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First- and second-generation sequencing technologies have led the way in revolutionizing the field of geno-
mics and beyond, motivating an astonishing number of scientific advances, including enabling a more com-
plete understanding of whole genome sequences and the information encoded therein, a more complete
characterization of the methylome and transcriptome and a better understanding of interactions between pro-
teins and DNA. Nevertheless, there are sequencing applications and aspects of genome biology that are pre-
sently beyond the reach of current sequencing technologies, leaving fertile ground for additional innovation
in this space. In this review, we describe a new generation of single-molecule sequencing technologies (third-
generation sequencing) that is emerging to fill this space, with the potential for dramatically longer read

lengths, shorter time to result and lower overall cost.

INTRODUCTION

The genomics community has been enormously enabled by
first- and second-generation sequencing (SGS) technologies
in comprehensively characterizing DNA sequence variation,
de novo sequencing of a number of species, sequencing of
microbiomes, detecting methylated regions of the genome,
quantitating transcript abundances, characterizing different
isoforms of genes present in a given sample and identifying
the degree to which mRNA transcripts are being actively
translated (1—10). One of the hallmark features of the SGS
technologies is their massive throughput at a modest cost,
with hundreds of gigabases of sequencing now possible in a
single run for several thousand dollars (11). Despite the
recent and rapid acceptance of SGS technologies, a new gen-
eration of single-molecule sequencing (SMS) technologies is
emerging (12—15). Unlike major SGS sequencing by synthesis
(SBS) technologies that rely on PCR to grow clusters of a
given DNA template, attaching the clusters of DNA templates
to a solid surface that is then imaged as the clusters are
sequenced by synthesis in a phased approach, the new gener-
ation of SBS technologies interrogate single molecules of
DNA, such that no synchronization is required (a limitation
of SGS) (16), thereby overcoming issues related to the
biases introduced by PCR amplification and dephasing.
More importantly, this new generation of sequencing technol-
ogies has the potential to exploit more fully the high catalytic
rates and high processivity of DNA polymerase or avoid any
biology or chemistry altogether to radically increase read
length (from tens of bases to tens of thousands of bases per

read) and time to result (from days to hours or minutes).
The promises then of this new, third generation of sequencing
technologies in offering advantages over current sequencing
technologies are (i) higher throughput; (ii) faster turnaround
time (e.g. sequencing metazoan genomes at high fold coverage
in minutes); (iii) longer read lengths to enhance de novo
assembly and enable direct detection of haplotypes and even
whole chromosome phasing; (iv) higher consensus accuracy
to enable rare variant detection; (v) small amounts of starting
material (theoretically only a single molecule may be required
for sequencing); and (vi) low cost, where sequencing the
human genome at high fold coverage for less than $100 is
now a reasonable goal for the community.

But how do these next—next-generation technologies work?
What scales of data generation will be achieved with these
new technologies? What types of ‘sequencing’ data can be
generated? Will they ease analysis issues and/or create new
ones? And, most importantly, what are the timelines for
these technologies to become available, will they really meet
the above promises and what do we need to do to prepare?
In this review we will address these questions, providing
insights into third-generation sequencing (TGS) that promises
to bring sequencing to nearly every aspect of our lives. What
will it take to be ready?

RESULTS

A brief history on first-generation sequencing and SGS

The process of sequencing DNA consists of three basic phases
comprising sample preparation, physical sequencing and
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re-assembly. The first step of sample preparation is to break
the target genome into multiple small fragments. Depending
on the amount of sample DNA, these fragments may be ampli-
fied into multiple copies using a variety of molecular methods.
In the physical sequencing phase, the individual bases in each
fragment are identified in order, creating individual reads. The
number of bases identified contiguously is defined as read
length. In the re-assembly phase, bioinformatics software is
used to align overlapping reads, which allows the original
genome to be assembled into contiguous sequences. The
longer the read length, the easier it is to reassemble the
genome (17).

First-generation sequencing

First-generation sequencing was originally developed by
Sanger in 1975 (the chain-termination method) (18,19) and
in parallel by Maxam and Gilbert in 1977 (a chemical sequen-
cing method) (20). From these first-generation methods,
Sanger sequencing ultimately prevailed given it was less tech-
nically complex and more amenable to being scaled up. For
Sanger sequencing practiced today, during sample preparation,
different-sized fragments of DNA are generated each starting
from the same location (Fig. 1A). Each fragment ends with
a particular base that is labeled with one of four fluorescent
dyes corresponding to that particular base. Then all of the frag-
ments are distributed in the order of their length via capillary
electrophoresis. Information regarding the last base is used to
determine the original sequence. This method results in a read
length that is ~800 bases on average, but may be extended to
above 1000 bases (21-23). While fully automated implemen-
tations of this approach were the mainstay for the original
sequencing of the human genome, their chief limitation was
the small amounts of DNA that could be processed per unit
time, referred to as throughput, as well as high cost, resulting
in it taking roughly 10 years and three billion dollars to
sequence the first human genome (11,22) (Table 1).

Second-generation sequencing

Commercial SGS tools emerged in 2005 in response to the low
throughput and high cost of first-generation methods. To
address this problem, SGS tools achieve much higher through-
put by sequencing a large number of DNA molecules in paral-
lel (Fig. 1B). With most SGS technologies, tens of thousands
of identical strands are anchored to a given location to be read
in a process consisting of successive washing and scanning
operations. The ‘wash-and-scan’ sequencing process involves
sequentially flooding in reagents, such as labeled nucleotides,
incorporating nucleotides into the DNA strands, stopping the
incorporation reaction, washing out the excess reagent, scan-
ning to identify the incorporated bases and finally treating
the newly incorporated bases to prepare the DNA templates
for the next ‘wash-and-scan’ cycle (11). This cycle is repeated
until the reaction is no longer viable. The array of DNA anchor
locations can have a very high density of DNA fragments,
leading to extremely high overall throughput and a resultant
low cost per identified base when such instruments are run
at high capacity. For example, [llumina’s HiSeq 2000 instru-
ment can generate upwards of 300 or more gigabases of
sequence data in a single run. The time-to-result for these
SGS methods is generally long (typically taking many days),

due to the large number of scanning and washing cycles
required. Furthermore, because step yields for the addition
of each base are <100%, a population of molecules
becomes more asynchronous as each base is added (16).
This loss of synchronicity (called dephasing) causes an
increase in noise and sequencing errors as the read extends,
effectively limiting the read length produced by the most
widely used SGS systems to significantly less than the
average read lengths achieved by Sanger sequencing (11,17).
Further, in order to generate this large number of DNA mol-
ecules, PCR amplification is required. The amplification
process can introduce errors in the template sequence as
well as amplification bias. The effects of these pathologies
are that neither the sequences nor the frequencies with
which they appear are always faithfully preserved. In addition,
the process of amplification increases the complexity and time
associated with sample preparation. Finally, the massively
high throughput achieved by SGS technologies per run gener-
ates mountains of highly informative data that challenge data
storage and informatics operations, especially in light of the
shorter reads (compared with Sanger sequencing) that make
alignment and assembly processes challenging (17).

First-generation sequencing and SGS technologies have led
the way in revolutionizing the field of genomics and beyond,
motivating an astonishing number of scientific advances [for
a comprehensive review of SGSs, see (11)]. Nevertheless
there are sequencing applications and aspects of genome
biology that are presently beyond the reach of current sequen-
cing technologies, leaving fertile ground for additional inno-
vation in this space.

Transitioning from SGS to TGS

There may not yet be consensus on what constitutes a third
generation, or next—next-generation sequencing instrument,
given advances are being made on rapid time scales that do
not easily fit into generational time scales. However, for the
purposes of this review article, we focus on SMS without
the need to halt between read steps (whether enzymatic or
otherwise), where reads from SMS instruments represent
sequencing of a single molecule of DNA. SMS technologies
that do not purposefully pause the sequencing reaction after
each base incorporation represent the most thoroughly
explored TGS approaches in hopes of increasing sequencing
rates, throughput and read lengths, lowering the complexity
of sample preparation and ultimately decreasing cost.
However, as a result of using these criteria to define TGS, a
number of exciting technologies do not fit neatly into this defi-
nition, but are nevertheless exciting in terms of how they
complement current SGS technologies.

One technology that sits between the SGS and TGS cat-
egories is Ion Torrent’s (now acquired by Life Technologies)
semiconductor sequencer. An interesting facet of lon Torrent’s
sequencing instrument is that state-of-the-art semiconductor
technology is employed to create a high-density array of
micro-machined wells that carry out SBS by sensing the
release of hydrogen ions as part of the base incorporation
process. This process eliminates the need for light, scanning
and cameras to monitor the SBS process, thereby simplifying
the overall sequencing process, dramatically accelerating
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Figure 1. How previous generation DNA-sequencing systems work. (A) A modern implementation of Sanger sequencing is shown to illustrate differential label-
ing and use of terminator chemistry followed by size separation to resolve the sequence. (B) The Illumina sequencing process is shown to illustrate the
wash-and-scan paradigm common to second-generation DNA-sequencing technologies.

the time to result, reducing the overall footprint of the instru-
ment, and lowering cost to make DNA sequencing more gen-
erally accessible to all. However, this technology is still a
‘wash-and-scan’ system like all current SGS technologies,
requiring PCR amplification of the DNA template in each

well, as well as termination events typically halting sequen-
cing after each nucleotide incorporation, in order to monitor
in succession the incorporation of each of the four bases
across all DNA templates. As a result of this process, the
overall read length is limited to that of current SGS systems,
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Table 1. Comparison of first-generation sequencing, SGS and TGS

First generation

Second generation®

Third generation®

Fundamental technology

Resolution

Current raw read accuracy
Current read length

Current throughput
Current cost

RNA-sequencing method

Time from start of sequencing
reaction to result

Sample preparation

Data analysis

Primary results

Size-separation of specifically end-
labeled DNA fragments, produced by
SBS or degradation

Averaged across many copies of the
DNA molecule being sequenced

High

Moderate (800—1000 bp)

Low

High cost per base

Low cost per run

cDNA sequencing

Hours

Moderately complex, PCR amplification

not required
Routine

Base calls with quality values

Wash-and-scan SBS

Averaged across many copies of the
DNA molecule being sequenced

High

Short, generally much shorter than
Sanger sequencing

High

Low cost per base

High cost per run

c¢DNA sequencing
Days

Complex, PCR amplification
required

Complex because of large data
volumes and because short reads
complicate assembly and
alignment algorithms

Base calls with quality values

SBS, by degradation, or direct physical
inspection of the DNA molecule

Single-molecule resolution

Moderate

Long, 1000 bp and longer in
commercial systems

Moderate

Low-to-moderate cost per base

Low cost per run

Direct RNA sequencing and cDNA
sequencing
Hours

Ranges from complex to very simple
depending on technology

Complex because of large data volumes
and because technologies yield new
types of information and new signal
processing challenges

Base calls with quality values,
potentially other base information
such as kinetics

“There are many TGS technologies in development but few have been reduced to practice. While there is significant potential of TGS to radically improve current
throughput and read-length characteristics (among others), the ultimate practical limits of these technologies remain to be explored. Furthermore, there is active

development of SGS technologies that will also improve read-length and throughput characteristics.

and ultimately, throughput is limited as well, compared with
what SMS platforms will be capable of achieving.

Sitting even closer to the TGS boundary is the Helicos
Genetic Analysis Platform, the first commercially available
sequencing instrument to carry out SMS (24-27). The
Helicos sequencing instrument works by imaging individual
DNA molecules affixed to a planar surface as they are extended
using a defined primer and a modified polymerase as well as
proprietary fluorescently labeled nucleotide analogues, referred
to as Virtual Terminator nucleotides, in which the dye is
attached to the nucleotide via a chemically cleavable group
that allows for step-wise sequencing to be carried out (25).
Because halting is still required in this process (similar to
SGS technologies), the time to sequence a single nucleotide is
high, and the read lengths realized are ~32 nucleotides long.
However, given the SMS nature of this technology, no PCR
is required for sequencing, a significant advantage over SGS
technologies. However, also due to the single-molecule nature
of this technology (and all of the SMS technologies), the raw
read error rates are generally at or >5%, although the highly
parallel nature of this technology can deliver high fold coverage
and a consensus or finished read accuracy of >99%. This tech-
nology is capable of sequencing an entire human genome, albeit
at significant cost by today’s standards (roughly $50 000 in
reagents) (28). It can follow roughly one billion individual
DNA molecules as they are sequenced over the course of
many days. Unlike SGS, these many hundreds of millions of
sequencing reactions can be carried out asynchronously, a hall-
mark of TGS. Further, given individual monitoring of tem-
plates, the enzymatic incorporation step does not need to be

driven to completion, which serves to reduce the overall
mis-incorporation error rate. As with the other TGS technol-
ogies discussed below, deletions and insertions are a significant
issue.

The sample preparation part of this technology involves
fragmenting genomic DNA into smaller pieces, adding a 3’
poly(A) tail to the fragments, labeling and blocking by term-
inal transferase. These templates are then captured onto a
surface with covalently bound 5> dT(50) oligonucleotides via
hybridization (25). The surface is then imaged using charge-
coupled device (CCD) sensors, where those templates that
have been appropriately captured are identified and then
tracked for SBS. The process then resembles the
‘wash-and-scan’ steps of SGS in which a labeled nucleotide
and polymerase mixture are flooded onto the system and incu-
bated for a period of time, the surface is then washed to
remove the synthesis mixture and scanned to detect the fluor-
escent label. The dye—nucleotide linker is then cleaved to
release the dye, and this process is repeated.

Not only can this technology be used to sequence DNA,
but the DNA polymerase can be replaced with a reverse
transcriptase enzyme to sequence RNA directly (29),
without requiring the conversion of RNA to cDNA or
without the need for ligation/amplification steps, something
all existing SGS technologies require for RNA sequencing
(5). Instead, each RNA molecule is polyadenylated and
3’-blocked and captured on a surface coated with dT(50)
oligonucleotides, similar to the DNA sequencing process.
Sequencing is then carried out as described for DNA, but
using reverse transcriptase instead of DNA polymerase. In
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addition to direct RNA sequencing, the Helicos platform can
carry out other sequencing-based assays such as chromatin
profiling (30).

While the Helicos SMS technology has been successfully
deployed, representing the first example of true SMS, with
many significant advantages over SGS technologies, it has
many of the characteristics of SGS technologies and so has
had a more difficult time clearly differentiating itself from
SGS with respect to read lengths, throughput and run times,
all of which are similar to leading SGS technologies. When
combined with a higher raw read error rate (requiring repeti-
tive sequencing to overcome), the end result is a higher
sequencing cost compared with leading SGS technologies.
While the Helicos technology may struggle to clearly differen-
tiate itself from SGS in some respects, the direct RNA-
sequencing application is the type of advance that will come
to clearly distinguish this technology from SGS.

Third-generation DNA sequencing

SMS technologies can roughly be binned into three different
categories: (i) SBS technologies in which single molecules
of DNA polymerase are observed as they synthesize a single
molecule of DNA; (ii) nanopore-sequencing technologies in
which single molecules of DNA are threaded through a nano-
pore or positioned in the vicinity of a nanopore, and individual
bases are detected as they pass through the nanopore; and (iii)
direct imaging of individual DNA molecules using advanced
microscopy techniques. Each of these technologies provides
novel approaches to sequencing DNA and has advantages
and disadvantages with respect to specific applications.
These technologies are at varying stages of development,
making the writing of a review on TGS difficult given there
is still much to prove regarding the utility of many of the
TGS technologies. However, if the full potential of these tech-
nologies is realized, in several years time, whole genome
sequencing will likely be fast enough and inexpensive
enough to resequence genomes as needed for any application.
Here we discuss many of the emerging TGS technologies
that have the potential to make such stunning advances
possible.

SMS sequencing by synthesis

Single-molecule real-time sequencing. The single-molecule
real-time (SMRT) sequencing approach developed by Pacific
Biosciences is the first TGS approach to directly observe a
single molecule of DNA polymerase as it synthesizes a
strand of DNA, directly leveraging the speed and processivity
of this enzyme to address many of the shortcomings of SGS
(14,31). Given that a single DNA polymerase molecule is of
the order of 10 nm in diameter, two important obstacles
needed to be overcome to enable direct observation of DNA
synthesis as it occurs in real time are: (i) confining the
enzyme to an observation volume that was small enough to
achieve the signal-to-noise ratio needed to accurately call
bases as they were incorporated into the template of interest;
and (ii) labeling the nucleotides to be incorporated in the syn-
thesis process such that the dye—nucleotide linker is cleaved
after completion of the incorporation process so that a
natural strand of DNA remains for continued synthesis and
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so that multiple dyes are not held in the confinement volume
at a time (something that would destroy the signal-to-noise
ratio).

The problem of observing a DNA polymerase working in
real time, detecting the incorporation of a single nucleotide
taken from a large pool of potential nucleotides during DNA
synthesis, was solved using zero-mode waveguide (ZMW)
technology (Fig. 2A) (31). The principle employed is similar
to that employed in the protective screen in a microwave
oven door. The screen is perforated with holes that are much
smaller than the wavelength of the microwaves. Because of
their relative size, the holes prevent the much longer micro-
waves from passing through and penetrating the glass.
However, the much smaller wavelengths of visible light are
able to pass through the holes in the screen, allowing food
to be visible as it is cooked. ZMWs can be made to operate
in a similar manner for DNA sequencing.

A ZMW is a hole, tens of nanometers in diameter, fabri-
cated in a 100 nm metal film deposited on a glass substrate.
The small size of the ZMW prevents visible laser light,
which has a wavelength of ~600 nm, from passing entirely
through the ZMW. Rather than passing through, the light
exponentially decays as it enters the ZMW. Therefore, by
shining laser illumination up through the glass into the
ZMW, only the bottom 30 nm of the ZMW becomes illumi-
nated. Within each ZMW, a single DNA polymerase molecule
is anchored to the bottom glass surface using biotin/streptavi-
din interaction (Fig. 2A). Nucleotides, each type labeled with a
different colored fluorophore, are then flooded above an array
of ZMWs at the required concentration. Diffusion at the
nanoscale occurs in microseconds, so that labeled nucleotides
travel down into the ZMW, surround the DNA polymerase,
then diffuse back up and exit the hole. As no laser light pene-
trates up through the holes to excite the fluorescent labels, the
labeled nucleotides above the ZMWs do not contribute to the
measured signals. Only when they diffuse through the bottom
30 nm of the ZMW do they fluoresce. When the correct
nucleotide is detected by the polymerase, it is incorporated
into the growing DNA strand in a process that takes millise-
conds, approximately three orders of magnitude longer than
simple diffusion. This difference in time results in higher
signal intensity for incorporated versus unincorporated nucleo-
tides, which creates a high signal-to-noise ratio. While held by
the polymerase, the fluorescent label emits colored light. The
sequencing instrument detects this as a flash whose color cor-
responds to the base identity. Following incorporation, the
signal immediately returns to baseline and the process
repeats, with the DNA polymerase continuing to incorporate
multiple bases per second. Thus, the ZMW has the ability to
detect a single incorporation event against the background of
fluorescently labeled nucleotides at biologically relevant con-
centrations. The first commercial instance of the SMRT
sequencing instrument will consist of an array of ~75000
ZMWs. Each ZMW is capable of containing a DNA polymer-
ase loaded with a different strand of DNA sample. As a result,
the array enables the potential detection of ~75000 SMS
reactions in parallel. At present, because the DNA polymerase
and DNA template to be sequenced are delivered to ZMWs via
a random diffusion process, approximately a third of the
ZMWs of a given array are active for a given run.
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Figure 2. How third-generation DNA-sequencing technologies work. Third-generation DNA-sequencing technologies are distinguished by direct inspection of
single molecules with methods that do not require wash steps during DNA synthesis. (A) Pacific Biosciences technology for direct observation of DNA synthesis
on single DNA molecules in real time. A DNA polymerase is confined in a zero-mode waveguide and base additions measured with florescence detection of
gamma-labeled phosphonucleotides. (B) Several companies seek to sequence DNA by direct inspection using electron microscopy similar to the Reveo tech-
nology pictured here, in which an ssDNA molecule is first stretched and then examined by STM. (C) Oxford Nanopore technology for measuring translocation
of nucleotides cleaved from a DNA molecule across a pore, driven by the force of differential ion concentrations across the membrane. (D) IBM’s DNA transistor
technology reads individual bases of ssDNA molecules as they pass through a narrow aperture based on the unique electronic signature of each individual nucleo-
tide. Gold bands represent metal and gray bands dielectric layers of the transistor.

ZMWs overcome the first obstacle, but not the second. All system attempting to observe DNA synthesis in real time
SGS technologies directly attach the dye to the base, which is  because the dye’s large size relative to the DNA can interfere
incorporated into the DNA strand. This is problematic for any  with the activity of the DNA polymerase. Typically, a DNA
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polymerase can incorporate only a few base-labeled nucleo-
tides before it halts. The SMRT sequencing approach instead
attaches the fluorescent dye to the phosphate chain of the
nucleotide rather than to the base. As a natural step in the syn-
thesis process, the phosphate chain is cleaved when the
nucleotide is incorporated into the DNA strand. Thus, upon
incorporation of a phospholinked nucleotide, the DNA poly-
merase naturally frees the dye molecule from the nucleotide
when it cleaves the phosphate chain. Upon cleaving, the
label quickly diffuses away, leaving a completely natural
piece of DNA with no evidence of labeling remaining.

The SMRT sequencing platform requires minimal amounts of
reagent and sample preparation to carry out a run, and there are
no time-consuming scanning and washing steps, enabling time
to result in a matter of minutes as opposed to days (14). In
addition, SMRT sequencing does not require routine PCR
amplification needed by most SGS systems, thereby avoiding
systematic amplification bias. Because the processivity of the
DNA polymerase is leveraged, SMRT sequencing realizes
longer read lengths than any other technology at present,
having the potential to produce average read lengths >1000 bp
and maximum read lengths in excess of 10 000 bp, enabling de
novo assembly, direct detection of haplotypes and even provid-
ing for the possibility of phasing entire chromosomes. Sample
preparation processes for SGS technology often involve costly
additional capital equipment, reagents, supplies and physical
space. The sample preparation process for SGS can take mul-
tiple days. However, with SMRT sequencing, the sample prep-
aration consists of fragmenting the DNA into desired lengths,
blunting the ends, ligating hairpin adaptors and then sequencing
(32). This provides for considerable flexibility in configuring the
system for different applications.

One of the more interesting features of SMRT sequencing is
the ability to observe and capture kinetic information. The
ability to observe the activity of DNA polymerase in real
time allows for the collection, measurement and assessment
of the dynamics and timing of enzymatic incorporation,
referred to as kinetics. Via the SMRT sequencing process,
changes in the kinetics of incorporation associated with chemi-
cal modifications to bases, such as methylation, can be
detected in the normal course of collecting sequence data (2).

Beyond DNA sequencing, the SMRT sequencing instru-
ment is flexible and should lead to a number of applications
that are presently not approachable by any existing technol-
ogy. For example, one recently published application of the
SMRT technology demonstrated direct, real-time observation
of the ribosome as it translated mRNA (33). Direct obser-
vation of other enzymes, like RNA-dependent polymerases
and reverse transcriptase for RNA-sequencing applications,
should also be possible.

Despite the many potential advantages of SMRT sequen-
cing, a number of challenges remain. Like the Helicos technol-
ogy, the raw read error rates can be in excess of 5%, with error
rates dominated by insertions and deletions, particularly pro-
blematic errors when aligning sequences and assembling
genomes. In addition, the throughput of SMRT sequencing
will not initially match what can be achieved by SGS. The
throughput of SMRT sequencing is a function of the number
of ZMWs that can be read at once. While ultimately the poten-
tial exists to observe many ZMWs in parallel, the first version
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released will be capable of only up to 75 000 ZMWs. Finally,
as expected to be the case for most TGS technologies, SMRT
sequencing data are different in form from SGS data, hence
they are amenable to more advanced probabilistic modeling
that has the potential to exploit more information about the
chemical and structural nature of nucleotide sequences than
previous sequencing technologies (as discussed below for
most TGS technologies).

Real-time DNA sequencing using fluorescence resonance
energy transfer. Other SMS SBS technologies are in develop-
ment, but little data are available to assess where they are at in
development and when they are likely to be released. VisiGen
Biotechnologies had one of the more promising approaches to
SMS whereby the DNA polymerase is tagged with a fluoro-
phore that when brought into close proximity to a nucleotide,
tagged with an acceptor fluorophore, would emit a fluor-
escence resonance energy transfer (FRET) signal. After incor-
poration, the fluorophore label on the nucleotide can be
released. This type of approach could be considered an
improvement over the Helicos technology, and has the poten-
tial to move at millions of bases per second, given potential for
high multiplex. Visigen Biotechnologies was acquired by Life
Technologies recently, and the FRET technology seems to
have become one of centerpieces of their SMS efforts, but pre-
sently it is hard to gauge progress.

Tunneling  and  transmission-electron-microscopy-based
approaches for DNA sequencing

Direct imaging of DNA using electron microscopy. Halcyon
Molecular is pioneering an SMS approach using transmission
electron microscopy (TEM) to directly image and chemically
detect atoms that would uniquely identify the nucleotides
comprising a DNA template. The approach being pursued
has been shown to reliably detect atoms in a non-periodic
material on a planar surface, using annular dark-field
imaging in an aberration-corrected scanning TEM (13). This
approach harkens back to a lecture Richard Feynman gave
in 1959 at the annual meeting of the American Physical
Society at Caltech where he indicated the easiest way to
study important biomolecules like DNA, RNA and proteins
was to look at them directly. Beyond the TEM technology,
Halcyon is developing a number of supporting technologies
required to carry out TEM-based DNA sequencing, like the
use of functionalized needles to attach stretched molecules
of DNA to a substrate for the direct imaging procedure. As
of the writing of this review, no publications have appeared
demonstrating this procedure for DNA sequencing, but if suc-
cessfully implemented, the chief advantage of the technology
would be very long read lengths (potential into the many
millions of bases) at low cost.

ZS genetics is developing another TEM-based DNA
sequencing instrument to directly image the sequence. With
this technology, labeled atoms within the nucleotides of
DNA are imaged using a high-resolution (sub-angstrom) elec-
tron microscope where individual bases are detected and ident-
ified based on their size and intensity differences between the
different labeled bases. While no proof of concept studies have
yet been published regarding this technology, ZS Genetics
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claims that the technology is capable of producing 10 000—
20 000 base reads at a rate of 1.7 billion bases per day. Like
most of the other TGS technologies, read length and reduced
costs are expected to be the chief advantages.

Direct imaging of DNA sequences using scanning tunneling
microscope tips. Reveo is developing a technology related to
IBM’s DNA transistor approach (see subsequently) in which
DNA is placed on a conductive surface to detect bases electro-
nically using scanning tunneling microscope (STM) tips and
tunneling current measurements (34). The STM tips are
knife-edge shaped and have nanoscale dimensions (Fig. 2B).
The aim in applying this technology to SMS is to stretch
and confine a molecule of DNA such that tunneling current
measurements can be taken to identify individual bases. The
procedure for linearizing and depositing DNA sequences on
a conductive surface for this application has not yet been
described. No proof of concept study for DNA sequencing
has been published, but the advantages of this type of technol-
ogy are expected again to be speed, very long read lengths and
a significant reduction in cost, given labeling can be avoided.

DNA sequencing with nanopores

Most nanopore sequencing technologies rely on transit of a
DNA molecule or its component bases through a hole and
detecting the bases by their effect on an electric current or
optical signal. Because this type of technology uses single
molecules of unmodified DNA, they have the potential to
work quickly on extremely small amounts of input material.
Both biological nanopores constructed from engineered pro-
teins and entirely synthetic nanopores are under development.
In particular, there is potential to use atomically thin sheets of
grapheme as a matrix supporting nanopores (35) and also
carbon nanotubes (36).

Direct, electrical detection of single DNA molecules. Oxford
Nanopore is commercializing a system for DNA sequencing
based on three natural biological molecules that have been
engineered to work as a system (Fig. 2C) (37-39). The bio-
logical nanopore is constructed from a modified a-hemolysin
pore that has an exonuclease attached on the normally extra-
cellular face of the pore. A synthetic cyclodextrin sensor is
also covalently attached to the inside surface of the nanopore.
This system is contained in a synthetic lipid bilayer so that
when DNA is loaded onto its exonuclease-containing face
and a voltage is applied across the bilayer by changing the
concentration of salt, the exonuclease can cleave off individual
nucleotides. The individual nucleotides are detected once they
are cleaved based on their characteristic disruption of the ionic
current flowing through the pore. Reliable throughput at high
multiplex may be difficult to achieve with this system using
natural lipid bilayers, but synthetic membranes and solid-state
nanopores, if developed, may help overcome this challenge.
Like many of the other TGS technologies in this category,
the advantages are expected to be long read length and high
scalability at low cost, given the technology is driven by elec-
tronics, not optics.

Nanopore DNA sequencing with MspA. Another approach
aims to use a biological nanopore directly on intact DNA.
Unlike Oxford Nanopore, which addresses axial resolution
limitations in the alpha-haemolysin pore by disassembling
the DNA molecule, in this case, the Mycobacterium smegmatis
Porin A (MspA) protein, which has a shorter blockade region
and thus a better resolution, is used as the pore and the effect
of a linear molecule of single-stranded DNA (ssDNA) on the
current transiting the pore is measured (12). To slow the transit
of the ssDNA through the pore to a level allowing detection of
individual bases as they interrupt current transiting the pore, a
region of double-stranded DNA (dsDNA) is introduced. The
ability of this method to directly measure ssDNA in a proces-
sive fashion is attractive, but the complexity of introducing the
needed dsDNA break on the pore transit velocity appears to be
a significant obstacle at this point to an efficient large-scale
laboratory workflow for routine DNA sequencing.

Nanopore sequencing with optical readout. One significant
challenge in nanopore-based sequencing lies in the need for
simultaneously monitoring a large number of nanopores. The
first parallel readout of any nanopore-based method has
recently been demonstrated through the use of optical multi-
pore detection (40). In this approach, the contrast between
the four bases is first increased off-line through a biochemical
process that converts each base in the DNA into a specific,
ordered pair of concatenated oligonucleotides. Subsequently,
two different fluorescently labeled molecular beacons are
hybridized to the converted DNA. The beacons are then
sequentially unzipped from the DNA molecules as they are
translocated through a nanopore. Each unzipping event
unquenches a new fluorophore, resulting in a series of dual-
color fluorescence pulses that are detected by a high-speed
CCD camera with a conventional total internal reflection fluor-
escence microscopy setup. The unzipping process is slowed
down by adjusting the voltage governing DNA translocation
through the nanopore to a speed compatible with single-
molecule optical detection. With the feasibility of the com-
ponents of this approach demonstrated, it will be interesting
to see whether the potential of extremely high throughput
can be achieved through faithful and unbiased biochemical
conversion, and accurate, long-read sequencing with high
parallelism.

Transistor-mediated DNA sequencing. 1BM is developing a
nanostructured sequencing device capable of electronically
detecting individual bases in a single molecule of DNA
(Fig. 2D) (41). The nanostructures are nanometer-sized
pores. The surface of the pores consists of axially stratified,
alternating layers of metal and dielectric material (like a tran-
sistor). Single DNA molecules can then be passed through the
pores, controlling the motion of the DNA through the pores by
appropriately modulating the current in the electrodes of the
transistor. Speed, read length and low cost are again the
chief advantages of this type of approach. In fact, the speed
of sequencing could be very dramatically increased with this
approach, given the theoretical limit has been computed to
be 500000000 bases read per transistor per second. In
addition, like other TGS technologies in this category, the
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assay would be label free and require no optics, again greatly
diminishing cost.

While the original DNA transistor idea proposed was based
on theoretical calculations and molecular dynamic simulations
(41), IBM recently published a solution to one of the two tech-
nical challenges facing this approach: modulation of the speed
with which the DNA molecule is passed through the nanopore
to enable optimal base orientation as well as sufficient
sampling of a base as it passes through the nanopore (15).
The other challenge remaining for this approach is demonstrat-
ing that the signal for a single base can be distinguished from
the signals of nearby bases. A recent publication related to this
challenge indicates via simulation that factors such as ionic
motion in the nanopore may not necessarily affect the
desired signal of an individual base (42).

Compared with Oxford Nanopore Technologies, the IBM
approach would be cheaper and potentially more stable. In
particular, IBM’s approach will not have the same issues
with respect to spatial resolution and sensitivity, which are
issues with Oxford Nanopore’s approach (43). However, an
advantage of Oxford Nanopore over the DNA transistor is
that it requires less detection sensitivity, given it is detecting
cleaved bases, not intact DNA molecules.

TGS informatics opportunities

The informatics challenges with SGS technologies are largely
due to the short reads that are characteristic of these technol-
ogies (17). The short-read nature of SGS makes it difficult,
even with paired-end reads, to assemble complete genomes
de novo. Indeed, nearly all human genomes sequenced to
date have been assembled using reference-based mapping
algorithms (17). While this assembly approach is efficient
for accurately identifying SNPs in the human genome
(44,45), it does not enable a thorough characterization of struc-
tural variations, insertions and deletions. Only de novo assem-
bly of individual genomes can accomplish this feat. A number
of assemblers for de novo assembly have been written for
SGS, including overlap graph approaches in which contigs
are assembled by looking at sequence overlaps, like Edna
(46), VCAKE (47) and SHARCGS (48); those based on the
de Bruijn graph data structure (49), like Velvet (50),
EULER-SR (51) and ALLPATHS (52); and more recent
efforts that use the de Bruijn graph approach but incorporate
additional information (e.g. genome repeat structure) to
enhance assembly (53). While reasonable assemblies are
now feasible using state-of-the-art SGS technologies and
algorithms, they are still not capable of achieving the assembly
qualities that can be achieved using first-generation Sanger
sequencing, with hybrid sequencing approaches that include
data generated from multiple technologies now becoming a
more standard way to enhance the quality of assemblies (17).

Most of the TGS technologies discussed address (or have
the potential to address) the limitations of SGS technologies
with respect to assembly quality, given the read lengths and
mate-pair distances in TGS are not only significantly beyond
those realized with SGS, but with Sanger sequencing as
well. Longer reads can span repeat regions that make assembly
difficult and can obviate the need for more complex mate-pair
strategies required to scaffold SGS reads. As an example,
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depicted in Figure 3A are seven contigs assembled using
Abyss (54) applied to short read data generated from the
genome of Rhodopseudomonas palustris using the Illumina
GA platform. Because the six blue contigs are overlapping,
the red contig representing a 1.5kb repeat region, and
because none of the contigs spans the repeat region, the
contigs cannot be ordered with respect to each other.
However, in Figure 3B, we depict just three molecules of long-
range sequencing data (Figure 3, legend) from the TGS SMRT
sequencing platform that span the repeat and unambiguously
resolve how the contigs should be ordered with respect to
one another.

Its strengths notwithstanding, TGS will come with its own
set of challenges. Because a TGS system by definition
assays a single molecule, there is no longer any safety in
numbers to minimize raw read errors. For example, if
unlabeled nucleotide were present at 0.001% in a reagent lot
for an SBS system, there is certain to be a 0.001% rate of del-
etions in raw data produced with that reagent unless the
labeled base is incorporated more rapidly by the enzyme.
Similarly, if a base fails to progress through a nanopore or a
DNA transistor as intended and gets counted twice, there
will be an insertion in the raw data. Hence, the frequency of
errors for raw reads will likely be greater, and the error
profile of TGS will certainly differ from that of earlier technol-
ogies, so both will need to be accounted for in the algorithms
that analyze TGS data. However, because the error profile may
be less biased (more uniform), the consensus accuracies have
the potential to be significantly higher than that of SGS.

While the longer read lengths of TGS will ease many of the
informatics challenges relating to assembly now experienced
by those focussed on SGS data, the increased information
content will demand new types of mathematical models and
algorithms to get the most from the data. For example, real-
time monitoring of SMS events can provide kinetic infor-
mation that transforms one’s ability to understand each base
as it is incorporated (e.g. the identity of the base, whether
the base has been chemically modified, damaged and so on)
(2). In addition, because a single molecule at a time is being
monitored, the error structure will be significantly different
from the ensemble-based approach employed by SGS technol-
ogies, with higher error rates for raw reads, but then consensus
sequences converging more rapidly to higher quality
sequences, given significantly fewer biases in the distribution
of errors (14,32). Therefore, because this new generation of
sequencing technologies provides for a significant shift in
how sequencing is carried out, they demand a new generation
of analysis tools to derive maximal information from the raw
data.

For example, as described above, Illumina’s Genome
Analyzer/2 (and HiSeq 2000) sequences clusters of template
DNA sequences in a cyclical fashion, where for each cycle a
fluorescently labeled complementary base is sequenced for
each cluster in which that base represents the next nucleotide
in the template sequence (44). As a result, for each cluster,
there correspond four images per cycle, and the analysis pro-
ceeds by analyzing each of the images and quantitating the
intensities for each cluster and selecting the dominant intensity
to determine the most likely base for a given cluster at a given
cycle. The primary issues relating to analysis of these data
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Figure 3. Long reads span long repeats to unambiguously orient contigs. TGS
Technologies are capable of generating long reads that are critical for de novo
assembly of genomes. (A) Contigs assembled from short read data alone
cannot be unambiguously ordered because they overlap but do not span a
repeat region. (B) Depicted here by colored traces are individual single-
molecule sequences that span several thousand bases, including a copy of
the repeat region, overlapping the flanking contigs to unambiguously resolve
the contig order.

such that the accuracy of the base calls is optimized are cross-
talk, dephasing and chastity filtering (16). On the other hand,
SMS SBS technologies involve the real-time monitoring of a
single molecule of polymerase interrogating single molecules
of DNA at a time. In SMRT sequencing, for example, nucleo-
tides are labeled with four different fluorescent dyes randomly
diffusing throughout the sequencing chamber and illuminated
by a laser only when the polymerase binds the nucleotide to
incorporate it into the sequence being synthesized. A camera
monitors illumination events at a rate of 100 frames per
second over the course of a sequencing run (typically
15 min), thereby producing a movie comprising 90 000
frames (for a 15 min run). Primary analysis in this instance
involves quantifying the intensities for each channel for each
sequencing reaction, identifying the illumination events as
pulses and then translating the pulses into base calls. While
crosstalk between the different dyes is still an issue with this
type of sequencing, the phasing correction and chastity filter-
ing are no longer necessary, given the asynchronous nature of
SMS. However, given the stochastic fluctuations that result
from interrogating a single-template DNA molecule, a
number of issues arise that lead to uncertainty around the

number and identity of bases read for a given template. For
example, a given incorporation event may be missed
because the number of photons emitted from the dye attached
to the newly incorporated nucleotide could not be distin-
guished from the background noise, or the polymerase may
fail to incorporate a nucleotide and try multiple times before
succeeding, creating what appear to be multiple consecutive
incorporation events for the same base (14).

There are well-established mathematical frameworks for
modeling trace data so that inferences around the interpret-
ation of those traces can be made with respect to the under-
lying DNA sequence any given trace represents. Most
generally, from a given sequencing trace, we detect pulses
that represent contiguous time segments in which the intensity
for a given channel goes from a background state to signifi-
cantly above background over the period of time defined by
the time segment. A pulse represents an illumination event
during the sequencing process that ideally signifies the incor-
poration of a specific nucleotide into the sequence being syn-
thesized. These types of events represent observations from
the sequencing instrument that occur in time over a given
sequencing run for a single molecule, which we can represent
as the sequence of observations, O = oy, ... ,0,. Each o, can be
a measurement or vector of measurements that characterize a
given observation event. From these observations O, we want
to derive an interpretation that represents the true sequence of
nucleotides that were sequenced 7'=t,...,t,. In the first-
generation sequencing and SGS contexts, each interpretation
t; of observation o; represents either a single nucleotide base
from the alphabet 4, G, C, T or is empty. Because the com-
ponents of 7 and O are random variables, the aim is to find
the best sequence of interpretations given a sequence of obser-
vations. This has classically been represented as the prob-
ability of an interpretation ¢ given an observation o (the
conditional probability p(¢| o)), where v(o)= arg max,
p(t] o) then represents the interpretation that gives rise to
the maximum probability. From this type of modeling, we
can obtain a quality score for the best interpretation,
0= —101log;y (1 — p(v(0)|o)), which is directly analogous
to a Phred score for the reliability of the best interpretation
(55,56). The complete observation sequence can then be
transformed into the sequence of best interpretations
V =v(0y),...,v(0,) with quality scores Q(0,),...,0(0,),
respectively.

While this approach has worked well for FGS and SGS,
there are two significant issues relating to the nature of most
TGS technologies that necessitate a more advanced formu-
lation of the type of mathematical model just described.
First, there are significant stochastic components of SMS
that complicate the relationship between observations and
interpretations of those observations. For example, pulses
observed in SMRT-sequencing trace data will not perfectly
convey the sequence of incorporation events—the random
and exponentially distributed pulse widths and inter-pulse dur-
ations mean that in some instances pulses or gaps between
pulses can go undetected. As a result, a final output consisting
of a single sequence representation of a given template will
not fully reflect the likelihood any given base is correctly posi-
tioned, has been called correctly or has been missed or incor-
rectly inserted. By appropriately characterizing this
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uncertainty and incorporating it into the analysis, the ability to
appropriately map a given sequence to the correct region of a
genome, provide for alternative base calls at any given pos-
ition or identify more general structural variants is improved.
The second major issue relates to the amount of data that will
ultimately be achievable with third-generation technologies.
With the potential to generate hundreds of billions of reads
per day per sequencing instrument, it is not only impractical
to store the raw data files, but impractical for most users to
store the trace and pulse-level data as well. Therefore, the
raw data must be appropriately collapsed to reduce data
storage requirements while simultaneously capturing all of
the salient features of the pulses from the trace data to
enable reliable interpretation of the pulse (observation) events.

Addressing these major issues will be essential to get the
most from TGS technologies. It will be important to model
the sequence data in the probabilistic sense, as discussed
above, where in the context of TGS any given observation
may correspond to one or more bases, although we assume
that an interpretation will contain at most a few DNA bases
(and typically only one). Because it is possible to have mul-
tiple different interpretations of the sequence of observations
O corresponding to the same underlying read 7, one approach
would be to connect the multiple interpretations to localized
observations via a graphical model for the template distri-
bution, where all different partitions of 7 are considered:
P(T|O) = ZXEpossible partitions of TP(X|O) This form is also
convenient because the data likelihoods, P(O|X), can be
separated from application-specific priors, P(O) (specific to a
given TGS technology) via the Bayes Theorem,
P(X|0) = P(OIX)P(X)/P(O). 1t will be critical to develop
models from this type of framework or others to best charac-
terize the uncertainty around the identity and number of bases
synthesized off of a given template sequence, something that
will be important for all downstream applications, including
sequence alignment, variant detection and genome assembly.

Beyond the modeling challenges for TGS will come the data
management and processing challenges, both demanding
access to supercomputing scale resources to handle efficiently.
The data from large projects such as 1000 Genomes will col-
lectively approach the petabyte scale just for the raw infor-
mation. The situation will soon be exacerbated by TGS
technologies that will enable scans of entire genomes and
microbiomes, transcriptomes and a direct assessment of epige-
netic changes, in minutes and for very low cost. Layer on top
of this, data from imaging technologies, other high-
dimensional sensing technologies, and personal medical
records, and the possibility exists to produce terabyte scales
of data per individual, and well into the exabyte scales and
beyond for populations of individuals. Mining such large high-
dimensional datasets poses several challenges for storage and
analysis. For biology to accurately model biological systems,
advances are needed in data transfer, access control and man-
agement, standardization of data formats and integration of
data from multiple different dimensions (57).

There are many technologies emerging in the computational
space that will make it possible to address our supercomputing
needs. Life scientists have begun to borrow solutions from
fields such as high-energy particle physics and climatology,
which have already passed through similar inflection points.
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Companies such as Microsoft, Amazon, Google and Facebook
have also become masters of petabyte-scale datasets—Ilinking
pieces of data distributed over a massively parallel architec-
ture in response to user requests and presenting to the user
in a matter of seconds. Users of TGS technologies will need
to follow in the footsteps of these others and carve out new
paths where needed. For today, the data storage and compu-
tational solutions capable of meeting the demands of comput-
ing on TGS-scale datasets include cloud-based computing
services now available from a number of vendors including
Amazon and Microsoft, as well as access to custom high-
performance compute clusters (57). In addition, a number of
companies like Geospiza are offering services that leverage
cloud-based compute resources to enable SGS and TGS
users a path to manage and process their raw sequence data.
We anticipate that these same resources will become even
more critical to TGS users, compared with SGS users, given
the scales and diversity of data TGS technologies will
generate.

CONCLUSION/PERSPECTIVE

TGS has much to prove in demonstrating that all of the under-
lying sophisticated machinery upon which these emerging
technologies are based can be translated into a true, realized
advance over SGS. However, the promise of the dramatic
advances the TGS revolution may bring is one of meeting
the expectation we have of generating ever higher dimensional
data so that we may evolve toward a more complete under-
standing of living systems and the complex phenotypes (like
human disease) that emerge from such systems. The SGS tech-
nologies are already having a major impact on the DNA
sequencing space, identifying rare variations in tumor tissues
associated with different cancer types, for example (58,59).
However, TGS promises to deliver entire genomes in less
than a day and at reasonable cost (14), increasing the applica-
bility of these technologies in almost every arena in the life
and biomedical sciences. Many of the TGS platforms will
also have a more general utility beyond DNA sequencing,
including identification of patterns of methylation (60), com-
prehensive characterization of transcriptomes (61) and com-
prehensive characterization of translation (62). TGS,
therefore, stands ready to provide unprecedented snapshots
of complex systems that will enable a more accurate
network view, which in turn will lead to models of disease
that have a greater predictive power.

Ultimately, our ability to construct predictive disease
models by integrating very large-scale, high-dimensional
data generated by TGS and other technologies will demand
that we master the large-scale information being collected
on living systems in diverse application areas such as treat-
ment of human diseases, development of alternative biofuels,
enhancement of crop yield, ensuring food safety, forensics and
beyond. However, without mastering the large-scale molecular
data that underlie the broad array of phenotypes linked to each
of these areas that TGS and other technologies will generate,
without sophisticated mathematical algorithms capable of
data integration, and without an appropriate informatics infra-
structure to apply these algorithms and translate the results
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into manageable bites of information that can be consumed by
basic science researchers, clinical researchers, physicians,
patients and consumers, efforts to realize the impact TGS
can have in areas like medicine, crop and livestock science,
and alternative energy will not realize its full potential. Ulti-
mately, through the use of advanced life sciences and infor-
matics technologies, it should be possible for these different
communities to become masters of information. Only by mar-
rying information technology to the life sciences and biotech-
nology will we realize the astonishing potential of the vast
amounts of biological data we will be capable of generating
with TGS coming on line. Large-scale DNA sequencing,
RNA sequencing, translation and related molecular phenotype
data, if properly integrated and analyzed, will enable strategies
in areas like personalized medicine that would lead to our
making better choices that favorably impact human wellbeing.
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GLOSSARY

Amplification bias: Non-uniform amplification of DNA that
leads to over-representation of some sequences and under-
representation of others.

Assembly: Is a process in which bioinformatics software is
used to align overlapping reads, which allows the original
genome to be assembled into contiguous sequences. Assembly
algorithms can be reference-based and consider a reference
sequence as input, or can be de novo and blind to any data
beyond the sequence reads. Reference-based assembly is an
easier computational problem, but has the potential to intro-
duce bias, particularly if a structurally divergent reference
sequence is chosen. Longer read length and greater accuracy
of each read facilitate both reference-based and de novo
assembly of genomes.

Consensus reads: If TGS technologies sequence the same
template molecule more than once, it is possible to construct
a consensus read by aligning all the sequences from each tem-
plate molecule to reduce stochastic errors in the single-
molecule sequence. Consensus reads typically have a greater
accuracy than raw reads.

Crosstalk: Overlap between signals for different nucleo-
tides in a sequencing reaction. For instance, the emission spec-
trum of two fluorophores may overlap somewhat and decrease
an instrument’s ability to distinguish bases labeled with those
fluorophores.

Dephasing: When an ensemble of molecules representing a
singleinput sequence are sequenced using wash-and-scan tech-
niques, the sequence reads gradually diverge in length if an
extra base is added or a base fails to incorporate.

Direct RNA sequencing: RNA can be sequenced directly
by replacing the DNA polymerase in a sequencing reaction

with a reverse transcriptase or other RNA-dependent polymer-
ase. Third-generation technologies that dispense with poly-
merases altogether also have the potential to sequence RNA
directly, and in all cases, direct RNA sequencing offers poten-
tial decreases in time to result and much more accurate RNA
sequencing as cDNA conversion steps are not required prior to
sequencing.

Read: A read is the number of bases determined from a
single segment of sample nucleic acid by a sequencing instru-
ment.

Read length: The number of individual bases identified
contiguously in a read defines its length. Read length can be
defined by base-calling software from the instrument output
alone, by alignment to a known reference sequence, or by
alignment to a de novo assembly of sequence.

Sample preparation: All the steps taken to prepare a
sample for sequencing after it is taken from a subject or the
environment. Sample preparation procedures involve
removal of materials other than the type of nucleic acid to
be sequenced and purification of that nucleic acid. Depending
on the technology, it may also require labeling the nucleic
acid, attachment of adapters or amplification. All sample prep-
aration steps have the potential to introduce bias, so technol-
ogies that minimize sample preparation have the potential to
increase accuracy of and decrease time to a sequencing result.

Second-generation sequencing (SGS): Sequencing of an
ensemble of DNA molecules with wash-and-scan techniques.

Sequencing by synthesis (SBS): Sequencing methods that
determine the sequence of a DNA template by synthesizing
the complementary DNA.

Second-molecule sequencing (SMS): Sequencing of a
single DNA or RNA molecules.

Third-generation sequencing (TGS): Sequencing single
DNA molecules without the need to halt between read steps
(whether enzymatic or otherwise).

Wash-and-scan techniques: These use DNA polymerases
just like any other reagent, washing them off after adding a
base or an oligonucleotide during an SBS reaction. The
many cycles of these approaches necessarily consume a lot
of reagents and time.
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