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requires further understanding of how phasing (that is, maintain-
ing synchronous synthesis among all the identical templates of the 
ensemble) limits read-length.

These technical challenges have been accommodated to varying degrees 
in commercially available systems. The specifications of these systems, 
costs to use them and challenges to applying them to the production of 
particular biological data sets are under constant review16 (Box 1). The 
success of companies in further enhancing the performance of their exist-
ing second-generation systems may well take place without the need to 
identify the challenges to the broader community of scientists and engi-
neers. However, their ability to introduce third-generation sequencers 
may be predicated on how they address and solve many of the technical 
challenges through fundamental, innovative advances.

We detail below the technical challenges identified by NIH/NHGRI 
grantees as being associated with SBS. These include sample preparation, 
surface chemistry, fluorescent labels, optimizing the enzyme-substrate 
system, optics, instrumentation, understanding tradeoffs of through-
put versus accuracy and read-length/phasing limitations (for additional 
challenges, such as data management and error correction, the reader is 
referred to recent reviews on sequence assemply37 and mapping38.

Sample preparation
With the development of relatively efficient enzyme, substrate and detec-
tion combinations, a potential cost bottleneck is the multistep sample 
preparation process. For ensemble-based SBS, sample preparation gen-
erally involves extraction and purification of DNA from tissues or other 
samples, fragmentation of the DNA, the repair of frayed ends in a polish-
ing step, addition of adapters with ligases or transferases for solid-phase 
attachment and polymerase priming, and the clonal DNA amplification 
of a single DNA molecule to generate an ensemble containing thousands 
to millions of identical copies of the DNA molecule, bound to a surface 
in a localized packet (Fig. 2).

Several novel amplification techniques have been introduced, includ-
ing the following: polony technology33,39,40; beads, emulsion, ampli-
fication magnetics (BEAM)41; emulsion polymerase chain reaction 
(emPCR)23,42–44; a cloning strategy developed for massively parallel 
signature sequencing (MPSS)45; and the PCR bridge amplification 
scheme46,47. The labor costs for these steps, which are borne by the user, 
have not been thoroughly addressed by system providers, especially if 
gel purification (as in paired-end tag libraries33) or emulsion formation 
are required. Efforts to automate as many steps as possible are under-
way. The amount of sample needed rises linearly with distance between 
paired-ends. Although pre-amplification has the disadvantages of being 
subject to contamination and the potential to introduce bias into a DNA 
library, its use has enabled successful sequencing with as little as 2 femto-
grams input (equivalent to a small bacterial genome molecule or 0.03% 
of a human diploid genome) with less than one amplification error per 
100,000 base pair (bp)48,49.

Rolling circle amplification (RCA) and multiple displacement 
amplification have also been used to prepare samples for SBS and other 
sequencing techniques50–52. To be efficient, these methods require dis-
placement of the nontemplate strand. For circular templates smaller 
than ~100 nucleotides, displacement occurs spontaneously53–55, but for 
larger DNA circles, it is preferable to use elevated temperatures or the 
DNA polymerase from bacteriophage Phi 29 (refs. 50,52,56–58). Phi 29 
DNA polymerase has the ability to processively displace the nontemplate 
strand while replicating the template strand thousands of times. It also 
has proofreading activity and thus high fidelity. Overall signal strengths 
have also been improved by combining RCA with emPCR51.

Ensemble-based SBS has the additional costs of library construction, 
single-molecule manipulation, amplification and associated technical 

Real-time SBS requires identification of the newly incorporated 
nucleotide ‘on-the-fly’ without interrupting the synthesis process. The 
method requires the use  of optical or physical confinement to distin-
guish free-solution tagged nucleotides from those  bound and involved 
in synthesis18–22. Table 1 shows the general approach used by several 
selected commercial platforms.

Synchronous-controlled approaches include pulsing the delivery of 
the nucleotide substrates (dNTPs) one at a time23,24 or temporarily 
limiting extension using modified nucleotides, such as nucleotide 
reversible terminators (NRTs)25–31, or cycling oligonucleotides32,33 or 
omitting metal catalysts (Mg2+ or Mn2+)34,35 during enzymatic label-
ing, followed by washing away excess reactants and imaging while syn-
thesis is stopped. When only one of the four dNTP types is presented 
at a time, the mere fact that synthesis has taken place is sufficient to 
determine sequence. This can be done with relatively simple single-
color fluorescence optics24 or with coupled-enzyme chemilumines-
cence assays for pyrophosphate23,36. When all four types of dNTP are 
present at once, more complex, differential tagging schemes, usually 
with different fluorescence wavelengths to discriminate among the 
bases, must be used19–22,27–32.

Challenges to SBS
Single molecule–based SBS and ensemble-based SBS face different 
problems. The former requires unique attention to such challenges 
as fluorescent labels, optics and instrumentation, whereas the latter 
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Figure 1  Schemes for SBS. Approaches include both single-molecule and 
ensemble methods requiring features populated with identical copies of 
DNA fragments. Ensemble methods monitor synthesis either using labeled 
substrates or detecting products of synthesis (pyrophosphate). Detection can 
be discontinuous (sequential) when labels can remain fixed for hours while 
a microscope scans up to hundreds of millions of sequence features26,32. It 
may also be continuous (simultaneous) as in the case where pyrophosphate, 
which can diffuse from the region of synthesis, is detected23. Similarly, single-
molecule methods can be detected in a discontinuous (sequential) scanning 
mode24 or continuous (simultaneous) mode by constant observation of 
synthesis of single molecules using labeled substrates19,22. The discontinuous 
scanning methods can take advantage of very large numbers of sequence 
features to assemble genome sequences from relatively short reads of 25–100 
bases. The continuous-detection schemes read less than a million features but 
can achieve read-lengths of 3,000 or potentially more bases.
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range. Furthermore, surfaces must be neither overpopulated nor under-
populated with template fragments. As with ensemble-based SBS, this 
requires careful control of the amount and size of DNA applied to the 
apparatus. Ideally, a surface could be devised that has properly spaced 
sites where single molecules of templates can be immobilized. Such a 
surface may increase the density of productive templates over a slide 
by two- to fourfold, and be immune to overloading (see also ‘Surface 
chemistry challenges’).

Widespread clinical applications will likely require streamlined, robust 
sample preparation techniques for supporting typical clinical loads. A 
2-day sample preparation time by itself may restrict clinical applica-
tions and the ultrahigh throughput of gigabases of data per run must 
be matched to clinical needs, which may be for only thousands of bases 
of sequence per patient. One option would be an effective technology to 
judiciously add sequence tags to the fragments of several different sam-
ples, then combine and process the DNA samples (encoding and binning) 
together, separating the resulting sequences by their tags in the computer 
analysis phase60. This reduces the inefficiencies of ensemble-based SBS 
architectures (e.g., when abundant DNA is available to be sequenced 
as is the case when the patient is at hand). Any approach that directly 
sequences genomic DNA samples might offer a rapid and economical 
path to routine sequence-based clinical analysis. Additional challenges 
to overcome by sample preparation strategies include the following: first, 
handling double (or multiple) sequences due to diploidy and/or cross-
hybridization of multigene family members; second, optimizing for the 
hybridization kinetics of single-copy genes; third, maintaining long-range 
haplotype information48; and four, generating binning reagents that give 
uniform yields (e.g., genome-tiling oligonucleotides).

Meeting the challenges of SBS sample preparation for research or clin-
ical applications, regardless of whether the approach is ensemble-based 
or single molecule–based, will benefit from reducing costs and volumes 
of the biochemistry and automating the processes, thus eliminating the 
need for highly skilled molecular biology technicians. The throughput of 
the analysis portion must be matched by individual sample preparation 
instruments or banks of instruments. Applying massively parallel SBS 
methods to medical samples will require an affordable (e.g., $1,000) full 
genome or sequencing only specific regions of the genome (e.g., the 1% 
coding regions) from multiple patients together. Approaches to selecting 

problems (e.g., PCR amplification errors). Although extremely power-
ful, the multistep sample preparation and the clonal DNA amplification 
scheme are done manually and are very labor intensive. The complex 
workflow for ensemble-based SBS typically includes several enzymatic 
steps interspersed with cleanup steps using a spin column or beads. 
Mistakes at any step can ruin the preparation, and if not caught by 
the quality control checks, can waste not only the sample preparation 
reagents but also the downstream SBS reagents and instrument time. 
The sample preparation costs include several days of intense work by a 
well-trained researcher to prepare one to four libraries as well as the costs 
of kits (~$300 in reagents just for library construction and emPCR kits). 
In addition, the laboratory infrastructure requirements are significant, 
particularly when library construction is sensitive to contamination and 
necessitates work in a high-efficiency particulate air filtered hood or 
room and separate pre-amplification and post-amplification rooms.

A downside of ensemble-based SBS architectures is that sample prepa-
ration passes the analyte molecules through a single-molecule stage, 
only then to re-amplify them. The amplification from single molecules 
makes the process sensitive to amplification errors and products must 
be strictly isolated to reduce contamination of other libraries under 
construction. In addition to equipment routinely found in molecular 
biology laboratories, sample preparation involves quantitative PCR 
instrumentation, a fluorometer, a Bioanalyzer (Agilent Technologies) 
and a particle counter as well as other assorted supplies and reagents. 
Although challenging and still expensive, the process is successfully 
performed in research laboratories and improvements in methodology 
and automation are being addressed by both commercial suppliers and 
academic laboratories.

Single molecule–based SBS architectures that can acquire sequence 
information directly from individual DNA molecules without amplifi-
cation59 may reduce the sample preparation challenges, but introduce 
other problems for detection and resolution (see ‘Optics challenges’). 
At first glance, the preparation of sample templates for single mol-
ecule–based SBS appears simple. But as with ensemble-based SBS, 
steps must be taken to provide DNA that is free from proteins or other 
contaminants. The collection of DNA fragments must provide full 
representation of the genome to be sequenced in fragments that both 
have usable ends, linkers or priming sites and are in the necessary size 

Table 1  Selected SBS platforms
Synthesis strategy Company Platform Colors Sequencing process Amplification Enzyme

Real-time Pacific Biosciences Zero-mode waveguide 
array

4 Continuous polymerization of 
labeled dNTPs

Single molecule Polymerase

Life Technologies; Visigen Array of polymerase 
complexes

4 Continuous polymerization of 
labeled dNTPs

Single molecule Polymerase

Synchronous-controlled Life Technologies; ABI SOLiD 4 Ligation of labeled 5 nt oligos Yes, emulsion PCR Ligase

Danaher; Dover Polonator 4 Ligation of fluorescently labeled  
9 nt oligos

Yes, emulsion PCR Ligase

Illumina Genome Analyzer 4 Polymerization using fluorescently 
labeled, reversibly terminating 
dNTPs

Yes, bridge amplification Polymerase

Roche; 454 Life Sciences Genome Sequencer 
FLX

1 Polymerization of dNTPs added 
singly, luminescence detection of 
pyrophosphate

Yes, emulsion PCR Polymerase

Helicos Heliscope 1 Polymerization of fluorescently 
labeled dNTPs added singly

Single molecule Polymerase

Asynchronous with  
base-specific  
terminators

Various; requires high- 
resolution electrophoresis

Sanger dideoxy-
sequencing

1, 4 Polymerization of fluorescently 
labeled ddNTPs with unlabeled 
dNTPs

Yes, clones or PCR Polymerase

ddNTP, 2',3'-dideoxy-nucleotides.
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Surface chemistry
Surface chemistry strategies arise from the critical interface between 
the sequencing biochemistry and detection. Trade-offs or compro-
mises between the ideal characteristics of these two design elements 
require close communication and understanding among the molecu-
lar biologists, the chemists and the optical and mechanical engineers 
of the design team. All SBS schemes involve the use of surface-bound 
components that provide a means for parallel synthesis of DNA mol-
ecules, either singly or as ensembles of identical sequences (Fig. 3). 
The surfaces also provide a structure for optimizing imaging, and for 
flowing-in substrates and removing products. Surfaces used include 
flat slides, beads and specialized fabricated structures (e.g., wave-
guides and microfluidic channels)18,19.

The challenges of surface chemistry include providing surfaces com-
patible with enzymatic processing of nucleotides along with the DNA, 
eliminating stray ‘sticking’ of dye molecules and maximizing the density 
of SBS features over the surface. For this reason, structures are typically 
coated with a hydrophilic, functional surface layer, like those used for 
microarrays, designed to tightly or covalently bind the molecules of 
interest (to minimize loss of molecules and thus of signal) but to be 
inert to binding other materials during sequencing. These aspects of 
surface chemistry are even more important in single-molecule forms 
of SBS18,19,64. To immobilize single polymerase enzyme molecules in 
the bottom of zero mode waveguides, a surface coating was developed 
that sticks to the metal sides of the waveguide and repels proteins but 
doesn’t coat the glass floor of the waveguide chamber19. In addition, the 
topology of surfaces for holding the growing chains of SBS experiments 
can influence the density of chains distributed within the imaging area 
of the instrument, directly influencing imaging efficiency.

The surfaces of slides or specialized structures are commonly 
treated with silanes, polyethylene glycol, pluoronics, proteins or other 
surface-modifying agents to produce highly uniform, biocompat-
ible surfaces21,46,59 because they must both anchor biomolecules and 
ensure enzymatic activities. These chemistries inherently do not have 

appropriate subsets of genome sequence by hybridization capture or 
targeted circularization have already appeared61,62. Additional challenges 
include extending the length of clonally amplified DNA, minimizing 
sample preparation reagent and equipment costs, preventing cross-
contamination, and barcoding63 when using multiple patients’ samples. 
Library and amplification reactions, whether done in multiwell plates or 
flow cells, typically occur in small microliter volumes and thus reagent 
costs should be similar to conventional molecular biology reagent costs 
(e.g., $1 per reaction step). Opportunities exist for using single cells and 
even ‘in situ tissues’ as RNA or DNA sources.

Because the technical challenges of SBS are not independent of 
one another, it is difficult to assign a metric that would identify 
how improvements for a particular challenge might affect overall 
system goals, such as increased throughput, lowered cost and 
reduced error rate. For example, polymerase incorporation rates 
of dNTP analogs and the bandwidth of the output amplifier 
on a CCD camera monitoring the real-time incorporation both 
affect throughput and one or the other may limit the sequencing 
rate108. Ultimately, information theory describes the overall 
relationship between throughput and accuracy and design 
teams are well advised to understand the theoretical limitations 
imposed by information theory and how throughput and accuracy 
create design trade-offs84–103,106–108. An example of this kind of 
trade-off is found in nature, which has optimized the coding for 
amino acids with nucleotide triplets110.

Notwithstanding information theory, one can cautiously 
make some estimates of the impact of improvements in one 
challenge area by assuming ‘ideal world’ performance in the 
other challenge areas. Bifurcating between consumables (e.g., 
reagents and flow cells) and instrumentation can be a first-order 
approach to prioritizing the technical challenges with respect to 
cost. For example, ignoring consumable costs, a prediction of 
costs associated with the instrument (including purchase price, 

depreciation schedule, service contract pricing, performance-
upgrade pricing and downtime) can be merged with various 
system throughput and accuracy targets to generate an estimated 
genome equivalent cost.

For the sake of illustration—without reflecting on the 
specifications of current commercially available next-generation 
sequencers—a $365,000 instrument with a depreciation lifetime 
of 5 years, with no service contract or upgrade costs, and with no 
downtime or bad samples, would cost $200 per day to run. If the 
throughput is 10 raw gigabases per day, and tenfold redundant 
sequencing is required for acceptable accuracy, then a 3 gigabase 
genome equivalent would cost $600 (not including consumable 
costs) and take 3 days. In contrast, a $500,000 instrument 
with a depreciation lifetime of 5 years and a $10,000 per year 
service contract but with free upgrades, 10% downtime, 3 
gigabase per day throughput and 30× redundant sequencing, a 3 
gigabase genome equivalent would cost $10,000 (not including 
consumable costs) and take 33 days. Through ‘crystal-ball’ 
spreadsheet analysis, one can project how instrument-related 
costs such as manufacturing costs (parts, labor and overhead) or 
the instrument robustness (which contributes to downtime costs 
as well as service contract costs), can directly affect the genome 
equivalent cost as well as the sequencing throughput.

Box 1  How improvements impact cost
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Figure 2  Sample preparation includes arraying individual fragments of DNA 
on beads or other solid surface. For ensemble methods the fragments are 
amplified, providing a collection of identical copies for sequencing.
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extinction coefficient or molar absorptivity, and varies with wavelength. 
For example, the molar absorptivity of fluorescein at 488 nm is about 
80,000 M–1cm–1. This value is sufficient for sensitive measurements and 
there are several families of dyes (e.g., the cyanine dyes) with two- to 
threefold greater molar absorptivity67.

Once a photon is captured by a fluorescent dye, it remains in the 
excited state for a characteristic period of time (the fluorescence lifetime 
of the dye), which can range from nanoseconds to milliseconds. For 
applications like single molecule–based sequencing, where data collec-
tion must be completed quickly and a large number of photons must 
be collected to distinguish the different dyes, lifetimes of less than about 
5 ns are preferred. With adequate illumination, a single dye molecule 
can cycle between the ground and excited states millions of times per 
second, providing a sufficient number of emitted photons for reliable 
detection within a few milliseconds.

The photostability of a dye, particularly when performing single-
molecule detection, is more difficult to predict based on its structure. 
Because the dye molecules will reside for a substantial fraction of 
the time in the excited state, when a high photon flux is needed, the 
stability of the excited state becomes critical. Some dyes will cross 
over from the excited state to a long-lived triplet state, during which 
no photons are emitted. Other dyes may lose activity by isomeriz-
ing while in the excited state. When these two processes are revers-
ible, single molecules of dye can appear to ‘blink’ off and on during 
extended observation periods and may result in sequence errors. 
Therefore, for single molecule–based SBS, where every fluorophore 
counts, fluorophore purity and storage conditions are also crucial. 
‘Dead’ or bleached fluorophores (duds) and blinking are not an issue 
with ensemble-based SBS; however, for single molecule–based SBS, 
bleaching and blinking would cause false negatives unless multiple 
fluorophores can be used43. Fortunately, the frequency of crossing 
over to triplet states is usually very low and isomerization can be 
avoided by designing dyes with rigid structures.

For single molecule–based SBS, contamination of labeled dNTPs by 
unlabeled dNTPs (e.g., impurities or hydrolysis products) is another 
potential source of false negatives. For phosphate-labeled dNTP sub-
strates, a phosphatase can be used before or during the sequencing reac-
tion to convert background unlabeled dNTPs to nucleosides (which 
are not substrates for polymerases) while not affecting the desired, 
phosphate-labeled dNTPs21,68.

Perhaps the greatest challenge is the elimination of stray signals from 
dye molecules that stick to the sequencing surfaces. Efforts to make 
surfaces more uniform and nonattractive to dyes may be required. In 
addition, the dye parameters (e.g., charge or hydrophobicity) need to be 
carefully chosen during dye design to avoid ionic attraction or promote 

well-defined stoichiometry and attaining reproducibility may require 
substantial optimization whenever any change is made in the surface 
chemistry, the biochemistry or the detection conditions.

Another challenge in managing surfaces for both single molecule–
based and ensemble-based SBS relates to the effective use of geometry, 
which in turn relates to the cost and speed of the imaging system. 
Primers, target DNA or polymerase are distributed, often at random, 
across two dimensions to a surface, with Poissonian statistics driv-
ing the throughput trade-off between lower-density populations of 
DNA-polymerase complexes versus spatial aliasing of overpopulated 
surfaces. This often results in densities less than a third of that which is 
maximally resolvable. Resolving this challenge requires surface chem-
istry strategies that enable ordered, closely packed arrays with better 
density than random attachment or directed nonrandom placement 
of DNA-polymerase complexes19.

Resolving the challenges specific to single molecule–based SBS 
requires surface chemistry that eliminates stray sticking of dyes, enzymes 
or DNA and improved ways of obtaining high-density distributions of 
single molecules of target DNA. For ensemble-based SBS methods, the 
accumulated experience with microarray technology makes it easier  to 
build useful arrays of DNA molecules suitable for manipulation and 
detection. Small beads32–34,45,65,66 provide one convenient method for 
the rapid assembly of high-density arrays to provide the necessary solu-
tion to interfacing the sequencing biochemistry and the detection. In 
methods involving both beads and slides, the surface chemistry of the 
beads needs to be optimized to prevent nonspecific binding between the 
relatively large bead and the slide surface, yet allow the bead to approach 
the surface to bind with DNA22.

Several of the above challenges arise because the molecular presen-
tation approaches work hand in hand with detection schemes that are 
currently bound by resolution limits of light microscopy. The trade-
off between biochemistry and detection may be addressed by more 
efficient SBS systems that use radically different detection schemes 
such as electronic read-out techniques that are engendered within the 
same sequencing device.

Fluorescent labels
The commercial introduction of several ensemble-based SBS sys-
tems makes it clear that the fluorescent dyes used for electrophoretic 
sequencing and microarrays are well suited for ensemble-based SBS. 
With much more limited commercial experience with single mole-
cule–based SBS systems, there still may be a need for careful choice 
of dye tags when every relevant single molecule needs to be detected. 
Failure to detect a single dye molecule may result in a deletion error 
(false negative) and detection of a stray molecule may similarly result 
in an insertion error (false positive).

Single molecule–based SBS approaches require the sensitive and ver-
satile detection offered by fluorescent labels. Some schemes require four 
distinct fluorescent labels26,32,50, each detected at a different wavelength. 
Others get by with a single fluorescent tag23,24 or rely on additional dyes 
used in energy-transfer schemes2. In all cases, the choice of dye is largely 
dictated by sensitivity of the optical system, in particular the detector. 
Because detection can involve complex design trade-offs with respect 
to dye characteristics, it is important to identify suitable dyes as early as 
possible in the design process of single molecule–based SBS.

With fluorescence, suitability of a particular dye is a matter of at least 
a half-dozen characteristics beyond simple quantum efficiency. These 
characteristics include the ability to capture excitation photons (of the 
wavelength available in the instrument), rapid release of emitted pho-
tons, quantum efficiency and photostability. The efficiency of capturing 
photons of the excitation wavelength is conventionally expressed as the 
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Figure 3  Surface chemistry. Surfaces may assist in producing optically 
resolvable sites for sequencing and must be compatible with the enzymes 
used for synthesis. Nonspecific binding of labels must also be minimized.

review



1018	 volume 27   number 11   november 2009   nature biotechnology

nucleotides or reaction products and reaction conditions. It may also 
be affected by the practice of adding a single nucleotide rather than a 
mixture of all four. This may increase the incidence of misincorpora-
tion, and additional analysis may be needed to properly interpret the 
data22,23. Optimizing a sequencing scheme may require exploration of 
the kinetics of several polymerases under a range of conditions for each 
tagged nucleotide and with a range of template sequences. Nucleotides 
and polymerases that appear to work well in isolation may not do so 
when used in combination (C.W.F., unpublished data).

With a nearly infinite variety of reaction conditions, dyes, linkers 
and blocking groups potentially available for the four dNTP sub-
strates, one must choose a limited, compromise subset for testing 
new enzymes and other system components. Although full optimi-
zation in such a large experimental space may not be possible, a 
variety of modified nucleotides have been used successfully for DNA 
sequencing with polymerases including ones labeled or modified 
on the base24–30,68–70, sugar25–29,71–74 and phosphate34,64,75–80. A few 
principles can be used as guides to optimization, but in general poly-
merases are remarkably tolerant to modifications of the substrate 
nucleotides. For example, attaching a dye through linker arms to 
the major-groove side of the nucleoside base usually affects activ-
ity with polymerase by less than one order of magnitude, depend-
ing somewhat on the net electrostatic charge of the dye and linker. 
Modifications on the phosphate are also remarkably well tolerated 
and several sequencing schemes have been developed to take advan-
tage of this architecture19,22,68. Thus, it is reasonable to collect a 
number of polymerases and modified nucleotides and test them 
under a variety of reaction conditions, paying particular attention 
to reaction rates and yields.

Whereas it may be more challenging to obtain novel polymerases 
than to synthesize labeled nucleotides, many different DNA poly-
merases have already been isolated and studied, and they are available 
for experimentation. Because they are useful for sequencing, amplifica-
tion and cloning, many diverse polymerases are available commercially 
as well. There are even some generalized observations that can facilitate 
optimization. First, most polymerases have exonuclease activity (exo+). 
Although these exo+ polymerases are essential for repair and high-
fidelity DNA replication, the exonuclease activity is usually detrimental 
to sequencing. Fortunately, the active site for nuclease catalysis is typi-
cally distinct from the polymerase site and can be readily recognizable 
in primary sequence. Inactivation of the exo+ site can then usually 
be achieved by simple, directed mutagenesis or deletion. Many com-
mercially available DNA polymerases and reverse transcriptases have 
reduced exonuclease activity (exo–); these should be among the first 
ones tested with any modified nucleotide.

Several polymerase-based SBS schemes (e.g., synchronous-controlled 
SBS) require using blocking groups that allow the addition of a single 
nucleotide at a time. Of particular interest in these schemes is the 
deoxyribose sugar because it is part of the backbone chain of DNA. A 
hydroxyl group at the 3′ position of the sugar is required for further 
extension of the nascent chain so this position is ideal for blocking 
extension after each addition. The activity of most DNA polymerases is 
reduced by more than 10,000-fold simply by replacing the 3′-hydroxyl 
of dNTP with a hydrogen (resulting in a 2′,3′-dideoxy-nucleotide). 
Similar responses are observed when the 3′-hydroxyl group is replaced 
by larger groups or when the 2′ position is altered. One exception to 
this general rule is the well-known activity of T7 DNA polymerase 
with 2′,3′-dideoxy-nucleotides. This polymerase has the hydroxyl of a 
tyrosine in the binding site of the nucleotide73,74 instead of the consen-
sus phenylalanine. This change compensates for the lack of an oxygen 
atom at the nucleotide 3′ position.

repulsion from as many surfaces as possible without interfering with 
enzyme functionality.

The enzyme-substrate system
SBS is based on the stepwise enzymatic synthesis of DNA (or potentially 
RNA) complementary to the template DNA to be sequenced (Fig. 4). 
For a subset of polymerase-based SBS approaches, the identity of a 
template base is determined by observing the stepwise addition to the 
synthesized DNA strand of a labeled dNTP substrate complementary to 
that template base (pyrosequencing SBS approaches use a polymerase 
in conjunction with unlabeled dNTP substrates with the template base 
identified by quantitatively assaying pyrophosphate release). When 
using a polymerase with a labeled dNTP substrate system, the label 
needs to be removed or deactivated (e.g., photobleached) once it is 
detected, so that the next stepwise addition can be observed without 
background. This requirement for efficient removal has led to the devel-
opment of schemes in which immobilized templates or enzymes are 
used, with substrates and products flushed in and out of the system, 
in a process synchronously coordinated with detection. To obtain long 
read-lengths using ensemble-based SBS, repeated additions must be 
accommodated with virtually 100% stepwise yields so that chain exten-
sion is synchronous over all the molecules of the sample. This includes 
both the enzymatic addition and any subsequent chemical, enzymatic 
or photolytic steps that may be needed to unblock the substrate or 
remove the dye for the next addition.

This need for rapid, nearly quantitative activity means that sequence 
determination depends on the characteristics of the polymerase enzyme 
and the tagged and often blocked (e.g., by 3′ modification) dNTP sub-
strates used for chain extension. The relative activity between the poly-
merase and the dNTP substrates depends on the nucleotide base, the tags 
and linker, the template sequence context, the presence of competing 
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Figure 4  Enzyme substrate system. Although the enzymology of DNA 
synthesis is well understood, modified building blocks must be used for 
labeling and controlling the rate of synthesis. For example, labels have been 
attached to nucleotides at the phosphates, the sugars and the bases to get 
suitable activity. This is illustrated here for a single-molecule real-time SBS 
method.  The polymerase is modified by attachment to substrate, and the 
nucleotides have fluorescent tags attached to the phosphates. Reprinted 
with permission from Pacific Biosciences.
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assumes approaching the theoretical limit of random distribution in 
which 37% of waveguides are loaded with exactly one enzyme mol-
ecule19. With array assembly methods enabled by micro- and nano-
fabrication technology, it may be feasible to array the DNA samples such 
that the spacing and geometry of the individual DNA templates match 
the resolution of the imaging lens, excitation pattern and the camera to 
dramatically increase the imaging and data acquisition efficiency62,65. It 
is currently feasible to image each DNA template with only four pixels 
(X.H., unpublished data). Further imaging improvements may enable 
detection of each template with only one pixel. However, when using 
fluorescently labeled dNTPs with four different wavelength spectra, 
reducing chromatic aberration in the optics to achieve this resolution 
may introduce considerable cost, depending on the wavelength separa-
tion. Substantially overlapping fluorescence spectra and the potential 
of chromatic aberration may compromise read accuracy. New far-field 
optics, such as synthetic aperture optics82,83 that enable optical scanning 
of a very large area of arrays without the use of mechanical stages may 
also enable rapid excitation for sequence readout.

Successfully combining an increase in the detection area contain-
ing thousands of sequencing sites along with an increase in the per-
cent usable chip area may promise to increase SBS throughput while 
maintaining data quality. But the engineering required is not trivial 
and is ultimately subject to limits imposed by information theory, as 
the task of fluorescence systems is to transduce the stochastic (uninfor-
mative) photons emitted by a light source into ordered (informative) 
photons. Information theory imparts, for a given set of engineering 
design parameters and fluorescent dye characteristics, a relationship 
among input power, sampling bandwidth, throughput and accuracy. 
Certainly increasing the input power should increase the signal-to-noise 
ratio, and thus the overall throughput for a given accuracy. This can be 
done by merely adding more sequencing instruments (which adds cost 
proportionally) or by increasing the laser power in a given sequenc-
ing instrument, which will increase the rate of photobleaching. Rapid 
photobleaching can be mitigated by the use of multiple fluorescent dyes 
(possibly attached to nanoparticles) for the critical stepwise detection 
events, particularly for sequencing single DNA templates.

For example, information theory predicts that a single molecule–
based SBS system designed for extremely long reads, 100 milliwatts of 
total input laser power split into four signal channels (A, C, G or T), 
each of which irradiate a large number of sequencing sites (within a 
100 µm diameter spot size), using state-of-the-art collection optics, a 
high-sensitivity CCD camera with 20 ms integration and highly efficient 
fluorophores can yield ~30 bases per second per sequencing site with 
an error rate <0.28% (L.R.M., unpublished data; refs. 29–36,84–103). 

Even with relatively simple activity assays, the process of finding the 
critical tyrosine amino acid and verifying its importance for T7 DNA 
polymerase was a difficult and time-consuming task. Although this sin-
gle amino acid change provides a very useful benefit, it is much more 
likely that the selection of polymerases with improved functionality with 
other modified nucleotides will require multiple amino acid changes and 
result in more gradual improvements in activity. Strategies for creating 
libraries of mutated polymerases with improved properties for using 
other modified nucleotides may require a combination of both ran-
dom and directed steps81. In addition, a survey of reaction conditions 
involving dNTP concentration, metal choice (Mg2+ or Mn2+), metal 
concentration, pH, operating temperature and salts (particularly ammo-
nium and sulfate) should be done so that beneficial changes are not 
overlooked. Fidelity and lack of terminal transferase functionality are 
also critical to successful polymerase selection. Polymerases with faster 
catalytic rates could increase both the speed and the phasing efficiency of 
ensemble-based SBS reactions by increasing the percentage of templates 
going to completion on each cycle.

Ligase-based SBS architectures pose similar optimization issues, but 
because an oligonucleotide can be tagged far from the 5′ phosphate posi-
tion where the reaction takes place, specific interactions between tags, 
blocking groups and ligase may not arise. Fewer DNA ligases are available 
on the commercial market, but some from bacteria, archaea and bacte-
riophage are available for testing. Because SBS that involve ligation use a 
diverse mix of 6-mers to 9-mers, efforts to get the enzyme substrate pairs 
to be more uniform in catalysis with respect to melting temperature (or 
GC content) could reduce errors or increase speed33,63. As with polymer-
ization, the most important criterion is to maintain near-quantitative 
yields so that all the copies of a template in a feature remain in phase so 
that read-length and accuracy are not compromised.

Optics
The optical detection limits for real-time and synchronous-controlled 
SBS sequencing differ as do methods based on single-molecule detec-
tion compared with ensemble-based approaches. To date, single- 
molecule methods require high (>1.3) numerical aperture (NA) micro-
scope objectives for detection to compensate for the limited emission 
and high speed. The maximum useful field of view is ~2,000 pixels 
diameter. A four megapixel camera captures all available image area 
and the camera read rate determines the ultimate throughput. For the 
preferred commercially available electron multiplying charge-coupled 
device (CCD) cameras, current limits are 1 megapixel size and 35 mil-
lion pixels per second read rates. One bottleneck related to the read 
rate is the bandwidth of the output amplifier on the CCD camera. 
Synchronous-controlled methods rely on a moving stage to sequentially 
acquire many thousand fields of view, so stage move and stop times also 
become critical. For synchronous, single-molecule methods, the objec-
tive field of view limit remains important. For synchronous, ensemble-
based methods, collection optics with lower NA and much larger fields 
of view can be used. For example, a commercial f#/1 (NA = 0.5) 4 × 5  
camera lens has a field of view >40,000 pixels wide, far beyond any 
single element camera chip. Going forward, improvements in molecule 
emission (photons per second and photobleaching limits), camera size 
and read rate, collection optics efficiency and field of view, and stage 
move times will all affect sequencing rate in the complex parameter 
space of sequencing performance.

Throughput for all the above methods is improved if fewer pixels 
per sequencing site can be used. Random arrays ‘consume’ ~100 pixels 
per sequencing site. New CCD camera technology that would allow 
the simultaneous detection of one million sequencing sites would need 
to have ~20 million pixels for zero-mode waveguide technology. This 
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(oligo-)nucleotide

Remove
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molecules

Figure 5  Read-length and phasing. For ensemble sequencing methods, 
thousands of identical copies of a DNA sequence are synthesized 
together. Whenever synthesis lags behind or steps ahead, signal is lost 
and background increases. Ultimately, this limits the length over which 
synthesis can be read.
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Instrumentation
Design of sensitive, high-speed instruments like those to be used for SBS 
is always a complex process. A system for SBS involves producing suit-
able template strands for sequencing, sometimes amplifying them, and 
finally delivering them to the active portion of the instrument. Synthesis 
reagents, such as enzymes and/or tagged nucleotides, are subsequently 
introduced. Detection is done continuously or, more commonly, in 
cycles after removal of excess tagged materials. Finally, data are collected 
from as many template sequences as possible in parallel, often requiring 
rapid determination of color and intensity of signals. Because sequence 
is usually built by assembly of sequential imaging steps, images must be 
brought into register and individual templates identified repeatedly.

The challenges are to introduce DNA, manipulated in microgram 
quantities and in microliter volumes, into sensing volumes having 
just one to a few thousand molecules and ~106-fold smaller than the  
initial sample volumes. These challenges have been overcome by using a 
variety of manipulations, most notably PCR, on surfaces and on beads. 
Separation of bound, reacting molecules from those free in solution has 
also been achieved by using optical methods (e.g., zero-mode wave-
guides18,19) and immobilization on beads. These methods are not simple 
to monitor and evaluate, and one can expect that further progress in the 
area of manipulating templates, substrates and enzymes within detection 
instruments will be required to achieve efficient, trouble-free sequencing 
experiments whose costs readily match clinical expectations.

Several technologies need to be integrated into the instrumentation 
required by SBS, including electronics, optics, mechanical (static and 
dynamic design), packaging, embedded software and graphical user 
interface software as well as various technologies specific to the sample 
and reagent presentation such as micro- or nanofluidics, nanotechnol-
ogy, pumping and valving105. The amortization schedule of instrumen-
tation cost is affected by component reliability, lifetime, availability (e.g., 
second sourcing) as well as system design reliability. In some cost models, 
the ultimate cost bottleneck may not be dictated by the sample prepara-
tion or the reagents, but rather by the tradeoffs among sequencing speed, 
instrument reliability (servicing costs and/or amortization lifetime), and 
initial instrumentation cost. SBS instrumentation may not be able to 
achieve the economies of scale associated with other complex systems 
that can be produced in high volume (e.g., computers or automobiles) 
to significantly drive down component and manufacturing costs.

Throughput versus accuracy
All designers and users of complex sequencing systems strive to increase 
system throughput while enhancing, or at least without compromis-
ing, accuracy. When system efficiency approaches the limits dictated by 
information theory, all attempts to improve throughput will result in 
reduced accuracy. For this reason, the multidisciplinary teams should 
build models based on information theory to test system efficiency, and 
heed the advice of user-informaticians84,106–108.

The concepts of sequencing throughput, read-length, coverage or 
even cost are meaningless without a definition of accuracy. The ‘stan-
dard’ proposed in the NHGRI grant solicitations included both per-base 
sequence accuracy and assembly statistics108. When the first solicita-
tion was published in 2004, achieving that quality required some effort 
with Sanger/capillary array methods, and it has not been met for de 
novo sequencing of a human-sized genome by any of the current next-
generation sequencing technologies. Furthermore, that standard is 
insufficient for most medical studies. The Archon X prize attempts to 
specify a goal for an affordable genome that might approach utility for 
specific disease-gene studies or possibly for individual patient diagnos-
tics (http://genomics.xprize.org/) using the following criteria: (i) 98% 
of the genome covered; (ii) 10 days per 100 human diploid genomes at 

However, increasing the integration period to 50 ms ‘rate limits’ the 
throughput to 20 bases per second but decreases the error rate by over 
five orders of magnitude by reducing the overlap between signal and 
background. Reducing laser power to 50 milliwatts also has a complex 
effect, increasing error rates by over four orders of magnitude but reduc-
ing throughput only by about half.

A similar analysis can be performed for systems that have short 
reads and so require a moving CCD camera stage to generate high 
throughput. The optimum design parameters for various kinds of 
systems will differ, but the relationship among input power, sampling 
bandwidth, throughput and accuracy and other parameters is still 
ultimately dictated by information theory.

Currently, adequate signal-to-noise characteristics exist to detect 
single molecules directly given enough sampling time, so one might 
expect that detection in ensemble-based SBS approaches (e.g., multi-
molecule polonies) would have little room to improve. However, extra 
signal (or greater signal-to-noise) could permit use of faster and/or 
cheaper CCD or complementary metal-oxide semiconductor (CMOS) 
detectors. The trade-offs among pixel size, pixel-to-template ratio, 
array size, readout speed, spectral responsivity and readout noise may 
be affected substantially by the signal level generated by the fluorescent 
tags. In the case of single molecule–based SBS, the throughput is par-
ticularly limited by the number of photons per unit time that one can 
detect from single small organic fluorophore molecules. Increasing 
the speed of incorporation from 10 bases per second to 50 bases per 
second would require some other kind of detection technology.

Notwithstanding the ability to detect single molecules directly, the 
necessity for detecting and identifying single molecules for single mol-
ecule–based SBS brings additional challenges19,104. These challenges 
include scanning large areas with sufficient sensitivity to detect, and in 
some cases spectrally identify, single dye molecules to distinguish real 
from stray molecules (e.g., collecting fluorescence from smaller and 
smaller optical excitation volumes to reduce the background signal 
associated with the large fraction of labeled nucleotides required to 
provide adequate enzyme kinetics) and to complete the scans quickly 
enough to avoid damage to the dyes. With single molecule–based SBS 
schemes, it is difficult to determine when an error might have been 
encountered in the data stream. Dark periods with no signal due to 
the blinking of the dye molecules are normal events, often (but not 
always) safely ignored. One simply waits until a signal is detected, and 
then interprets it appropriately.

Overcoming the challenges of single molecule–based SBS will 
likely require a combination of careful analysis of the fluorescence 
properties of dyes that are used, careful control of the environment 
used for observation, high-efficiency optics, reliable methods to dis-
tinguish dyes of interest from those free in solution and measures 
to verify image analysis results. In some cases, it may be possible 
to either resequence the same template (e.g., using RCA sequenc-
ing with strand-displacement on the same template50) or substan-
tially extend read-length to reduce errors (e.g., false negatives due 
to missed nucleotides).

One might also envision using a multiply labeled spectrally 
encoded bead or nanoparticle in conjunction with single DNA tem-
plate sequencing to retain the signal-to-noise strengths of ensemble-
based detection. With respect to multiply labeled beads, the current 
state-of-the-art detection is well below (50-fold) the maximum signal 
achievable by packing conventional fluorophores into a size near the 
diffraction limit (G.M.C., unpublished data). One could attempt to 
approach this maximum signal by increasing the packing density limit 
while avoiding fluorescence quenching and/or steric interference with 
enzyme functionality.
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upper limit or whether a similar number of cycles could be achieved for 
polymerase approaches using labeled or blocked dNTPs or for ligation 
reactions with 5-mer or 6-mer additions, either of which theoretically 
could mean five- to sixfold longer reads.

Long read-lengths require an effective solution to the synchrony 
problems in ensemble-based SBS. All primers must be extended by 
one nucleotide. Extension must then completely stop for a sufficient 
amount of time to collect the data needed to call the added nucleotide. 
Then, whatever chemistry is required to permit extension to resume 
must have a 100% yield. Such problems occur in analogous forms in 
other settings (e.g., the solid-phase synthesis of DNA or the sequential 
Edman degradation of polypeptides), and one expects that they will 
be solved in ensemble-based SBS in the same way that they have been 
solved in other settings—by innovation of new chemical and enzymatic 
reagents and system integration.

A better understanding of exactly which parts of the sequencing 
process can be asynchronous is critical. As an example, in four-color 
DNA SBS using cleavable fluorescent NRTs, to negate any lagging flu-
orescence signal that is caused by a previously unextended priming 
strand, a synchronization step can be added to reduce the amount of 
unextended priming strands after the extension with the fluorescent 
nucleotides. For example, Ju et al.29 have described a protocol in which 
a synchronization reaction mixture consisting of four 3′-O-modified-
dNTPs, which have a higher polymerase incorporation efficiency due 
to the lack of a fluorophore, is used along with the DNA polymerase 
to extend any remaining priming strand that has a free 3′-OH group. 
The extension by 3′-O-modified-dNTPs also enhances the enzymatic 
incorporation of the next nucleotide analog because after removal of 
the 3′-O-capping group, the DNA product extended by 3′-O-modified-
dNTPs lacks a modification group.

Conclusions
The challenges identified above have both near-term and long-term 
implications and trade-offs—depending on the particular SBS strategy 
(real-time or synchronous-controlled), the particular stepwise approach 
(if synchronously controlled), the stepwise manner in which dNTPs 
are delivered (simultaneously or sequentially in time) and whether the 
approach is ensemble-based or single molecule–based. Building and 
integrating instrumentation around these biochemical systems further 
exposes the weakest links in the individual challenge areas.

Several next-generation SBS approaches have already been com-
mercialized. These have dramatically increased throughput and have 
substantially reduced the cost of sequencing compared to traditional 
Sanger-based methods. For the near-term, these commercial systems 
are constantly undergoing further improvements by the manufacturer 
as well as their customers.

When NHGRI launched the current technology development pro-
gram, it linked the cost goals to a quality metric; the technologies should 
be capable of producing genome sequence at least as good as the mouse 
draft genome sequence assembly published in 2002 (ref. 109). Through 
implementation of SBS it appears likely that the goal of achieving 
human sequence of that quality for about $100,000 will be achieved 
imminently; precise costs are difficult to validate for technology that 
is changing so fast. Even so, at the current state of the technology, that 
success is highly dependent upon complex and costly bioinformatics 
solutions (that are beyond the scope of this article) to assemble very 
large numbers of relatively short sequence reads, and it is not yet clear 
that whole human genome sequences can be assembled entirely from 
the read and mapping information obtained by current SBS methods, 
though resequencing (with benefit of a reference sequence) has fallen 
below that price-point.

$10,000 each; (iii) “no more than one error in every 100,000 base pairs” 
(note that this differs from “no more than one error per 100,000 aver-
aged over the whole genome”); and (iv) “a rearrangement or haplotype 
error counts as one error; insertion and deletion errors (indels) count 
as the sum of each base in the indel.”

To properly assess throughput versus accuracy versus cost, a com-
prehensive cost model needs to be developed that includes accuracy as 
a variable parameter. Such a model would both be anchored by actual 
run costs on a system where actual reagent costs are relatively transpar-
ent (both including and excluding marketing and royalty costs) and 
capture the network of cost inter-dependencies among components. 
It would also permit the determination of a variety of cost projections 
with different parameters, enabling comparisons of trade-offs (speed, 
percent and which parts of the genome covered), analysis of rates of 
various types of errors (e.g., point, indel, rearrangement or haplotype 
phase errors) and assessment of how changes in sequencing system 
parameters affect cost and accuracy. A particularly important error to 
consider is in the discrimination of heterozygotes from homozygotes. 
Typically, heterozygotes are undercalled, and incorrect calls of homozy-
gous for a deleterious recessive allele cause a false-positive indication, 
whereas incorrect calls of the nondeleterious allele would result in a 
false-negative diagnosis. For single nucleotide polymorphism (SNP) 
genotypes, this problem is fairly independent of read-length, enzymol-
ogy or single molecule–based SBS versus ensemble-based SBS. Calling 
accuracy is highly dependent on redundancy (at least 30-fold coverage 
of each region or 15-fold coverage of each allele is desirable to achieve 
Archon X prize accuracy levels) and somewhat dependent on raw error 
rate because sequencing errors can be seen two (or more) times at a given 
base and thus misinterpreted.

Signal-to-noise ratios have an impact on the theoretical throughput 
of information for a given accuracy level and, as earlier emphasized, an 
enhanced understanding of this relationship using information theory, 
particularly for single molecule–based SBS embodiments, would be 
instructive in providing a sense of whether throughput can be improved 
for a certain level of accuracy or whether one is already near the limit106. 
Information theory can also assess the impact of redundant sequencing 
coverage to increase accuracy. Stochastic errors associated with SBS tech-
niques may be eliminated by means of minor redundant (low-coverage) 
sequencing to generate high-accuracy finished sequence as contrasted 
to systematic errors. For those synchronous-controlled SBS systems 
that have excess signal-to-noise in their early cycles, one may be able to 
enhance overall throughput without sacrificing accuracy by reducing 
the scan time for the early cycles.

Read-length and phasing limitations
Ensemble-based SBS includes methods of creating collections of identi-
cal sequences (by PCR, RCA or other processes) and determining their 
sequence by synthesis of the complement in a stepwise, synchronous 
fashion. The result is an ‘average’ sequence signal from all the copies 
present, and typically accuracy drops with successive steps as synthesis 
on some templates lags behind that on other templates (Fig. 5). This 
trend to lose synchrony can establish the limit of accurate read-lengths. 
Single-molecule or real-time SBS methods have entirely different factors 
determining read-length and accuracy. In this case, read-length depends 
more on overall incorporation-cycle efficiency and reliability of accu-
rate detection of the dye tags. Termination of chain growth on a single 
template molecule ends a read in the single-molecule case, whereas for 
ensemble sequencing it can merely reduce the signal level.

The ensemble pyrosequencing method used by 454/Roche (Basel) has 
been shown to maintain reasonable phasing through 400 cycles of addi-
tion using natural dNTP substrates23. It is unknown whether this is an 
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The degree to which SBS approaches can lead to further substantial 
cost reductions below $100,000, toward the $1,000 genome, is predi-
cated on the degree of success of continued development and enhance-
ment of the already commercialized systems as well as the introduction 
of potentially revolutionary single molecule–based SBS approaches24 
based on development by groups such as Pacific Biosciences (Menlo 
Park, CA, USA)18,19,50, Helicos Biosciences (Cambridge, MA, USA)24 
and VisiGen Biotechnologies (Houston)22. The decisive, long-term 
cost bottleneck may ultimately be in the sample preparation (which 
requires a high degree of automation), the read-length per fragment 
and the cost of instrumentation (purchase price, operational lifetime 
and support costs)—as modulated by the instrument throughput and 
accuracy. It may also reside in subsequent data analysis and storage as 
well. Successful elimination of one or more of these bottlenecks may 
require the full engagement and intellectual wherewithal of the broader 
scientific and engineering community as its constituents recognize their 
collaborative role in applying their expertise to developing technologies 
that enable rapid, cost-effective access to DNA sequence information for 
a myriad of research and personalized medical uses.
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