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1. Introduction
Conventional Sanger sequencing has been the mainstay

for DNA sequencing in the research community, generating
information for countless DNA fragments and whole ge-
nomes from bacterial to human. Despite the amount of
sequences available to date, the traditional sequencing
process has failed to meet an increasing demand due to the
technology’s high costs and low throughput.1 Since the
inception of the Human Genome Project, concerted efforts
have been made to increase the rate and throughput of the
sequencing process. These efforts have focused almost
exclusively on Sanger-based sequencing techniques; capillary
electrophoresis increased the rate at which individual samples
could be sequenced2-4 beyond that of the traditional slab
gels, and these advances were furthered by the assembly of
individual arrays into parallel capillary arrays.5,6 Unfortu-
nately, continued throughput increases in capillary array

systems may be limited due to the physical requirements for
manufacturing, inefficiencies in the injection process,7 and
time-consuming sample preparation processes. Many of the
manufacturing issues can be addressed through miniaturiza-
tion,8 which could permit additional increases in sequencing
throughput and speed as the capillary path is reduced in
length and more capillaries or microfabricated channels are
packed onto a single device. However, these devices are still
in the development phase and the substantial issues of
multisample preparation and injection remain unaddressed.

Remarkably, the highest gains in throughput and sequenc-
ing speed to date have been realized by a technology that is
not based on Sanger chemistry. 454 Sequencing describes a
highly miniaturized sequencing system, based on pyrophos-
phate sequencing technology,9 where the reactions are
conducted in a PicoTiterPlate, a partially etched plate of fused
fiber-optic bundles containing roughly 1.6 million, 75
picoliter reaction wells.10 Sequencing reactions are conducted
simultaneously under a flow regime with the open face of
the PicoTiterPlate exposed to the stream of flowed reagents
and the smooth, unetched face of the plate pressed against a
CCD camera. The fiber-optic linkage between the reaction
wells in the PicoTiterPlate and the CCD camera permits
precise quantification of the amount of light generated within
each well.9

454 Sequencing represents the evolution of Pyro-
sequencing11-13 from individual reactions conducted within
microliter-scale volumes in 96- or 384-well plates to the
simultaneous sequencing of several hundred thousand pi-
coliter scale reactions, generating an average of 35 Mb of
sequence per 5.5 h run, at an average rate of over 5 Mb per
hour.9 Pyrosequencing reactions have been previously con-
ducted in the miniature,14-18 yet these reactions were limited
to single reactions conducted at microliter volumes. The
novel development of high density, miniaturized pyrophos-
phate-based sequencing requires the integration of several
substantive changes in the traditional Pyrosequencing pro-
cess19,20from which 454 Sequencing was originally derived.

2. Traditional Pyrosequencing: Theory and
Practice

Traditional Pyrosequencing relies upon the principle of
sequencing by synthesis,21 wherein the sequence of a given
nucleic acid strand is ascertained through DNA polymerase-
mediated replication. A Pyrosequencing reaction is composed
of a pool of identical DNA templates with DNA primers
annealed to known sites on each strand, to which a DNA
polymerase is subsequently bound. Each of the four nucle-
otide triphosphates is added individually to the reaction in
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series, with the series of nucleotide additions repeated
cyclically for the length of the experiment. Should the
introduced nucleotide base pair with the template strand at
the position adjacent to the 3′ end of the primer, it is
incorporated into the nascent priming strand by the poly-
merase, and the length of the priming strand is increased by
a single nucleotide (or more, if the template contains a
homopolymer stretch). If the introduced nucleotide fails to
form a complementary base pair with the template, the
nucleotide is not incorporated into the priming strand and
the polymerase pauses until the complementary nucleotide
is added.

2.1. Nucleotide Incorporation
The polymerase typically utilized in Pyrosequencing is the

exo- version of the Klenow fragment fromE. coli DNA
polymerase I, which lacks 3′ f 5′ exonuclease activity. The
loss of exonuclease activity is essential for retaining syn-
chronized sequencing of the template strands in the reaction,
as it prevents 3′ degradation of the priming strand while the
polymerase idles during flows when nucleotides are absent.20

Additionally, the enzyme exhibits a high level of strand
displacement, which enables effective sequencing through
regions of the template with high levels of secondary
structure.22

2.2. Enzyme Cascade
Sequence information is determined by the release of

inorganic pyrophosphate (PPi) with every nucleotide incor-
poration,23,24 where the PPi release initiates an ATP-sul-
furylase/luciferase enzyme cascade.25 This cascade utilizes
D-luciferin and adenosine phosphosulfate (APS) in the
Pyrosequencing reaction to generate photons proportionally
to the PPi concentration and, by extension, the number of
nucleotides incorporated by the polymerase (see Figure 1).
The formula for this reaction is described by the following

equations,23 wheren ) number of DNA residues or nucle-
otides:

The nucleotides used in Pyrosequencing include the dATP
analogue deoxyadenosineR-thiotriphosphate (dATPRS) as
opposed to natural dATP. Although luciferase processes
dATP as a substrate inefficiently, generating 1-2% of the
light produced by an equimolar concentration of ATP,12 this
reaction contributes unacceptable background to the sequenc-
ing signal. dATPRS is used instead, as it is utilized by
luciferase at only 0.05% the efficiency of dATP12 but is
efficiently incorporated by the Klenow polymerase.23

2.3. Apyrase
Accumulation of unincorporated or excess nucleotides in

the reaction presents an obvious hurdle for effective sequenc-
ing. Accurate sequence determination depends on the cor-
relation between the quantities of light produced and the
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(DNA)n + dNTP98
DNA polymerase

(DNA)n+1 + PPi (1)

PPi + APS98
ATP-sulfurylase

ATP + SO4
2- (2)

ATP + luciferin + O298
luciferase

AMP + PPi + oxyluciferin + CO2 + hυ (3)
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particular nucleotides added; simultaneous, or nonsynchro-
nous, incorporation of residual nucleotides from previous
additions degrades this correlation. Original embodiments
surmounted this problem by immobilizing the DNA on solid
supports and inserting a wash step after every nucleotide
addition.12 The wash step was obviated and solution-phase
Pyrosequencing enabled with the inclusion of the enzyme
apyrase in the reaction mix,11 degrading both residual ATP
and dNTPs to monophosphates and inorganic phosphate via
the following reaction:

2.4. Read Length Limitations
Even with the inclusion of apyrase, the sequence read

lengths generated via traditional Pyrosequencing are typically
less than 35 bases,26 lengths useful for resequencing and SNP
identification. While some experimental methods utilizing
modified nucleotides have produced increased read lengths,27,28

standard Pyrosequencing encounters four main limitations
to read length that prevent its use in several applications,
includingde noVo sequencing and whole genome compari-
sons.

In the standard Pyrosequencing application, the reaction
is conducted in a microplate well. With the addition of
multiple nucleotide cycles, the total volume in the well
increases, diluting reagent concentrations and reducing
enzyme concentration and efficieny.20 Longer sequencing
runs require more nucleotide additions and experience
correspondingly greater dilution.

Another limitation is found in an excessive background
signal (a decreased signal-to-noise ratio) that prevents
accurate sequence determination. The background signal is
believed to be the caused by simultaneously sequencing
multiple templates (or multiple regions of a single template)
within a single reaction. This can result from nonspecific
primer annealing, primer-dimer formation, or the presence
of a 3′ self-priming hairpin in the template.26,29Research has
demonstrated that the background can be reduced by the
addition of single-stranded binding proteins26 or elevated
sequencing temperatures.30

Read lengths are also limited by carry forward, or plus
frameshifts, which occur when residual nucleotides from
previous additions are not completely degraded, resulting in
nonsynchronous incorporation and polymerase advancement
on some templates relative to the rest of the population. As
the relative number of nonsynchronous polymerases in-
creases, the amount of background also increases. Carry
forward is typically caused by the accumulation of substances
which inhibit apyrase20,28 or enzymatic contaminants such
as nucleoside diphosphate kinase.31

Conversely, read lengths may also be limited by incom-
plete extension or minus frameshifts, characterized by the
lack of available nucleotides or inefficient nucleotide incor-
poration by the polymerase. Incomplete extension can be
caused by a relative excess of apyrase, degrading nucleotides
before they can be incorporated, or reduced efficiencies in
nucleotide incorporation, such as those seen with some
modified bases.28 This effect is particularly evident after long
homopolymer stretches when the polymerase is unable to
complete the region due to localized nucleotide depletion or
an insufficient incorporation period.20

3. Modifications to Standard Pyrosequencing
Considerable research has been conducted on the various

enzymatic components of the Pyrosequencing process.32

Alternative DNA polymerases, such asæ2922 and Seque-
nase,33 have been investigated with a range of results. While
Sequenase exhibited improved dATPRS incorporation, lower
susceptibility to primer-dimers, and self-priming templates,33

the enzyme has yet to obtain widespread use in Pyrose-
quencing, presumably due to increased cost relative to exo-
Klenow. Other research34 has focused on optimizing the
enzyme cascade at the heart of Pyrosequencing, utilizing
pyruvate orthophosphate dikinase (PPDK) to convert PPi to
ATP. This modification increased sequence read lengths to
70 bases while improving the assay’s lower limit of detection
and decreasing the requisite amount of template DNA by 2
orders of magnitude. In addition, the PPDK generated
substantially more light per nucleotide incorporation, raising
the possibility of replacing cooled CCD cameras or PMT-
based detectors with less expensive photodiode arrays.34 The
benefit of linking the luciferase to DNA-binding proteins
such as polymerases or single-stranded binding proteins
(SSB) has also been explored,35 wherein luciferase could be
directly bound to the DNA template rather than added to
every reagent flow, providing potential cost reductions.

3.1. Miniaturizing Pyrosequencing
Significant progress has been made in miniaturizing the

underlying technology, reducing the required reagent vol-
umes to nanoliters. Some of the methodologies entail
shrinking the size of the reaction and reagent wells to the
point where they can be contained on a single microdevice.14

Other researchers have conducted the reaction in a flow
regime15-18 utilizing immobilized DNA templates, thereby
reducing the reliance upon apyrase for ATP and dNTP
degradation.

Standard Pyrosequencing has been successfully utilized
for a variety of applications that require accurate resequenc-
ing or SNP detection over short (30 base) regions. These
include population level investigations of organisms ranging
from protists36 to pigs,37 SNP discovery and confirmation,38,39

promoter methylation studies,40-42 and bacterial strain iden-

Figure 1. Diagrammatic representation of the Pyrosequencing
process. The template strand is represented in red, the annealed
primer is shown in black, and the DNA polymerase is shown as
the green oval. Incorporation of the complimentary base (the red
“G”) generates PPi, which is converted to ATP by the sulfurylase
(blue arrow). Luciferase (the red arrow) uses the ATP to convert
luciferin to oxyluciferin, producing light as a side product.

ATP + dXTP98
apyrase

AMP + dXMP + 4Pi (4)
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tification.43,44 Increases in application efficiency have been
achieved through combining multiplex PCR and Pyrose-
quencing, permitting the simultaneous sequencing of several
discrete SNPs with a single reaction.42,45Despite the potential
advances in miniaturization and enzymology, pyrophosphate-
based sequencing was unable to deliver the read densities,
lengths, and accuracies required forde noVo DNA sequencing
of exons or whole genomes until it was adapted to the
confines of a PicoTiterPlate well.

4. The 454 Sequencing System

The advantages of PicoTiterPlate-based sequencing are
similar to those seen in the development of the integrated
circuit, where the integration of numerous, small transistors
into a single device was able to provide an enormous
performance improvement over the previous devices as-
sembled from larger discrete circuits or vacuum tubes. As
with the transistors in the integrated circuits, the small size
and close proximity of the reaction wells comprising the
PicoTiterPlate permit increased speed, density, and through-
put by utilizing diffusion to solve issues associated with
simultaneously loading and washing more than a million
reaction wells. Sequencing runs conducted on this platform
generate over 200 000 individual sequencing reads, producing
an average of 35 MB of sequence data.9 (Since this
manuscript was written, a second generation sequencer, the
GS-FLX, has been released, producing 400 000 individual
reads, with lengths of 200-300 bases per read and an average
of 100 MB of sequence data per run. This latest product is
not discussed in this work.) Additionally, the integration of
millions of reaction wells into a single, mass produced
platform provides inherent manufacturing advantages in
terms of production capability, capacity, and reliability
relative to capillary arrays at even a fraction of the
throughput. As Gordon Moore in his article “Cramming more
components onto integrated circuits”46 predicted the decrease
in size and increase in number of features on a microchip in
the past, the size and quantity of wells in a PicoTiterPlate
show similar room for future improvement.

4.1. High Throughput Sample Preparation

Although sequencing within the PicoTiterPlate truly
enables 454 Sequencing, the conversion from macroscale
Pyrosequencing to picoscale 454 Sequencing requires sig-
nificant engineering of almost all aspects of the original
technique. One of the most critical hurdles for any viable
high throughput methodology to overcome is the ability to
mate the high throughput system with an equally high
throughput sample preparation process. Regardless of the
potential throughput a new system may provide, it is
essentially meaningless if sufficient samples cannot be
generated for processing in a reasonable period of time. For
example, it would be highly impractical to employ the
standard Pyrosequencing sample preparation process, where
biotin-labeled PCR primers are used to bind DNA templates
to streptavidin beads,47 to generate several hundred thousand
discrete samples. The 454 Sequencing system sample
preparation process, summarized in Figure 2, utilizes emPCR,9

based upon the emulsion PCR48,49process, to generate up to
several million clonally amplified beads for sequencing at a
rate sufficient to support multiple PicoTiterPlates. The
emPCR process emulsifies a PCR reaction mix in micro-
reactors suspended in a thermostable oil matrix. The asym-

metric PCR process conducted inside the droplets serves to
both amplify and immobilize the template DNA on 28µm
DNA capture beads to which complementary primers have
been covalently bound. Emulsification of the PCR reaction
permits clonal, unbiased amplification of complex samples50

including entire genomes,9,50 by segregating each template
in a discrete reaction droplet where biases due to amplifica-
tion efficiency,51,52G+C content,53 etc. are minimized. With
this amplification system, a single PCR tube can generate
hundreds of thousands of unique templates for sequencing,
representing a substantial improvement in throughput over
traditional Pyrosequencing sample preparation. The clonal
nature of the amplification process is preserved by the capture
of the products on the DNA capture beads. The solid-phase
capture also permits enrichment9 of the PCR positive beads
(arising from droplets where the PCR reaction was success-
ful) from PCR negative or “null beads” (from droplets which
lacked template DNA due to limiting template dilutions);
this increases the percentage of DNA capture beads that
generate usable sequences during a sequencing run. Ad-
ditionally, the solid-phase amplification process in emPCR
provides the template DNA in a bead-immobilized format,
precisely the format required for sequencing in a flow regime.

4.2. Sequencing in a Flow Regime
Sequencing within the PicoTiterPlate also requires sub-

stantial engineering to reflect the fact that, given the small
volume of the wells (∼75 pL) and the constant flow regime
across the open well face, diffusion rates control almost every

Figure 2. Overview of the 454 Sequencing sample preparation
process. (A) Template DNA is broken into small random fragments
through nebulization. Oligonucleotide adaptors are ligated to the
fragments, and the fragments are then separated into single strands.
(B) Single-stranded, adapted fragments are bound to beads at a
limiting dilution, resulting in at most a single copy of template
DNA bound to a given bead. The beads are emulsified in a
thermostable PCR-reaction-mixture-in-oil emulsion, and the indi-
vidual template is amplified several million-fold via PCR. The
amplified template is retained on the DNA capture bead by
extension along reverse primers covalently bound to the surface of
the bead. (C) Following amplification, the emulsion is broken, the
DNA strands are rendered single-stranded, and beads are deposited
into wells of a fiber-optic slide. (D) The DNA capture beads in
each well are subsequently covered by a layer of smaller beads
upon which enzymes required for pyrophosphate sequencing have
been immobilized. Adapted by permission from Macmillan Publish-
ers Ltd: Nature(Margulies et al.Nature2005, 437, 376.), copyright
2005 (http://www.nature.com).
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aspect of the reaction. Reagent flow provides a mechanism
for rapid mixing within the well, obviating the mechanical
shaking required in traditional Pyrosequencing.32 However,
successful sequencing depends upon striking the proper
balance between diffusion rates both into and out of the well
and the rate of enzymatic reactions occurring within.
Diffusion of nucleotides and substrate into the PicoTiterPlate
wells enables a large number of sequencing reactions to be
conducted simultaneously, as manual reagent loading into
every well is impossible. Diffusion of unutilized reagents
and reaction byproducts out of the well is also essential, as
this supports the generation of long sequences (over 100
bases) without signal degeneration due to increased signal
background,28 increased reaction volumes, or accumulation
of inhibitory substances. Sequencing within a flow regime
can pose challenges as well, however. Within this diffusion-
dominated environment, the three enzymatic processes
governing nucleotide incorporation, PPi conversion to ATP,
and the conversion of luciferin to oxyluciferin must have
sufficient time to reach completion before the essential
reagents are washed from the well.

Successful PicoTiterPlate-based sequencing is accom-
plished by combining bead-immobilization with high ef-
ficiency enzymes to achieve a balance between reaction
kinetics and diffusion. The theoretical kinetics for a single
well, which predict that the nucleotide incorporation by the
Bst polymerase is completed in 1 to 2 s and that the time
required to convert the majority of the PPi to light is less
than 10 s, roughly equivalent to the 10 s rate of diffusion in
the well, are described in detail later in this manuscript.

4.2.1. Immobilized Enzymes

The constant reagent flow in 454 Sequencing necessitates
changes in how critical enzymes are retained in the well and
in the enzymes used in the cascade. The standard Pyrose-
quencing reactions utilize sulfurylase and luciferase in
solution: a practice which becomes costly in flow reactions,
as the enzymes have to be flowed into the well simulta-
neously with every nucleotide. Instead, the 454 Sequencing
system immobilizes the enzymes required for the light
producing cascade on solid microparticles and loads those
enzyme-bearing beads into each of the PicoTiterPlate wells.9

This is accomplished by preparing both the sulfurylase and
luciferase as biotin carboxyl carrier protein (BCCP) fusions.9

A lysine residue in the BCCP region permits the covalent
linkage of a biotin molecule duringin ViVo E. coliexpression,
and the purified fusion proteins are then bound as a 3:1 ratio
(mgs luciferase to mgs sulfurylase) to streptavidin-coated 2.8
µm Dynal M280 paramagnetic microparticles. Deposition of
the beads into the PicoTiterPlate wells place the enzymes in
close proximity to the DNA capture beads, decreasing the
distance between the source of the PPi and the enzyme
cascade. The enzyme beads also serve to physically retain
the DNA capture beads, preventing the beads from washing
out of the well during reagent flow.

4.2.2. Selection for Specific Enzyamtic Properties

The luciferase selected for the 454 Sequencing system
exhibits lower Km values than those typically used in
Pyrosequencing. The 454 system utilizes the UltraGlow
Luciferase (Promega, Madison WI), a thermostable glow-
type luciferase, as opposed to the commonly used flash
luciferase obtained fromPhotinus pyralisAmerican fireflies.
The Km for UltraGlow (0.7µM ATP) has been reported to

be on the order of 100-fold lower than that of wild typeP.
pyralis.29 The reducedKm could prove limiting in standard
Pyrosequencing reactions where the total number of DNA
template molecules is high and there is no diffusion of ATP
or PPi out of the well.29 In 454 Sequencing, however, there
are several important distinctions: the total number of DNA
molecules is lower, reducing the amount of PPi produced
by nucleotide incorporations, and both ATP and PPi continu-
ously diffuse into the reagent flow and are lost from the well.
With the interwell concentrations of PPi and ATP available
for the 454 Sequencing enzyme cascade thus reduced,
optimal sequencing relies upon utilizing the maximum
amount of the PPi and ATP. This, in turn, favors the most
efficient enzymes, those with the lowestKm values. Ultra-
Glow’s substantially lowerKm allows increased light produc-
tion at lower levels of ATP than the less efficient wild type
P. pyralisenzyme, and allows the system to maintain a linear
relationship between the photons produced and homopolymer
size up to 8 bases in length.9

The thermostable properties of UltraGlow luciferase permit
an additional feature of 454 Sequencing impossible with
traditional Pyrosequencing; 454 Sequencing can occur at
temperatures up to 35°C. The 28°C temperature required
in standard Pyrosequencing is necessitated by the thermo-
labile P. pyralis luciferase. Pyrosequencing at elevated
temperatures has been shown to be beneficial, decreasing
background from primer-dimers and hairpin loops,29 con-
tributing to extended sequence read length. Additionally,
increased temperatures enable the use of polymerases with
higher optimal temperature ranges, such as Bst polymerase,
with a 65°C incubation temperature.

4.2.3. Bst Polymerase

The ability to sequence through problematic sequence
motifs using the 454 system54 is partly due to the use of Bst
polymerase, which was substituted for the Klenow poly-
merase used in traditional pyrosequencing. The Bst poly-
merase is an exo-enzyme55 that has been shown to possess
a high degree of strand displacement activity56 and extremely
low rates of replication slippage.57 It has also been shown
to be highly suitable for whole genome amplification,58 able
to successfully replicate a diverse range of structural motifs
and GC contents.59 The enzyme exhibits a high degree of
processivity,60 ensuring that it will remain bound to the
priming strand during the course of the sequencing reaction.
This eliminates the costly need to replenish the polymerase
concentration by periodically flowing additional enzyme into
the well.

4.3. Corrective Software Algorithms
Despite the enzymatic improvements that enable successful

sequencing within the confines of a PicoTiterPlate well,
interactions remain that are most effectively corrected by
the application of software algorithms. All of the sequencing
reads generated in a 454 sequencing run undergo a two stage
process of algorithmic filtering: image processing and signal
processing. Together, image and signal processing output
filtered reads, and bases within each of the reads are then
called and assigned a quality score.

4.3.1. Image Processing

Image processing performs initial pixel-level calculations
on the raw data captured by the CCD. These calculations
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include such processes as background subtraction and pixel-
level signal normalization. These data are used to identify
and group clusters of pixels as active PicoTiterPlate wells,
those in which sequencing is occurring. For each active well,
the raw signal data is extracted from the CCD images
corresponding to all nucleotide or PPi flows, and stored for
subsequent signal processing. By identifying and extracting
the active well data, the volume of raw data is reduced to
amounts that can be efficiently processed by the subsequent
filtering algorithms in a practical time frame.

4.3.2. Signal Processing

The signal processing algorithms perform well-level
calculations across the whole series of images generated in
a run for each of the active wells. These processes include
the classification of signal height obtained for a given flow
in a well, correction for loss of polymerase synchrony within
a run, and correcting well to well interactions.

4.3.2.1. Signal Peak Classification.Automated base-
calling algorithms used for traditional Sanger sequencing
instruments determine the signal strength for each peak on
the chromatograph by calculating the area under each peak.
In contrast, 454 Sequencing does not need to integrate the
detected signal, because the total amount of signal (light)
generated during the nucleotide extension phase of the
sequencing cycle is captured quantitatively on the CCD. The
strength of the signal from each well is determined by the
number of photons that strike the CCD chip at that position.
The signal intensity is proportional to the number of bases
incorporated during that flow, which consists of both the
number of individual template strands currently sequencing
in the well (typically around 10M) and the number of
nucleotides incorporated on each strand.

Since base-calling accuracy is directly dependent on signal
intensity, it is important to understand potential sources of
error for signal intensity measurement. The variability in
signal strength, or the standard error of the signal, is
proportional to the signal strength obtained from any well.
Thus, as the length of homopolymers increases, so does the
signal strength, and so too the variability, giving more
potential for error in accurately determining the true signal
strength. In a typical shotgunE. coli run (data not shown),
a single base can be called with greater than 99.9% accuracy,
homopolymers of length 2 at 99.5% accuracy, and ho-
mopolymers of length 3 with 99.0% accuracy. The accuracy
of base calling in a single read falls off so that base calls of
9-base homopolymers are approximately 64% accurate. It
is important to note, however, that 99% of 9-base homopoly-
mers are called either as 8, 9, or 10. This allows the 454
Sequencing algorithms to address homopolymer variability
through oversampling, as the variability in each signal is
random, so multiple reads of the same homopolymeric region
of the template allow averaging of the error associated with
that particular homopolymer stretch, yielding consensus base
calls of close to 99% accuracy for 9-base homopolymers.

For Sanger-based systems, there are a number of well-
known sequence related problems that can occur; these are
discussed elsewhere (for example, see PE/Applied Biosys-
temsAutomated DNA Sequencing Guide). These problems
are caused by either the template DNA or the sequencing
chemistry, and include false stops in dye-primer chemistry,
compressions, GC-rich (>70%) regions of sequence, overall
GC-rich sequences, regions of pronounced secondary struc-
ture, GT-rich regions in BigDye terminator chemistry,

repetitive DNA, and homopolymeric regions.61 Of these, only
homopolymer regions are held in common. Sanger reads of
homopolymers, especially those that contain long (10+) T
or A homopolymer regions, are susceptible to “slippage”,57

which generates a pool of products in the sample with
different lengths, resulting in “out of phase” type errors.
Slippage in the region of a homopolymer is dependent on
the length of the homopolymer and can lead to noisy data
following the homopolymer as well as inaccurate sequencing
at the homopolymer. In many cases, it is possible to clone
the homopolymeric region for more accurate sequencing.
However, cloning of difficult-to-sequence homopolymeric
regions tends to be expensive and time-consuming. In
addition, multiple clones must be sequenced to ensure that
cloning artifacts are excluded.

4.3.2.2. Carry Forward and Incomplete Extension.As
with traditional Pyrosequencing, 454 Sequencing is affected
by the gradual loss of synchronicity among the individual
templates on a given bead during a sequencing run.20 In these
cases, a small number of the polymerases either fall behind
the others due to incomplete extension of the template or
get ahead of the other polymerases due to the presence of
residual nucleotides in the well, permitting “carry forward”.
The 454 Sequencing process has been shown to experience
approximately 0.1-0.3% incomplete extension and 1-2%
carry forward9 during an entire run. As this loss of synchro-
nicity is cumulative, it must be corrected to enable accurate
sequencing at long read lengths. The two sources of error
are corrected by a single algorithm referred to as CAFIE
(Carry Forward, Incomplete Extension), which relies upon
a combination of physical modeling of intrawell diffusion
and washing rates, as well as empirical data collected over
several years and gigabases of sequence analysis. As the loss
of synchronicity accumulates with time and the length of
the sequencing run, the bases sequenced toward the end of
run are more affected than those at the start. Figure 3
illustrates the effect of the CAFIE correction on a test
fragment sequence obtained during a 100 cycle run, com-
prised of 400 individual nucleotide additions. The early
cycles of both the pre- and post-CAFIE correction flowgrams
display good-quality sequencing: the signal-to-noise obtained
for positive and negative peaks is high, and the background
for the negative reads stays low and shows no sign of steady
increase. Sequenced across only 50 bases, the error rate for
the TF is 2.0% (1 error in 50 bases) without CAFIE and
0.0% with the CAFIE correction. When the entire 216 base
read is analyzed, however, the effect of the CAFIE correction
is much more obvious; the error rate for the uncorrected
sequence 12.0% (26 errors in 216 bases), but the read remains
error-free following application of the CAFIE algorithm. This
is visually apparent when the flowgrams are examined; the
background increases and the signal decreases along the
length of the run when the CAFIE correction is not
employed.

4.3.2.3. Interwell Interactions: Optical Bleed.Interwell
interactions require software correction also. These interac-
tions take two forms: one termed optical bleed, where a
small amount of the light generated in one well diffuses
through the fiber cladding surrounding the originating well
and enters neighboring optical fibers, and the other chemical
crosstalk,9 caused by the diffusion of PPi from the well where
it is produced to another well where it generates light. The
correction for optical bleed is fairly simple, as the effect is
isotropic, varying only with the intensity of light generated

3372 Chemical Reviews, 2007, Vol. 107, No. 8 Leamon and Rothberg



within a given well and the height within the well at which
the light is generated, where dispersion increases with
elevation. The optical bleed correction is accomplished by
identifying the contribution of a given well to the surrounding
wells and applying a masking algorithm to remove that
contribution from the raw signals obtained in the neighboring
wells. The degree to which the adjacent well signals are
reduced depends upon both the intensity of the initial well
and the physical proximity of the adjacent wells.

4.3.2.4. Interwell Interactions: Chemical Crosstalk.
Chemical crosstalk is a more detailed, directional interaction,

controlled by the direction of reagent flow and the amount
of PPi and ATP that escape from a given well to generate
light in a downstream well. The release of light-generating
substrates from an individual well is illustrated by the
coupled kinetic equation (eq 5) below and graphically in
Figure 4:

where the subscript (0) indicates a variable particular to the
reagent flow; the subscript (1) signifies variables relating to
the well; the mass transfer coefficient) kc; andRbst, Rsulf,
andRluc denote the rates of Bst polymerase, sulfurylase, and
luciferase respectively.

The equation increases in complexity when multiple ATP/
PPi generating wells are considered, giving rise to eq 6,9

which is applied to wells downstream (indicated by variables
with the subscript (2)) from the initial well (see Figure 5).
A new variable,θ, refers to the mixing ratio. The correction
equation predicts that the interwell distance can be signifi-
cantly reduced below the current 50µm center-to-center
separation while retaining minimal crosstalk effects on
neighboring wells.9

The combination of a specialized sample preparation
method, engineered enzymes, and a software correction
system, all adapted to the demands of miniaturized high
density sequencing in a flow regime, has enabled 454
Sequencing to generate accurate sequencing reads that eclipse
those of traditional Pyrosequencing. Subsequent research has
demonstrated the system’s accuracy and sensitivity, capable
of detecting single nucleotide polymorphisms (SNPs) from
within a complex tissue population at frequencies as low as
0.28%,62 compared to the 4%63 and 5%64 lower limits of
detection ascribed to traditional Pyrosequencing. The data
generated by the 454 Sequencing system is accurate enough
to distill the total differences between 4 MB drug resistant
and susceptible genomes to four single base mutations, one
of which proved to be the source of the drug resistance.65

Read lengths generated with the 454 Sequencing system
have superseded those obtained with the standard Pyrose-
quencing also. The introductory paper on 454 Sequencing
reported average read lengths of 100-120 bases on produc-
tion instruments and mentioned that 400 base reads had been
achieved on prototype instruments.9 Since that time, proto-
type sequencers have demonstrated extended sequencing
reads with median lengths beyond 400 bases; individual reads
with perfect accuracy over 500 bases have also been
recorded.66 Figure 6 illustrates continued progress in read

Figure 3. Effects of corrective algorithms on sequence results from
a 216 base test fragment. (A) Flowgram generated from a full 100
cycle run (composed of 400 individual nucleotide flows) with
software correction enabled. The sequence drops to background
levels after approximately 350 flows, as the end of the fragment
has been reached. Note that the background levels remain well
below 1 on theY axis. No errors were made in sequencing the 216
base template. (B) Flowgram generated from the same test fragment
on the same sequencing run without application of any software
correction. The sequence drops to background levels after ap-
proximately 350 flows, as the end of the fragment has been reached.
Note that the background levels rise and the sequencing signal drops
as read length increases. In the absence of software correction, the
216 base template accumulated 26 errors, a 12% error rate.

Figure 4. Kinetic modeling of 454 Sequencing within a single
PicoTiterPlate well. The solid red trace represents the concentration
of unextended DNA fragments, the purple dotted trace displays
the dNTP concentration (scaled by 0.1× to allow simultaneous
display), the solid blue trace indicates the concentration of PPi, and
the solid green trace illustrates the ATP concentration in the well.
The calculations are based on the assumption of 20 million DNA
copies per bead, generating an initial 0.6µM concentration of
unextended DNA fragments. The inset figure indicates the orienta-
tion of the PicoTiterPlate well with respect to the reagent flow.

d
dt[DNAn

dNTP
PPI
ATP ]

(1)

) [-Rbst(1)

-Rbst(1)- kc([dNTP](1) - [dNTP](0))
Rbst(1)- Rsulf(1) + Rluc(1) - kc[PPI](1)

Rsulf(1) - Rluc(1) - kc[ATP](1)
]
(5)

d
dt[DNAn

dNTP
PPI
ATP ]

(2)

)

[-Rbst(2)

-Rbst(2)- kc([dNTP](2) - [dNTP](0))
Rbst(2)- Rsulf(2) + Rluc(2) - kc([PPI](2) - θ[PPI](1))
Rsulf(2) - Rluc(2) - kc([ATP](2) - θ[ATP](1))

] (6)
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length and accuracy, with prototype sequencers generating
reads with peak distributions at approximately 510 bases
(Figure 6A), and an error-free, 559 base, individual read
(Figure 6B).

4.3.3. Quality Scores
Each of the sequencing reads that passes the image and

signal filtering is classified as a “high quality” read, and all
of the bases that comprise the reads that passed the filters

are classified as high quality as well. It is important to note
that filtering is handled on a per-read, not a per-base, format;
all signals contained in the reads that passed filtering and
trimming are considered high quality. Quality scores are
assigned to individual bases, however, by the following
process.

4.3.3.1. Error Models and Error Correction. Errors in
Sanger sequencing, regardless of the base caller used for data
analysis, stem from several sources, as reviewed by Ewing
et al.,67 including poor quality reads in the beginning and
end of runs, compressions, and weak or variable signals due
to sequence motifs, or reagent quality issues. 454 Sequencing
error is dominated by a single source, signal variability,
which can be as high as 5%. This variability is probably the
result of variability inherent in the enzymatic processes of
synchronous enzymatic extension (see eq 6) occurring
simultaneously on 10M or more immobilized DNA strands
within a PicoTiterPlate well. It should be noted that although
this signal variability is the dominant source of error, it is
not the only error source; sequencing chemistry issues such
as carry forward and incomplete extension are known to
contribute error. Fortunately, these errors are largely predict-
able based on sequence environment and can be corrected.
Hardware-induced variance can contribute error but can be
measured and corrected for as well. Since signal strength
variance is largely random in nature and cannot be corrected
for, it is one of the most difficult factors to address in
determining the quality of individual bases generated by 454
Sequencing.

Quality scores for 454 Sequencing are assigned purely on
a signal level, ignoring factors such as the second order
effects arising from the sequence motif in which the base in
question occurs, well density, etc., although these factors
contribute to overall accuracy to some degree. The cor-
respondence between signal level and base quality has been
measured empirically by mapping sequences to known
genomes. The known sequence was then compared to the
actual signal obtained during the run, and the respective
number of correct versus incorrect base calls was determined.
These data were used to create parameters for correlating
signal intensities and homopolymer lengths. Using these
parameters, the probability that any given signal corresponds
to a homopolymer of lengthx can be calculated, and this
probability is converted in a Phred score. Because this
relationship was derived from a limited number of genomes,
a model was generated and extrapolated to reflect all possible
combinations of signals. The model was shown to match
the empirical data collected by sequencing genomes from
multiple bacterial species and comparing reads to known
references (data not shown). For example, a Q40 score
indicates 99.99% accuracy, or one error per 10 000 bases,
requiring the collection and analysis of least 10 000 data
points; logistical considerations limited the empirical con-
firmation of 454 Sequencing scores out to approximately Q60
(1 error in 1 000 000 bases), where 1 000 000 data points or
more are required for assessment.

At the highest level, the relationship between the model
and the empirical data has been confirmed. As a group, the
relationship is solid, and a Q30 score reflects a signal that is
correct in 999 out of 1000 base calls. By employing an
empirical approach, however, potential accuracy increases
obtained through understanding and correcting potential read-
specific, second order effects are neglected.

Figure 5. Kinetic modeling of the interwell effects of chemical
crosstalk between well 1, an actively sequencing well, and well 2,
a downstream nonsequencing well. The two well centers are
separated by 50µm, the wells themselves are separated by 7µm
cladding. As in Figure 4, the solid red trace represents the
concentration of unextended DNA fragments in the original well
(well 1), the solid blue trace indicates the concentration of PPi in
well 1, and the solid green trace illustrates the ATP concentration
in well 1. Note that the peak concentrations for both DNA and PPi
for well 1 are identical to those shown in Figure 4 but are off the
scale of this graph. The peak DNA concentration in well 1 is 0.6
µM, and PPi peaks at approximately 0.4µM. The dotted traces
represent the ATP concentration (dotted blue trace) in well 2, a
nonsequencing well containing no DNA, located 50µm down-
stream. The dotted green line displays the PPi concentration in well
2. The calculations are based on the assumption of 20 million DNA
copies per bead, generating an initial 0.6µM concentration of
unextended DNA fragments. The inset figure indicates the orienta-
tion of the PicoTiterPlate wells with respect to the reagent flow.

Figure 6. (A) Read length distribution of anE. coli sequencing
run conducted on a research prototype 454 Sequencer. The peak
read length distribution is approximately 510 bases, with a
maximum read length of 599 bases. (B) Flowgram generated for
the longest perfect read (0% error) taken from theE. coli run in
Figure 4A. The total read length was 559 bases.
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4.3.3.2. Insertions and Deletions.It is important to note
that, in 454 Sequencing, a single signal value is generated
for a homopolymer, regardless of the number of bases
contained within it. So a quality score obtained from a single
signal value pertains to all bases within the homopolymer.
Consider the case of sequencing a homopolymer in a single
read which generates a signal intensity of 4.8 units. The
probability that the homopolymer is at least 4 bases in length
is quite high; the quality score assigned for bases 1 through
4 will be high. At this intensity, it is clearly a homopolymer
of at least 4 bases, and quite likely 5 bases, so the software
will treat it as a 5-base homopolymer. The quality score for
the final fifth base will be lower, because the certainty that
the homopolymer is five bases long is lower than the
certainty the homopolymer is at least 4 bases long. It is less
likely, though possible, to be as short as 3, or as long as 6,
but 5 bases and quality scores will be output. If the
homopolymer was actually 6 bases long, the output would
look like it contained a deletion error because the sixth base
and the correspondingly low quality score are not displayed.
If the homopolymer is not 5 bases, it will look like a frame
shift error. Longer homopolymers will have higher signal
intensity with greater variability, and correspondingly lower
probability of an accurate base call in a single read.

4.3.3.3. 454 Quality Scores versus Sanger Quality
Scores.The 454 quality score is based on signal intensity
and is generated for each signal individually. As the signal
intensity for any given base is random with respect to the
signal intensities recorded previously and subsequently,
quality scores can vary within a read, with high quality reads
interspersed with lower quality reads. Unlike Sanger se-
quencing, where the onset of low quality scores often signals
the end of quality sequencing within a read, 454 Sequencing
quality scores have little or no predictive value relative to
the quality of preceding or following bases.

5. Conclusions

Since completing the draft of the Human genome, the
potential scale and scope of genomic sequencing projects
has increased, resulting in an accelerated demand for
sequence data. This desire for increased sequencing through-
put has been to some degree attained on a variety of next-
generation sequencing platforms.68 The longest read lengths
currently available on a next-generation sequencing system
are produced by 454 Life Sciences, which uses pyrophos-
phate-based sequencing-by-synthesis to deliver 35 Mb of
sequence data per 5.5 h run. Substantive design changes
enable the 454 Sequencing system to circumvent the previous
limitations in accuracy, sensitivity, and read length that
challenged the original Pyrosequencing technology. The
demonstrated ability to generate error-free sequencing reads
over 500 bases in length, coupled with a highly scalable
sample preparation, suggests that continued improvements
in both throughput and accuracy are likely. Should this trend
continue, it is quite possible that 454 Sequencing reads may
intersect Sanger sequencing read lengths in the coming years
at a substantially higher speed, higher throughput, and lower
cost than those provided by Sanger-based technologies. In
this event, whole genome sequencing will become a routine,
rapid, affordable process for genomes from microbes to
humans, and the sequencing bottleneck will pass from data
generation to data analysis.
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