tools to support these new structures and achieve
widespread adoption across the biological and clinical research communities. Although these
efforts will likely take many months to years for full adoption, the steady progress and direction
of advancing beyond a linear haploid reference represent an important step.

UBIQUITOUS USE OF SEQUENCING

As mentioned above, the sheer volume of publications and applications enabled by sequencing
approaches has grown at a staggering rate. The ubiquitous availability of sequencing technology
has led not only to an amazing array of research applications, but also to the rapid development of
laboratories offering sequencing for clinical testing purposes. There are also a growing number
of inspiring stories of how sequencing has led to transformative results for patient care. For
example, Elana Simon was diagnosed with a rare form of liver cancer (fibrolamellar hepatocellular
carcinoma) and participated in research that revealed a gene fusion event that appears to drive her
type of cancer. Elana’s father is a researcher at Rockefeller University, and while doing research
for a high school internship, Elana used social media to identify others with the same rare cancer,
leading to a cohort of 15 tumor/normal pairs for analysis, including her own sample. Sequencing
of the cohort revealed that all of the tumors contained a novel gene fusion between DNA7BI and
PRKACA, producing a fusion protein that retains kinase activity. Elana was a coauthor on two
publications describing this work (51, 110). This example highlights not only how powerful the
ubiquitous access to sequencing tools has become, but also how accepted they are becoming as a
transformative tool in health care. Although not all studies examining rare diseases or cohorts of
tumors with sequencing technologies will have as compelling an outcome, there is no doubt that
sequencing will play an increasing role in research, health care, and industrial experiments and that
the number of available applications will continue to grow with the innovation and creativity of the
scientific community. Erlich (31) has published an interesting review of sequencing that focuses
on the barriers that remain to the ubiquitous use of sequencing sensors, including sequencing at
home, in forensics, and in security applications.

The application of genomic tools to human cancer has been an exceptionally active area of re-
search and development since the earliest days of the field. Sequencing applications, both genome-
wide and targeted, are revealing complex mutational signatures associated with different types of
cancers and revealing complexities and molecular signatures of cancer that are now driving both
research and therapeutic decisions (5-7, 49, 87). The results of these mutational signature studies
are available in the online Catalogue of Somatic Mutations in Cancer project from the Wellcome
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Trust Sanger Institute (http://cancer.sanger.ac.uk/cosmic). Among several excellent reviews
that have discussed progress in understanding the cancer genome landscape are articles by Offit
(88), Vogelstein et al. (124), and Wheeler & Wang (131). Applying genomic technologies to sin-
gle cancer cells has also been an active area of research, as reviewed by Navin (83). The robust
cancer data sets from hundreds of publications as well as from consortium-based efforts such as
the Cancer Genome Atlas have yielded a powerful data set that can be combined with large-scale
biological models such as cancer cell line tools (38). This combination has the potential to com-
pletely transform how cancer patients are stratified for treatment. Additionally, a recent study by
Zhang et al. (136) used whole-genome and whole-exome sequencing to analyze 1,120 children
with cancer and catalog germline mutations that may predispose those individuals to cancer. The
most prevalently mutated genes in the patients were 7P53, APC, and BRCA2. Although many
questions remain regarding how cancer cells metastasize and avoid detection by the host immune
system, the last decade of cancer genomics has transformed the field of cancer research (131).

Decreases in the cost of sequencing, increases in instrument output, and advances in sam-
ple preparation continue to drive the field of single-cell genomics forward. Single-cell studies
have recently examined transcriptomes to better understand single-cell physiology (24, 39), DNA
methylation (34, 111), ChIP-seq (100), and genome sequencing (37). These and related studies are
developing data sets to provide genomic resolution at the single-cell level, opening opportunities
to appreciate the variability in single-cell physiology as these cells function as parts of more com-
plex organ systems and organisms. Now that many of the initial challenges of analyzing single-cell
amounts of RNA and DNA have been overcome, the next step is appropriately powering stud-
ies to examine enough individual cells to develop data sets that are sufficiently broad and deep
to accurately resolve the cellular dynamics. Recent work by Macosko et al. (74) demonstrated a
highly parallel approach for single-cell analysis termed Drop-seq that is not limited by the num-
ber of available wells in standard laboratory formats. Drop-seq utilizes a microfluidic partitioning
method not unlike the methods described earlier for partitioning DNA into subhaploid amounts
for phasing studies. Rather than partitioning DNA, this method partitions individual cells into
droplets and associates a unique barcode with the RNA from that individual cell. The original
Drop-seq study analyzed mRINA transcripts from 44,808 mouse retinal cells simultaneously while
retaining each transcript’s cell of origin, which allowed the authors to identify 39 transcriptionally
distinct cell populations from the mouse retina (74). This parallelization of single-cell genomics
provides a foundation for examining tissue or organ physiology not by isolating RNA or DNA in
bulk from the total tissue, but rather by tagging RNA or DNA from individual cells via molecular
barcodes and having the flexibility to examine population expression or DNA signatures and parse
data to the single cell.

DATA SHARING, STANDARDS DEVELOPMENT,
AND CLINICAL APPLICATIONS

The initiation of consortiums to develop widely available standards and samples for RNA [the
External RNA Control Consortium (81)] and DNA [the Genome in a Bottle Consortium (137)]
brings a stable sample set for comparing and developing validation and technical standards. Data
consortiums such as the Exome Aggregation Consortium (32) and the St. Jude Pediatric Cancer
Genome Project (136) provide unprecedented value to the scientific community. Although the
technology and market will continue to evolve at a rapid pace, the maturity of the platforms and
the availability of public reference data sets and biochemical standards allow for rigorous testing
and development that have opened the door to the clinical application of sequencing in a targeted
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manner (such as sequencing specific panels of genes), in the broader exome (covering annotated
protein-coding regions), and finally in the entire genome.

Sequencing all or some of the protein-coding regions of the genome has been an effective
and efficient method to characterize the ~1-2% of the genome annotated to encode proteins.
The earliest genome selection methods were performed by either microarray selection (4, 50,
89) or multiplex amplification (93). These developments were quickly followed by the use of
oligonucleotides to target regions of interest, which quickly became the dominantselection method
for large-scale partitioning of the human genome (41). Since these foundational efforts, several
commercialized technologies for oligonucleotide-based sequence capture have been developed,
with platforms from Agilent Technologies, Illumina, and Roche NimbleGen being the most
dominant over the last five years.

Whole-exome sequencing quickly became an efficient and accurate tool to examine the protein-
coding regions of the genome, with numerous papers illustrating its power in rare disease diagnosis
(9, 20, 73, 85, 86, 98) and clinical impact (133). Although effective and efficient, whole-exome
sequencing determines a causative variantin only approximately 25 % of cases (135). The diagnostic
rate may appear low, but these results should be considered in the context of limited power to
appreciate multivariant effects and the possible impact of variations outside the exonic regions,
such as deep intronic or regulatory variants that could play a role. One of the more striking features
of exome studies that have examined rare disease (135) and more common disorders, such as autism
(84) and sporadic schizophrenia (134), is the exceptional rate of de novo mutation observed. These
observations are profoundly changing our perception of these diseases (61, 122) and providing
novel frameworks for the analysis of diseases with extensive locus heterogeneity (105).

The cost of DNA sequencing has steadily decreased since the introduction of next-generation
sequencing, regardless of the platform type or technology (130). More than two years after the
announcement of the Illumina HiSeq X platform, overall sequencing costs have largely stabilized,
and the availability of sequencing on the HiSeq X platform has become widely available, with
more than 20 HiSeq X sites around the world. The wide availability of low-cost human genome
sequencing has resulted in a broader use of whole-genome sequencing for the study of human
variation and disease (132) but with some important and notable considerations for the clinical
use of sequencing in relatively healthy individuals (25). In an exploratory study using 12 volunteer
adults, Dewey et al. (25) reported that whole-genome sequencing had incomplete coverage of
inherited disease genes, low reproducibility of detection of genetic variation with the highest
potential clinical effects, and uncertainty about clinically reportable findings. The uncertainties and
concerns highlighted in this study illustrate the importance of rigorous quality control, rigorous
technical standards, and the use of high-quality data to produce genome data. In the data produced
by Dewey et al. (25), 9-17% of genes associated with inherited disease or annotated as important
by the American College of Medical Genetics and Genomics were inadequately or inconsistently
covered, particularly for insertion/deletion variants, and 4 of the 12 individuals had mutations
in genes annotated as disease-causing without showing the presence of disease, indicating that
those mutations had an uncertain effect, had a lesser significance than originally believed, or were
sequencing errors. The authors concluded that the practical burden of reportable genetic findings
from genome sequencing will vary considerably based on laboratory or institutional sequencing
expertise, reliance on pathogenicity classifications in mutation databases, and access to and methods
for evaluation of published evidence.

As clinical applications for whole-genome or whole-exome sequencing become more com-
mon, it will become increasingly important to carefully evaluate the technical performance of
the capture tools available from commercial vendors. Patwardhan et al. (90) evaluated the differ-
ential performance of four commercially available exome capture reagents and compared them

Levy o Myers



with an augmented exome strategy that enhanced coverage over medically relevant genes. The
authors reported superior variant sensitivities in the enhanced regions compared with traditional
exome sequencing or whole-genome sequencing. Of a set of 56 genes that were recommended
for return of secondary findings by the American College of Medical Genetics and Genomics,
very few had greater than 95% of the disease-associated variants covered to at least 30x when
usinga 31.5x coverage whole-genome data set from the Sequence Read Archive (under accession
PRJNA289286). The authors concluded that clinicians should carefully consider the analytical
performance of any platform before determining the most appropriate reagent to use for a specific
study in order to avoid false negative results.

In contrast to the study by Patwardhan etal. (90), other recent studies have found whole-genome
sequencing to be superior to whole-exome sequencing in terms of overall variant sensitivity and a
lack of bias because there is no selection procedure for whole-genome libraries. Lelieveld et al. (66)
found that whole-exome libraries required two to three times more coverage to achieve similar
variant sensitivities compared with whole-genome libraries. This increase in needed read depth
for whole-exome sequencing helps to normalize the cost differential between the two methods.
Importantly, Lelieveld et al. (66) did not observe any significant differences in the ability of exome
or whole-genome sequencing methods to completely cover 2,759 clinically relevant genes. In a
study similar to the work by Lelieveld et al. (66), Meynert et al. (79) compared polymorphism
detection sensitivity and systematic biases using a set of tissue samples that underwent both whole-
genome and whole-exome sequencing. They found that exome sequencing required a mean depth
of40x toreacha95% detection sensitivity, whereas the same sample analyzed with whole-genome
sequencing needed only a mean depth of 14x for the same sensitivity. They also reported greater
uniformity of coverage and reduced bias in the detection of nonreference alleles in whole-genome
data compared with whole-exome data.

CONCLUSIONS

As we move through the second decade since the first draft of the human genome sequence, the
genomics field continues to advance rapidly. Study designs have continued to increase in scope (in-
cluding population-scale sequencing efforts such as the 100,000 Genomes Project) and resolution
(through the development of techniques such as Drop-seq for single-cell sequencing). The avail-
ability of low-cost, high-performance sequencing continues to expand the diversity of researchers
and applications of genomics, while the development and revision of sequencing platforms (es-
pecially long-read technologies) expand the horizons of the type and complexity of genome and
transcriptome architecture that can be resolved. The advancement of sequencing technologies by
commercial companies and the development of applications for those technologies by the scientific
community will continue to be a robust symbiotic relationship.

For the first time in several years, there are indications and potential for new technologies
to challenge the sequencing status quo. Pacific Biosciences and Oxford Nanopore will challenge
each other with their new platforms—Pacific Biosciences with Sequel, and Oxford Nanopore
with PromethION. Together, these long-read technologies have an opportunity to challenge
Ilumina owing to the limitations of short-read technologies for analyzing structural variation
and haplotype phasing as well as transcript splicing variation. That said, short-read sequencing
will be bolstered by its ease of use and massive output as well as the development of companion
technologies, such as the 10X Genomics GemCode platform or CPT-seq for the generation of
synthetic long sequencing reads that drastically improve phasing and structural variation analysis.
The debate will continue on what platforms will ultimately be the most useful in the clinic and in
the lab as well as what capabilities will be necessary for a platform to provide the next inflection
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point in resolution to fundamentally add to our understanding of how the sequence of a genome
is transformed into the complexities of life through the biological process.
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