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More than a decade ago, the term “next-generation” sequencingwas coined to describewhat
was, at the time, revolutionary new methods to sequence RNA and DNA at a faster pace and
cheaper cost than could be performed by standard bench-top protocols. Since then, the field
ofDNA sequencing has evolved at a rapid pace,with newbreakthroughs allowing capacity to
exponentially increase and cost to dramatically decrease. As genome-scale sequencing has
become routine, a paradigm shift is occurring in genomics, which uses the power of high-
throughput, rapid sequencing power with large-scale studies. These new approaches to
genetic discovery will provide direct impact to fields such as personalized medicine, evolu-
tion, and biodiversity. This work reviews recent technology advances and methods in next-
generation sequencing and highlights current large-scale sequencing efforts driving the evo-
lution of the genomics space.

Since the fundamental discovery of the struc-
ture of DNA by Watson, Crick, and Park

(Watson and Crick 1953) and the pioneering
development of methods to detect the sequence
of DNA bases by foundational methods such as
Maxam and Gilbert (1977) and then Sanger se-
quencing (Sanger andCoulson 1975), thefield of
DNAsequencing has rapidlyevolved in capacity,
capability, and applications. As with many tech-
nologies, advances across multiple fields were
brought together to achieve routine sequencing
at the genome scale. The development of the
polymerase chain reaction (Saiki et al. 1985,
1988), the widespread availability of high-qual-
ity nucleic acid–modifying enzymes and the de-
velopment of fluorescent automated DNA se-
quencing enabled the human genome project
to deliver the first draft of the human genome
in 2001 (Lander et al. 2001; Venter et al. 2001)
and the first completed draft 3 years later (Inter-

national Human Genome Sequencing Consor-
tium2004).Genomics has evolved at an amazing
pace since the first draft of the human genome
project. Dozens of next-generation sequencing
(NGS) companies and technologies have been
created and the corresponding field of bioinfor-
matics has exploded as a major scientific and
training discipline.

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 a highly parallel assay tomea-
sure RNA and DNA (Pease et al. 1994; Shalon
et al. 1996). Between 2001 and 2006,microarrays
offered the first genome-scale, parallel analysis
of DNA and RNA. Beginning in 2006, second-
and third-generation sequencing techniques be-
gan to emerge that permitted an unbiasedmeans
to examine billions of templates of DNA and
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RNA. Although now almost a decade old, “next-
generation” sequencing remains the colloquial
term to describe very high throughput sequenc-
ing methods that allow millions to trillions of
observations to be made in parallel during a sin-
gle instrument run. Since 2006, the genomics
space has had an explosion of new methods,
techniques, and protocols for the examination
of virtually any question in basic genetics or clin-
ical research involving nucleic acid. The rapid
evolution of instruments, chemistries, and tech-
niques led to NGS instruments changing within
months and chemistries and analysis algorithms
changing within weeks, creating substantial
challenges for both researchers and clinicians.
These changes were amplified by a lack of widely
available biological and biochemical standards
and public data sets to assess these nascent tech-
nologies 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, allowing not only amaturity in
themethods and instruments to develop but also
a large diversity of publications, methods, and
applications of sequencing technology. There
are now thousands of publications with many
hundreds added each year that describe the uti-
lization of sequencing technologies. There have
been a number of excellent reviews over the last
several years that describe the technological
landscape of sequencing (Metzker 2010; Morey
et al. 2013; Reuter et al. 2015). A review of those
examples and many others, when viewed in
chronological order, provides an excellent histo-
ry of the changing sequencing space and the
amazing pace that has brought us from the first
draft of the human genome to the ability to rou-
tinely sequence human genomes with widely
available technology at a cost decreasing from
billions of dollars to thousands of dollars in
less than 15 years. This review will focus on the
advancements in several areas with the caveat
that the breadth and depth of the field make it
impossible to be comprehensive. The exclusion
of any particular area or advance is not a reflec-
tion of a lack of its impact or importance but
instead is indicative of the sheer volume of in-
formation available and the desire to highlight
specific areas in this review.

SEQUENCING PLATFORMS
AND CAPABILITIES

The sequencing world is a dynamic and unfor-
giving space, punctuated by spurts of tremen-
dous hype and overpromise and periods of cat-
apulting advancement. In 2011/2012, Oxford
Nanopore presented at the annual Advances in
Genome Biology and Technology conference
that their GridION sequencing platform would
sequence a human genome in 15 minutes and
be commercially available by mid-2012. In the
same month, Ion Torrent stated they would be-
gin selling a machine by the end of the year that
could sequence an entire human genome in a
day for less than $1000 and Pacific Biosciences
was approaching the 1-year anniversary of their
commercial launch. Looking back from 2018,
many of those announcements proved to be ag-
gressive and development efforts proved to be
far more challenging for the manufacturers.
However, the past few years have seen a resur-
gence of platforms and innovations. In 2015,
Illumina launched the HiSeq X platform, in-
creasing sequencing capacity to levels that
seemed staggering at the time. That same year,
Pacific Biosciences launched their second com-
mercial platform, Sequel, that increased data
output by six- to sevenfold over the existing plat-
form while decreasing the capital costs for the
instrument by one-half. In 2018, the Sequel 2.1
chemistry was released, reporting achievements
of one-half of all reads above 30,000 bases in
length and 10 billion bases of data for whole-
genome analysis run. Oxford Nanopore had a
successful launch of their MinION sequencer
and followed it with a GridION X5 (drives up
to five MinION flowcells) in 2017. The Pro-
methION (up to 48 MinION flowcells) is also
now available in an early access program.

For several years, the Illumina HiSeq X sys-
tem remained the highest output platform and
the only sequencing technology available that
could generate highly accurate data at the human
genome scale at reagent costs less than $1000. In
initial years, only whole genomic samples at a
minimum coverage of 30× were allowed to be
sequenced on the HiSeq X platform. In later
years, this requirement was relaxed to include
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whole-genome sequencing (WGS) of all organ-
isms with a minimum coverage of 15×. The Hi-
SeqXwas run at afixed read length and although
the cost per base had dropped dramatically com-
pared with NextSeq or HiSeq 2500 sequencing,
library types other thanWGSwereunable to take
advantage of the lower sequencing costs offered
by the HiSeq X. In 2017, the launch of the
NovaSeq 6000 platform unleashed a new era in
sequencing capabilities. The platform is extreme-
ly flexible, with flow cells of differing read yields
available and any type of library or sequencing
length allowed. TheNovaSeq 6000 is limited to a
maximum of 150 nt reads but can output >20
billion paired-end reads or more than 40 billion
total reads (6000 Gb)per instrument run (twoS4
300 flow cells per sequencing run).

SHORT-READ AND LONG-READ
SEQUENCING

The exponential increase in data output and
decrease in cost per base sequenced has been
primarily driven by increases in parallelization
of short-read sequencing platforms such as
Illumina and Ion Torrent. 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. 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
in both the literature as well as the amount of
data from the platform submitted to the Se-
quence Read Archive (Leinonen et al. 2011)
shows its efficiency and power. Illumina has
been shown to be powerful for both resequenc-
ing approaches like WGS and whole-exome
sequencing (WES), for read-counting applica-
tions such as RNASeq and ChIPSeq, and for
structural genomic profiling such as ATAC-
seq, MNase-seq, or FAIRE-seq.

Although the first draft of the human ge-
nome was completed in 2001, there are still

many areas of the genome that remain poorly
characterized or missing from the current as-
sembly. This is because of challenges and biases
in preparing, characterizing, and sequencing
DNA, spanning each point of sample manipu-
lation, extraction, sequencing, and analysis. To-
gether, these regions represent the darker areas
of the genomewhere sequences are substantially
more difficult to resolvewith short-read technol-
ogies or have never been well resolved in the
references. A number of developments have oc-
curred that have expanded the diversity of tech-
nologies and applications available to bring light
to these dark regions of the genome or to enable
the efficient de novo sequencing or characteriza-
tion of nontraditional species.

Two commercially available, highly parallel
sequencing technologies produce long sequenc-
ing reads. Instruments byOxfordNanopore and
Pacific Biosciences both produce read lengths in
the many thousands of bases per read. Both use
single-molecule sequencing albeit with very dif-
ferent detection methods. Oxford Nanopore
uses nanopores for detection as their name im-
plies and Pacific Biosciences uses optical detec-
tion of a sequencing-by-synthesis reaction that
occurs inside a zero-mode waveguide (Levene
et al. 2003). The details of the chemistries used
on both platforms are well reviewed elsewhere
(Reuter et al. 2015).

Although Illumina has a dominant position
in the sequencing space in both current market
share and the amount of sequence their plat-
forms can output, there are limitations to the
resolution that short-read technologies bring to
many applications in genomics. De novo se-
quencing is probably the most widely appreciat-
ed limitation of short-read sequencing followed
by resolution of structural variations in the ge-
nome. Short-read sequencing data can be effec-
tively used to investigate structural variation,
especially when applied in combination with
genotyping data as was recently published from
the Structure Variation Analysis Group of The
1000 Genomes Project (Sudmant et al. 2015).
However, appreciating the full resolution of ge-
nomicvariation is onlyassuredwhen acomplete,
reference-free, de novo assembly of a genome is
possible (reviewed in detail in Chaisson et al.
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2015). One means to increase resolution for
assembly or structural variation is with signifi-
cantly longer sequencing reads. Short-read tech-
nologies and long-read technologies have been
at opposing ends of the spectra for read length
and for read density. Illumina’s highest output
platform, the NovaSeq 6000, is limited to 150 nt
reads but can output >20 billion paired-end
reads or >40 billion total reads (6000 Gb) per
instrument run (two S4flowcells per sequencing
run). Pacific Biosciences, themostwidely proven
long-read technology, produces ∼400,000 reads
(10 Gb) per SMRT cell instrument run but at a
read length that averages >15,000 nt and can ex-
ceed 100,000 nt in length. The previous P6-C4
chemistry had a per-base error rate of∼15% but
the stochastic nature of the errors allowed for
highly accurate consensus sequencing, both us-
ing the circular consensus sequencing (Lou et
al. 2013; Li et al. 2014) or with generating con-
sensus reads by sequencing samples tomultiples
times depth on the Pacific Biosciences platform.
Current reagents and protocols have consen-
sus accuracy exceeding 99.999% (Q50) at ∼45×
coverage.

The Pacific Biosciences RS platform was re-
leased in 2010 and has undergone a number of
iterations and chemistry revisions since. The
long sequence reads of the Pacific Biosciences
platform have allowed challenging areas of the
genome such as the MHCI region transcripts
(Chang et al. 2014; Westbrook et al. 2015) and
regions of segmental duplication (Huddleston
et al. 2014) to be efficiently analyzed. Studies
to generate de novo assemblies have also illus-
trated the impact of the platform and its poten-
tial role in developing routine de novo assembly-
driven rather than reference-driven analysis of
human genomes (Chaisson et al. 2015; Erlich
2015). In late 2015, Pacific Biosciences an-
nounced a new platform to augment their RS-
II instrument. The new instrument, named Se-
quel, was a significant change from the RS in
both form and capabilities. The Sequel is a frac-
tion of the size of the original RS platform and
costs much less. It offers a substantial increase in
read density compared with the available RS
with each SMRT cell having 1 M zero-mode
waveguides compared with 150,000 on the RS-

II, increasing the read output by approximately
seven times. In 2018, the Sequel 2.1 chemistry
was released, reporting achievements of one-
half of all reads above 30,000 bases in length
and 10 billion bases of data for whole-genome
analysis run.

The use of nanopores as ameans to sequence
DNA has been discussed or shown in various
forms since at least 1996 (Kasianowicz et al.
1996), and the potential and challenges of nano-
pore sequencing and the detailed chemistry of
the Oxford Nanopore platform has been well
reviewed elsewhere (Branton et al. 2008; Reuter
et al. 2015). The first Oxford Nanopore se-
quencer, the MinION, broke many barriers at
its launch, as it was the first handheld DNA se-
quencer that did not require anythingmore than
an active USB port to operate. It also was the
lowest cost DNA sequencer to be released with
an instrument price of $1000 and offered a ro-
bust online community support and sharing of
information regarding use, performance, and
optimization. The current MinION platform
generates ∼10–20 Gb of data per 48-h run,
with reads up to hundreds of kilobases, and re-
quires only a simple 10-min sample prep. The
GridION X5 (drives up to five MinION flow-
cells) was released in 2017 and the PromethION
(up to48MinIONflowcells) is alsonowavailable
in an early access program. Other technology
advances include an automated sample prep-
aration device called VolTRAX, with version 1
available in early access form and version 2
to be released in 2018. New products on the ho-
rizon include the Flongle (an adaptor for Min-
ION for small experiments) and the SmidgION,
designed to use with a smartphone in any
location.

SYNTHETIC LONG READS

Generation of long sequencing reads is not lim-
ited to direct measurement using long-read
technologies such as Pacific Biosciences or Ox-
ford Nanopore. There have been a number of
innovative and elegant approaches to combine
biochemical and informatic approaches with
short-read sequencing data to generate synthetic
long reads. These methods all rely on the parti-
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tioning of the genome in some manner to sub-
haploid concentration followed by generation
of a sequencing library that can uniquely be
mapped back to the subhaploid fraction. Early
methods used fosmid libraries as a means to
partition a genome sample (Duitama et al.
2012), whereas later methods have relied on the
use of a diversity of synthetic sequences added as
barcodes in a manner that allows differentiation
of hundreds to hundreds of thousands of se-
quences based on the barcodes. A number of
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 (LFR) method
illustrated sequencing and haplotyping from 10
to 20 human cells (Peters et al. 2012). Another
long fragment technology was commercialized
from StevenQuake’s laboratory at StanfordUni-
versity as Moleculo (Kuleshov et al. 2014). Mo-
leculowas acquired by Illumina and is nowavail-
able in a kit form. TheMoleculo technology was
used to phase a human genome to greater than
99% completeness with N50 phase blocks in the
400–500 kb range (Kuleshov et al. 2014). Illu-
mina independently published an approach
that targeted a 1 Mb region of the X chromo-
some, phasing >95% of single-nucleotide poly-
morphisms (SNPs) and deriving haplotype
blocks of hundreds of kilobases (Kaper et al.
2013). Then, a transposase-mediated library
preparation of a subhaploid fractionated genome
that leverages the unique contiguity preserving
activity of the Tn5 transposase (CPT-seq) was
described (Adey et al. 2014) and applied toWGS
(Amini et al. 2014). Whereas the LFR and Mo-
leculowere limited to hundreds of partitions, the
CPT-seq used 9216 barcode pools via combina-
torial indexing. 10X Genomics commercialized
another method of linked-read sequencing via
the GEMCode platform and their next-genera-
tion Chromium platform (Zheng et al. 2016).
The Chromium system uses a microfluidic assay
to dropletize high-molecular-weight DNA into
∼1,000,000 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 sequenc-
ing data generation to partition the sequencing
reads and provide phasing and structural varia-
tion analysis. Many publications using Chro-
mium technology and novel algorithms have
shown their power in resolving genome varia-
tion, identify structural variations, and recon-
struct haplotypes inaccessible with short-read
sequencing (Collins et al. 2017; Marks et al.
2017; Xia et al. 2018).

Applications for synthetic long reads extend
beyond haplotype phasing. Synthetic long-read
methods have been applied to the analysis of
the human microbiome with 51 additional spe-
cies identified that were not observed with
short-read sequencing alone. Additionally, the
synthetic long reads identified extensive intra-
species variation, providing a resolution to the
microbiome data that was previously unobtain-
able (Kuleshov et al. 2015). The Chromium
platform has proven to be a huge boon in the
field of evolutionary biology, with hundreds of
new genomes elucidated and published at a frac-
tion of the cost, manpower, and time previously
required. Traditionally, assembly of a non-refer-
ence genome might take researchers and com-
putational scientists several years and tens of
thousands of dollars in sequencing alone. This
strategy involved multiple types of libraries gen-
erated, including short-read libraries of varying
insert sizes, mate-pair libraries to scaffold short-
er reads, and long-read libraries to fill in repet-
itive regions and correct any errors arising in the
short-read assembly. With the Chromium plat-
form and the 10X Genomics Supernova assem-
bly software, however, a researcher can often
obtain a good de novo draft assembly of their
species of interest for a few thousand dollars and
a few weeks of analysis. Using additional short-
read and long-read sequencing data in combi-
nation with linked-read Chromium sequencing
data allows polishing and refinement of the ge-
nome. Recent years have seen a large number of
genomes published for previously unreferenced
species, including plants (Zhang et al. 2017;
Hulse-Kemp et al. 2018), amphibians (Ham-
mond et al. 2017), and mammals such as the
beluga whale (Jones et al. 2017b) and sea otter
(Jones et al. 2017a).
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A SHIFTING PARADIGM

The ubiquitous availability of sequencing tech-
nology has not only led to an amazing array of
research applications but also the rapid develop-
ment of a number of laboratories offering se-
quencing for clinical testing purposes. There
are also a growing number of inspiring stories
of how sequencing has led to transformative re-
sults for patient care. For example, Elana Simon
was diagnosed with a rare form of liver cancer,
fibrolamellar hepatocellular carcinoma, and she
participated in research to drive the understand-
ing of her cancer forward by discovering a gene
fusion event that appears to drive her type of
cancer. She used social media to identify others
with the same cancer, and through sequencing
(with the help of her father, a researcher at
Rockefeller University), she identified a novel
gene fusion between DNAJB1 and PRKACA,
producing a fusion protein that retains kinase
activity (Honeyman et al. 2014; Simon et al.
2015). This example highlights not only how
powerful the ubiquitous access of sequencing
has become but also howaccepted it is becoming
as a transformative tool in healthcare. Although
not all studies examining rare diseases or cohorts
of tumors with sequencing technologies will
have as compelling anoutcome, there is nodoubt
that sequencing will play a greater and greater
role in research, healthcare, and industrial exper-
iments and the number of applications available
will continue to grow with the innovation and
creativity of the scientific community. Yaniv Er-
lich published an interesting review on sequenc-
ing from the perspective of what barriers remain
to the ubiquitous use of sequencing sensors, in-
cluding sequencing at home, in forensics, and in
security applications (Erlich 2015). In recent
years, the use of crowdsourcing and crowdfund-
ing to drive medical research has emerged as a
novel and valuable tool for new discoveries in
fields such as metagenomics, educational out-
reach, and public health (Afshinnekoo et al.
2016). Two such research initiatives (MetaSUB
and PathoMap) are discussed below.

Four years ago, the capabilities of the HiSeq
X platform provided an unprecedented se-
quencing scale to the worldwide markets. As a

result, several large-scale sequencing projects
were immediately planned and launched. Signif-
icant among them for both the volume of data
produced and also the transformative impact in
genomics were the 1000 Genomes Project (The
1000 Genomes Project Consortium et al. 2012)
and the Exome Sequencing Project (Tennessen
et al. 2012; Fu et al. 2013). In addition to the
large-scale efforts, the available scale and plat-
form capabilities resulted in the development of
several population scale sequencing efforts. The
largest effort at that time was the Genome En-
gland project, which at completion will have
sequenced 100,000 genomes (Rotem et al.
2015). The Genome England project is being
led by Genomics England, a company founded
and owned by the United KingdomDepartment
of Health. Using England’s National Health Ser-
vice, the project will perform WGS of 100,000
samples, focusing on patients with rare diseases
and their families as well as patients with com-
mon cancers. A total of about 75,000 people will
be sequenced, of which about 40,000 are pa-
tients. The effort is still underwaywith extension
of the project into 2018 (www.genomicsengland
.co.uk).

Iceland has long been investing in the genet-
ic and genomic analysis of its population, pri-
marily through efforts supported by deCODE
Genetics (now deCODE Genetics/AMGEN)
(Gulcher and Stefansson 1998, 1999). These ef-
forts have been expanded to WGS of the Icelan-
dic population and the first publication from the
group illustrated the potential of population se-
quencing as well as the power of combining pop-
ulation scale data sets (Gudbjartsson et al. 2015).
Gudbjartsson et al. describes the insights gained
from sequencing the whole genomes of 2636
Icelanders to a median depth of 20×. The inves-
tigators reported the discovery of 20 million
SNPs as well as 1.5 million insertions or dele-
tions. The discovered variants were annotated
with respect to functional impact (gene posi-
tion, functional impact, pathway, and conserva-
tion score), frequency, and density. Since this
inaugural manuscript, deCODE Genetics has
collected genotypic and medical information
on more than 160,000 volunteers in Iceland
and published many impactful manuscripts
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highlighting genetic variants found to cause
rare disease (Arnadottir et al. 2017; Jensson et
al. 2017), predispose to various psychiatric dis-
orders (Mullins et al. 2017; Steinberg et al. 2017),
and increase risk of common diseases (Ivars-
dottir et al. 2017; Kristjansson et al. 2017). 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 application of genomic tools to human
cancer has been an exceptionally active area of
research and development since the earliest days
of the field. Sequencing applications, both ge-
nome-wide and targeted, are revealing complex
mutational signatures associated with different
types of cancers that are now driving both re-
search and therapeutic decisions (Nik-Zainal
et al. 2012; Alexandrov et al. 2013a,b; Alexan-
drov and Stratton 2014; Helleday et al. 2014).
The results of these mutational signature studies
are available in the online Catalog of Somatic
Mutations in Cancer project from the Sanger
Institute (Sanger Institute 2015). A collection
of recent reviews profiling the current landscape
of cancer genome exist in a special issue of Cur-
rent Opinion in Genetics and Development with
an editorial overview offered by Delattre and
Bult (2017). Applying genomic technologies to
single cancer cells has also been an active area of
research (Navin 2014; Tsoucas and Yuan 2017).
The robust cancer data sets from hundreds of
publications as well as from consortia-based ef-
forts such as The Cancer Genome Atlas Project
(TCGA) (The Cancer Genome Atlas Consor-
tium 2018) have yielded a powerful data set to
be combined with large-scale biological models
such as cancer cell line tools (Garnett and
McDermott 2014). In 2018, with >11,000 tumor
profiles from 33 cancer types, the TCGA Pan-
Cancer Atlas project provides a comprehensive
understanding of how, where, and why tumors
arise in humans and is an essential resource for
new treatments (Ding et al. 2018). A study by
Zhang and coworkers analyzed 1120 children
using WGS and WES with cancer to catalog
the germline mutations present that may pre-
dispose those individuals for cancer. The most

prevalently mutated genes in the patients were
TP53,APC, andBRCA2 (Zhang et al. 2015). The
St. Jude Lifetime Cohort Study was launched
to follow childhood cancer survivors through
adulthood to assess and understand the in-
creased health risks. To date, >4000 participants
have been enrolled in theCohort, which includes
sequencing of patient specimens. The initial re-
port included profiles of secondary cancers and
chronic health conditions found in childhood
cancer survivors (Bhakta et al. 2017). Another
large-scale cancer sequencing project is the
Oncology Research Information Exchange Net-
work (ORIEN) partnership among 18 par-
ticipating cancer centers. This project profiles
adult cancer patients, with clinical data and
genomic data provided (germline and tumor
samples are sequenced, including RNA from tu-
mors). To date, >6500 ORIEN patients have had
molecular, genetic, and clinical data made avail-
able to participating researchers and clinicians.
The types of cancer profiled are widely varied,
from breast and leukemia tomore rare brain and
melanoma cancers (www.oriencancer.org). This
partnership allows oncologists an unprecedent-
ed amount of data to use in deciding on treat-
ments for patient care.

The introduction of the NovaSeq 6000 plat-
form has allowed sequencing capacity to expo-
nentially explode. A sequencing center operat-
ing ten NovaSeq 6000s can sequence at least
60,000 30× genomes each year by conservative
estimates, and >70,000 atmaximumproduction.
With even just a dozen sequencing centers
worldwide adopting the NovaSeq platform, al-
most a million genomes could potentially be
sequenced each year. A new research effort has
been proposed by the National Institutes of
Health (NIH) to leverage this sequencing capac-
ity to further understanding of genomics and its
contributions to health and disease at a true pop-
ulation scale. Launched in 2016, the All of Us
Research Program was a key element of the Pre-
cision Medicine Initiative that aims to collect
participant-provided information, including en-
vironmental, physiological, and health data and
biospecimens for 1 million or more participants
in the United States (allofus.nih.gov). In 2018,
the NIH solicited applications for genome cen-
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ters to participate in the genotyping and WGS
forAll ofUsResearchProgramparticipants. The
scale is both staggering and exciting: to sequence
>700,000 genomes over 5 years.With the advent
of NovaSeq sequencing, reducing both time and
cost for whole-genome profiling, as well as the
collaboration and coordination of multiple ge-
nome centers, this goal is well within reach and
the data generated will shape medical care, risk
assessment, and quality of life for generations to
come.

The available sequencing power is not only
being applied to humans at a grand scale.
Massive projects are underway to examine our
planet’s smallest species. In 2013, a project called
PathoMap was created to profile the New York
City metagenome in the subway system. The
results were provocative (Afshinnekoo et al.
2015). Approximately one-half of the sequenced
DNA did not match any known organism, sug-
gesting that the breadth of our knowledge of the
metagenomics world is rather shallow. Further,
the ancestry of human DNA left on subway sur-
faces validated U.S. Census demographic data as
well as historic events such as marine bacteria
found in hurricane-flooded stations. Even more
intriguing was the detection of some pathogen-
ic DNA, although the associated diseases re-
mained undetected in the city, suggesting path-
ogens are a part of the normal microbiome. As a
consequence of the interest generated from the
PathoMap study, an international consortium
was launched called the MetaSUB project
(Metagenomics and Metadesign of Subways
and Urban Biomes) to profile microbiomes in
mass transit systems around the world (Meta-
SUB International Consortium 2016). It has
been acknowledged that there are some risks
and ethical considerations when performing
large-scale microbiome and metagenome re-
search (Shamarina et al. 2017), as well as the
possibility of data skewing owing to the crowd-
sourcing and crowdfunding nature of these large
studies (Afshinnekoo et al. 2016). Still, the study
of the microbiome around us will continue to
reveal additional layers of complexity in both
public and personal health.

These population-scale sequencing efforts
are extensions of foundational projects such as

The 1000 Genomes Project, The Cancer Ge-
nome Atlas Project, and the related ENCODE
Project. The 1000 Genomes Project recently
published data from phase 3 of the project
(Sudmant et al. 2015), describing the comple-
tion of the project and the description of >88
million variants from 2504 individuals from six
populations with all variants phased into high-
quality haplotypes. The last phase of The 1000
Genomes Project provided a broad diversity of
data to observe what a “typical” genome looks
like in different populations, a vital advance-
ment toward effective personalized genomics
or personalized medicine. There are an ever-in-
creasing number of consortia-based projects;
some arementioned here and others are reviewed
elsewhere (see Table 2 in Reuter et al. 2015).

CONCLUSIONS

Aswemove through the second decade since the
first draft of the human genome sequence, the
evolution and innovation in the genomics field
remain constant. Study design continues to in-
crease in scope to population-scale sequencing
like the All of Us Research Project while also
increasing in resolution like the development
and refinement of single-cell sequencing. The
availability of low-cost, high-performance se-
quencing continues to expand the diversity of
applications for genomics while the develop-
ment and revision to sequencing platforms, es-
pecially in the long-read technologies, expands
the horizons of the type and complexity of ge-
nome architecture that can be resolved. Popula-
tion-scale projects reflect the changing chal-
lenges and opportunities for team-based science
with respect to sample availability, sequencing
and data-sharing technologies, and funding re-
sources. The efficiencies and impacts these and
many other consortia projects bring to basic and
translational research is profound. It is now in-
conceivable to perform any type of genomic
analysis without using data from one or more
consortia-based projects, be it a reference ge-
nome, a variant frequency, a sequence search,
or any number of other data types that are avail-
able in the public domain.

S.E. Levy and B.E. Boone
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