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Abstract
The term ‘single-molecule genomics’ (SMG) describes a group of molecular methods in
which single molecules are detected or sequenced. The focus on the analysis of individual
molecules distinguishes these techniques from more traditional methods, in which template
DNA is cloned or PCR-amplified prior to analysis. Although technically challenging, the
analysis of single molecules has the potential to play a major role in the delivery of truly
personalized medicine. The two main subgroups of SMG methods are single-molecule digital
PCR and single-molecule sequencing. Single-molecule PCR has a number of advantages over
competing technologies, including improved detection of rare genetic variants and more
precise analysis of copy-number variation, and is more easily adapted to the often small
amount of material that is available in clinical samples. Single-molecule sequencing refers
to a number of different methods that are mainly still in development but have the potential
to make a huge impact on personalized medicine in the future.
Copyright  2009 Pathological Society of Great Britain and Ireland. Published by John
Wiley & Sons, Ltd.
Keywords: single molecule; PCR; gene; genomics; sequence; copy number variation;
mutation detection; personalized medicine

Why single-molecule genomics?
The term ‘single-molecule genomics’ (SMG) refers to
the study of genomes through the analysis of single, as
opposed to pooled or cloned, DNA molecules [1–3].
SMG techniques can be applied either to the analysis
of specified molecular targets or to genome resequencing [4], and have certain advantages that may be particularly attractive to modern diagnostic pathology and
pharmacogenomics. For example, single-molecule digital PCR is robust, sensitive and quantitative, as well as
being tolerant of the minute quantities of DNA available in clinical samples. With respect to sequencing,
much of the current effort in DNA sequencing goes
into the assembly of short reads of DNA sequences
into a final sequence result [5]. One important aim
of single molecule sequencing is to produce long
reads from single molecules, removing any need for
cloning/amplification and dramatically reducing the
demands on sequence assembly.
The translational application of genomic techniques
currently lags far behind the technical capabilities. It
is of critical importance that, in the desire to deliver
personalized medicine, genomic information that is
accurate, reproducible and has direct clinical relevance
is obtained. It is our view that single-molecule techniques can play a major role in delivering personalized
medicine. As this is a vast and ever-expanding field,
we here offer an assessment of the current status of
single-molecule genomics, with a focus on current

clinical applications, and we speculate on likely future
developments. We concentrate on two broad areas:
first, techniques relying on the detection and/or counting of single molecules; and second, single-molecule
DNA sequencing.

Detecting and counting single
molecules — digital PCR
A critical distinction between standard and singlemolecule PCR (smPCR) is that in the latter, template DNA undergoes limiting dilution, to on average, less than 1 target molecule per aliquot [6,7], so
that each aliquot either does or does not contain the
sequence of interest. Detection relies on the fact that
PCR is sufficiently sensitive to amplify single target
molecules if they are present. In this scheme individual aliquots can only be positive or negative for
the target sequence — a binary situation leading to
the term ‘digital PCR’ [8]. Digital PCR with multiple
aliquots allows the relative quantitation of separate target molecules, or the detection and quantitation of rare
variants by the simple process of counting the number of aliquots that are positive for a target molecule
(Figure 1). This differs from standard PCR, in which
the signal generated from the amplification of multiple copies of the same locus template is measured,
a process that is less sensitive to the presence of rare
variants in a template pool and less accurate if relative
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Figure 1. Basis of digital PCR. In this example, a population of cells (A) each carry two copies of one locus (blue) and three of
another locus (red); in addition, a minority of the cells carry a rare variant sequence (yellow). When DNA is prepared en masse
from these cells (B), conventional quantitative methods may struggle to measure accurately the ratio of red to blue loci, and may
fail to detect the rare variant. In digital PCR, the DNA is divided at limiting dilution into a set of aliquots (C; shown here in a
96-well microtitre plate). Each aliquot is screened for each of the loci of interest (D), allowing accurate calculation of the relative
abundance of different loci and the robust detection of rare variants
Table 2. Single-molecule PCR (smPCR) platforms

Table 1. Single-molecule PCR (smPCR) strategies
Objective
Target detection and/or
quantification
Rare variant
(mutation, SNPs,
methylation status)
Forensics

Strategy

References

Strategies
Microtitre plates
Polonies

Limiting dilution digital
PCR with locus-specific
probes
Limiting dilution PCR to
analyse microsatellite
alleles

8,21,23,42

Multiplex digital PCR
and further analysis to
establish linkage; direct
imaging of polymorphic
sites on individual DNA
molecules; polony
haplotyping

7,53–55,60,61

Relative locus
quantitation using
digital PCR

8–10,36,37,42

6

Emulsion PCR
BEAMing∗

Establishing linkage
Happy mapping,
molecular haplotyping

Microfluidics (static
digital array)

Structural genomic variation
Copy-number
variation, including
detection of
aneuploidy

quantitation is attempted. Using the basic digital PCR
system, experiments can be readily designed to answer
a specific research or clinical question. A number of
applications and platforms have been proposed and are
described below and summarized in Tables 1 and 2.

Applications of digital PCR
In principle, any DNA sequence/variant that can be
tested for and detected with a standard PCR strategy is

Microfluidics
(dynamic)

∗ BEAMing

Description
SmPCR in a standard plate format
Key description of solid-phase localized
single-molecule PCR—effectively creating
concentrated clones of a single DNA template
molecule [58])
As above, except that PCR of a single template
molecule was performed in droplets [56]
Involves single-molecule emulsion PCR, in which
the template is tethered to a magnetic bead
that facilitates the subsequent separation of
allelic variants [57]
Individual PCR reactions take place in nanolitre
reaction chambers on a microfluidics chip. In the
Fluidigm BioMark system (www.fluidigm.com)
the chip fits in a proprietary apparatus consisting
of both a thermocycler for ‘on-chip’ PCR and a
detection apparatus (CCD) to read the result
from each chamber. The number of reactions is
finite, depending on the chip design
Individual PCR reactions take place in droplets
that undergo on-chip PCR as they migrate via
an oil stream through a microfluidic chip that is
exposed in sequence to the temperatures
required for the polymerase chain reaction. The
number of individual PCR reactions is in
principle unrestricted [42,59]

(beads, emulsion, amplification, magnetics).

suitable for digital PCR, with the added advantage that
by counting the number of aliquots positive for a target
sequence, digital PCR can be quantitative. Therefore,
not only can it be used to detect rare variants in a population of DNA molecules [8] but it can also estimate
the frequency of a variant sequence or, indeed, the
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relative copy-number of separate sequences in template DNA [9,10]. A number of proposed applications
are discussed in more detail.

Detection of (rare) variants of clinical significance
In clinical medicine there is great interest in the ability
to detect rare genetic variants within a large pool of
‘normal’ DNA. A common example is the detection,
in oncological practice or screening, of pathological
mutations in known oncogenes. This was the context in which Vogelstein and Kinzler first coined the
term ‘digital PCR’ [8]. The detection of critical mutations, even at a low frequency, suggests that, within
the mass of normal cells in a given clinical sample, there are some that have acquired a molecular
biomarker that may be directly associated with cancer
or may indicate the presence of preneoplastic disease
with a high risk of progression to cancer. Point mutations can be readily detected by standard PCR when
there is a mixed population of wild-type and mutated
sequences. However, when the mutated sequence is
relatively rare (previously estimated as <20% of the
total [11,12]), the efficiency of detection falls. Using
a digital PCR approach, in each positive aliquot the
individual molecule is either wild-type or mutated and
the detection strategy can be tailored to detect both.
Therefore, depending on the number of aliquots analysed, a mutation can be detected even when it accounts
for only a very small percentage of the total alleles
present, and the frequency of that mutation in the sample can be reliably estimated.
This strategy was first described in the detection of
KRAS mutations in stool samples [8], but a similar
approach has now been applied in multiple scenarios,
including the analysis of ABL tyrosine kinase in
chronic myeloid leukaemia [13], KRAS mutations
in ovarian cancer [14], the detection of multiple
mutations (TP53, PIK3CA, KRAS and APC ) in plasma
and stool samples of patients with colorectal cancer
[15], and the analysis of EGFR mutations in tissue
and plasma samples from patients with non-small cell
lung cancer [16]. The ability to perform these assays
on non-invasive specimens such as stool or peripheral
blood is particularly important, with the implication
that disease can potentially be both diagnosed and
monitored in this way.

Single molecule detection of methylation status
The methylation of CpG dinucleotides is a critical epigenomic control mechanism that has been
implicated in the pathogenesis of cancer [17] and
multigenic non-neoplastic diseases [18], and there is
much interest in exploiting specific gene methylation profiles as molecular biomarkers in oncology
[19,20]. Standard methodology for the detection of
methylation at specific loci is based on either bisulphite sequencing and/or methylation-specific probes.
The potential benefits that single molecule approaches

bring to these techniques has been demonstrated in
a recent series of papers relying on limiting dilution of bisulphite-converted template DNA [21–23].
Bisulphite sequencing traditionally necessitated bacterial cloning and, although many modern protocols
have sought to overcome this time-consuming step, it
remains the gold standard [21]. Since PCR amplification of individual molecules effectively clones the
original single molecule, there is scope to omit bacterial cloning, thus reducing assay complexity and cost
without compromising the methylation read accuracy
[21]. In one published protocol, following template
dilution, aliquots are tested using primers specific for
bisulphite-converted DNA and the PCR products in
positive wells are then sequenced, allowing a precise
analysis of the methylation status at multiple specific
CpG dinucleotides in individual DNA molecules [23].
In a related protocol, methylation-specific probes can
be used to detect rare methylation events with a sensitivity that greatly exceeds that of a standard protocol
[23].

Analysing relative copy-number by digital PCR
Large tracts of the genome are duplicated or deleted
in phenotypically ‘normal’ individuals [24–26]. Although the vast majority of inherited copy-number variants (CNVs) are likely to represent benign variation,
a number have been associated with a clinical phenotype [27,28]. Somatic copy-number alterations also
occur; some years ago regional genomic amplifications were described in human cancers [29,30] and
it is clear that in some cancers these events are critical and may predict the response of an individual’s
tumour to specific biological therapies [31,32]. The
potential for knowledge of specific CNVs to directly
influence clinical decision-making has led to the routine integration of copy-number analysis in patient
care algorithms, an example being the analysis of
HER2 copy-number in the stratification of breast cancer patients to trastuzumab [33].
There are many methods described for measuring
copy-number variation, each with potential benefits
and problems, and these have recently been reviewed
in detail [34]. Digital PCR has since emerged as a
viable alternative to more traditional methods, and
there are situations in which it undoubtedly offers considerable benefits. Simply by counting the number of
aliquots that are positive for one sequence and comparing that to the number of aliquots positive for a second
sequence, an estimate of the relative abundance, and
therefore copy-number, of two sequences in the template DNA can be made [8,9]. The potential benefits
lie in the relative precision of results and in the ready
application to targeted loci in scarce clinical specimens.
With respect to accuracy, it is recognized that arraybased analysis of CNVs underestimates the amplitude
of CNV compared to real-time or quantitative PCR
(qPCR) approaches [35]. There is evidence that digital
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PCR approaches may be more accurate than qPCR
[36–38] and be more readily able to discriminate
integer copies of target sequences in a way that is
not reproducibly the case for qPCR [36].
A key part of the strategy in digital PCR is limiting dilution of template DNA. Since in many clinical
situations, for example diagnostic biopsies, there may
only be a tiny quantity of DNA available, the ability to
tolerate small quantities of template is an advantage.
This is particularly true of small, heterogeneous biopsies consisting of both tumour and stromal cell populations necessitating microdissection of the tumour
cells. In addition, the standard fixatives used to preserve histological appearance for diagnostic purposes
significantly compromise the quality DNA available
for downstream analysis [39]. We recently described
molecular copy-number counting (MCC) [9] and a
modified protocol microdissection MCC (µMCC) [10].
MCC/µMCC incorporates a two-phase nested PCR
protocol in which multiple primer pairs can be multiplexed in phase 1, allowing for the simultaneous
and accurate analysis of the relative copy-number of
hundreds of loci on the same template DNA and in
the same experiment. Through the design of external
primers of consistent length, we demonstrated that this
type of analysis can be applied to grossly fragmented
DNA from archived formalin-fixed specimens [10].
MCC/µMCC has been used to define the breakpoint
of a non-reciprocal translocation in cell line DNA
and to define regional copy-number variation in cell
line and archived material [9,10]. The benefits of
this system are that multiple sequences are targeted
simultaneously and cheaply, using basic primer design
strategies, and the techniques required are already
available in most molecular biology laboratories.
Aside from cancer diagnostics and treatment
decision-making, digital PCR has been most successfully applied to the prenatal diagnosis of fetal aneuploidy. In one study the rapid discrimination of aneuploidy was demonstrated in amniotic fluid or in tissue
from chorionic villus sampling [40].

Genome mapping using digital PCR
HAPPY mapping (mapping based on the analysis
of approximately haploid DNA samples using the
polymerase chain reaction) uses limiting dilution and
single molecule PCR to examine the physical relationship between markers on high molecular weight DNA.
By establishing how close markers are to each other,
a linkage map of the genome can be built up. Following a nested or hemi-nested protocol similar to that
described above for MCC, DNA that has undergone
limiting dilution to less than a haploid genome per well
is simultaneously tested for the presence or absence
of a series of markers. As the DNA is of very high
molecular weight, adjacent genomic markers will be
more likely to be present in the same aliquots, whereas
more distant markers will be less likely to segregate

F McCaughan et al

to the same aliquots — the greater the physical difference between markers, the more likely a single DNA
molecule will have fragmented in the interval. Up to
1200 markers can be multiplexed simultaneously and
their relative positions established, so that a detailed
linkage map can be established. This technique has
already been used for a number of genomes [7,41]
and is currently being applied to the study of cancer
genomes, with the aim of mapping across reciprocal
translocations and cloning the translocation junctions
(Pole J, McCaughan F, Dear P and Edwards P, personal communication). In other work, next-generation
sequencing strategies and HAPPY mapping are being
combined to facilitate the more rapid assembly of
genomes sequenced de novo (Dear P, personal communication).

Practical issues related to digital PCR
Choice of platform
The ideal digital PCR system would have infinite numbers of negligible volume single-molecule reactions,
with each PCR reaction proceeding with 100% efficiency and being detected with fail-safe methodology.
We are not there yet. The reality is that the available
systems are evolving rapidly and that a user’s choice
of platform will depend on the specific application,
the budget and reagent costs. In practice, the choice
lies between the more traditional format of 96-, 384or 1526-well microtitres plates, readily adaptable to
modern robotics, and newer static [36] and dynamic
microfluidic systems [42].

Numbers of aliquots
There are two main advantages to having a large number of separate aliquots. One is that the detection
threshold for rare variants can be lowered, leading to
improved sensitivity. For example, in microtitre plates
the theoretical limit of sensitivity would be approximately 1% in a standard 96-well plate, decreasing
to <0.1% in 1536-well plates [8]. However, in highthroughput microfluidics systems with the potential
to rapidly analyse thousands of aliquots, there is the
potential for even greater sensitivity [42]. A second is
that the accuracy and dynamic range of relative copynumber analysis increases, assuming optimal loading
of DNA to less than a haploid genome per aliquot
[38,42,43]. Microfluidics platforms with many thousands of individual reactions therefore have a distinct
advantage over microtitre plates, although using the
latter it has been repeatedly shown that accurate results
are readily obtained. When determining the relative
copy-number of individual loci based on the number of
aliquots that are positive, the Poisson equation is used.
This assumes that the distribution of DNA molecules
is random and anticipates that some positive wells will
contain more than one molecule. Further details of the
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mathematical background and a method for determining the statistical significance of copy-number results
are available [38,43].

Reaction volumes
With respect to reaction volume, the smaller the volume of reaction, the lower the cost per assay, as
reagents (polymerase, primers, etc.) contribute significantly to costs. The microtitre plate format has
the advantage that most laboratories already have the
necessary facilities — access to a ‘clean room’ and
thermocyclers. For many users this robust system will
remain attractive for low-throughput small-scale applications and it ensures that PCR products are available
for downstream analysis. The microfluidic platforms
[36,42] have undoubted benefits in terms of scale and
reagent costs. A further advantage of smaller volumes
is the theoretically reduced risk of aliquot contamination with non-template DNA.

PCR efficiency
In standard quantitative PCR strategies, ensuring that
amplication efficiency is close to 100% is very important and, if the relative copy of two different loci
are being compared, preliminary assays are performed
to demonstrate that the amplification efficiency for
each markers is almost equivalent. Even with these
measures, amplification efficiency remains an important source of bias and a reason why very accurate
measures of copy-number are difficult with qPCR. In
principle, amplification efficiency for different targets
in a digital PCR assay does not have to be 100%; efficiency merely needs to be sufficient that a threshold
for detection will be met over the course of a given
number of amplification cycles. In practice, even this
goal may require significant primer optimization prior
to ‘passing’ each assay. One strategy is to include,
as in published protocols [9,10,36], a two-phase PCR
strategy to enrich the concentration of target molecules
prior to detection. However, for clinical diagnostics,
a streamlined single-phase PCR would be preferable.
Optimizing amplification efficiency in digital systems
is a subject of ongoing research and development [38].

Detection strategy
A full discussion of detection strategies is beyond the
scope of this article and readers are directed to the
primary publications. In brief, amplicons can readily be detected using standard nucleic acid stains,
such as SYBR-green. With respect to the detection of
rare variant sequences, fluorescently-labelled molecular probes can be designed to discriminate wild-type
from mutants [8,16]. Again, it is only the presence
or absence of a product that is being measured in
each aliquot, so detection is relatively straightforward.
As with standard PCR, the situation becomes more
complex if attempting to assay multiple specific gene

mutations with a probe-based assay. For example, in a
recent study detecting the two most common hot spots
for mutations in EGFR in lung adenocarcinoma, a total
of five fluorescent markers were required [16]. For
microfluidic devices, if separate laser detection systems are necessary, the complexity of the engineering
increases.

Single-molecule DNA sequencing
Background
DNA sequencing is the basic technology underpinning the field of genomics, with the most notable
triumph being the first draft of the complete human
genome sequence in 2001 [44], accomplished entirely
in sequencing farms by standard Sanger sequencing. Since its original description [45], there have
been refinements of the Sanger sequencing protocol
to improve throughput and sequence accuracy. It continues to be the ‘gold standard’ but is restricted to a
maximum read or sequence length of approximately
one kilobase.

‘Next-generation’ DNA sequencing
The speed and potential of genome sequencing has
been transformed by the so-called ‘next-generation
sequencing’ (NGS) platforms [5]. In NGS, individual short (<1 kb) DNA template molecules are isolated and then amplified through PCR. This process is performed in parallel on many millions of
DNA molecules (massively parallel). In this way huge
numbers of individual DNA molecules are amplified or ‘molecularly cloned’ prior to sequencing.
Once DNA molecules have been cloned, sequencing of each clone is accomplished in different
ways; Solexa/Illumina (http://www.illumina.com/) and
454/Roche (http://www.454.com/) use ‘sequencingby-synthesis’, in which the incorporation of fluorophore-labelled nucleotides is measured through the
phasing of nucleotide delivery or differential labelling
of the four nucleotides. The Applied Biosystems/
SOLiD (http://www3.appliedbiosystems.com) technology is slightly different, in that DNA clones are
sequenced by repeated hybridization of differentiallylabelled degenerate octamer probes. In each case the
protocol is complicated by the need for repeated alternate reagent and washing cycles. Complete genomics
(http://www.completegenomicsinc.com/)
have
produced a modified hybridization-based protocol in
which the read length has been increased, facilitating
more rapid sequence analysis.
There is no doubt that NGS platforms are dramatically enhancing the scale and ambition of sequencing
projects, and they have also been applied successfully to expression studies, the assessment of CNVs
and, through template-enrichment protocols, rare variant analyses [46]. The speed and versatility of these
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Figure 2. Schematic representation of some current and proposed single-molecule sequencing strategies. In the Helicos system
(A), poly(dT) molecules are tethered to a glass slide and capture template DNA molecules that have been primed with poly(dA)
tails (i). A DNA polymerase and one of the four bases (A, C, G or T) are added (ii), and the polymerase will incorporate the
base into any template molecules whose extension is awaiting that base (iii). The added base carries a fluorescent tag, which
not only prevents further extension of the template but also allows the added base to be detected by fluorescence microscopy.
Once this has been done, the fluorescent tag is removed (iv) and the cycle repeats with next base, similarly tagged, being added.
In Pacific Bioscience’s SMRT system (B), DNA polymerase molecules (spheres) are fixed to the transparent base of each tiny
chamber and bind DNA template. All four nucleotides, carrying different fluorescent tags on their terminal phosphates, are added.
As a polymerase molecule incorporates a nucleotide, the fluorescence in the chamber (shown as a pink glow here) is detected.
The fluorescently-tagged terminal phosphate group is released by the polymerase and diffuses out of the chamber. In exonuclease
sequencing (C), a DNA molecule is tethered to a bead (sphere on left) in a microfluidic channel; liquid flows past the bead, from
left to right. An exonuclease (green) cleaves successive bases from the end of the DNA. These are carried by the flow stream past
a detector and identified (right). To date, this method has not been implemented successfully
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platforms has meant they have quickly become standard and extremely productive tools in the research
environment. However, there are a number of issues
that may restrict the routine application of NGS in the
clinic.

Limitations of next-generation sequencing
There are a number of limitations associated with the
widespread clinical use of NGS platforms. First, the
absolute template requirements are generally very high
and, although a strategy involving digital PCR has
been proposed to mitigate this [47], the implication is
that, for many clinical samples, there may be too little
DNA available. There are no published data on the
performance of archived material in NGS protocols.
Second, the protocols are neither straightforward nor
cheap and, although improvements in both parameters
are anticipated, the costs would currently be difficult
to justify for routine clinical analysis. Third, each read
length is relatively short and huge numbers of reads
are peformed in a single analysis, with a consequent
massive dependence on major information technology
infrastructure and bioinformatics expertise. This issue
can be mitigated by enrichment strategies aimed at
the analysis of specific loci, but will continue to
be a significant issue. Fourth, there is a small but
significant base-call error rate, particularly associated
with homopolymer repeats in the 454 protocol and
with so-called ‘dephasing’ on other platforms. The
latter refers to the fact that the synchronicity of
sequencing by synthesis cycles may not be maintained,
so that reads of the same part of the genome may give
slightly varying results. The coverage (the number
of times the same section of the genome is read
and compared) needs to be high, perhaps over ×15,
to ensure acceptable sequence accuracy. Finally, as
there is a PCR amplification step, there is a risk of
amplification bias that can be difficult to measure.
This has implications for some clinical applications,
particularly the measurement of CNVs, as the variation
in relative amplification efficiency of two loci will
rapidly bias the estimation of their relative copynumber. Although this seems a long list of criticisms,
it is important to stress that all sequencing technology
has limitations, that NGS is a young technology that
is evolving and being refined, and to restate that it is
currently the most powerful genomics tool available
and the ideal technology for the research environment.
However, it does not yet seem to be appropriate for
routine clinical application.

Single molecule sequencing — potential benefits
and limitations
True single molecule sequencing is somewhat different
from NGS; it refers to sequence analysis of individual molecules without prior cloning and, although full
of promise, is not yet ready for ‘prime-time’ in the
clinic. The reason that there is so much interest in

developing SMS, despite the enormous achievements
of NGS, is not merely technological bravado. The
real prize is the ability to carry out accurate sequence
analysis of individual long DNA molecules of up to
100 kb and beyond. Although this has not yet been
achieved, it is the focus of a number of well-funded
biotechnology companies. The reason that precise
base-calling of much longer molecules is attractive
is that such read-lengths, at a stroke, would remove
many of the limitations discussed above in the context of NGS — first, the need for complicated and
computer-hungry sequence assembly would be much
reduced; second, the absence of PCR from the protocol would immediately remove any amplificationrelated bias; third, the amount of template required
would theoretically be minimized, enabling clinical
specimens to be more readily assessed; fourth, protocols would be vastly simplified, as the repeated
reagent/washing cycles should be unnecessary. To date
the major issues are that it is a largely unproven technology and therefore there are many uncertainties,
including with respect to sequence accuracy and costs.
If realized, SMS will lead to an explosion in sequencing which, in turn, will raise significant information
technology (IT) issues about raw data management and
mining.
There are a number of SMS protocols and platforms
at various stages. We will now briefly summarize
the proposed approaches — more details are provided
in Figure 2, in company websites and in the quoted
references.

Sequencing by synthesis (SMS)
Three of the proposed SMS technologies use a modified sequencing by synthesis technology. Helicos
BioScience (http://www.helicosbio.com/) have already
brought an SMS platform to market — True Single Molecule Sequencing (tSMS), utilizing similar
technology to some of the NGS platforms. In their
protocol, single molecules of DNA are tethered to
a flow cell, then sequencing by synthesis is performed, with sequential incorporation of labelled
nucleotides (Figure 2). As single molecules are analysed, the ‘dephasing’ problem discussed above is
overcome and the protocol is simplified, although
reagent cycling is still required. Critically, the reads
remain short, at an average of 32 bps, meaning
that sequence assembly continues to be a computerintensive issue, and the incremental benefits over NGS
for this application may therefore be limited. Helicos have successfully published complete viral [48]
and human [49] sequences and are now directly competing with the NGS platforms. Pacific Biosciences
(http://www.pacificbiosciences.com/) have introduced
a separate method of sequencing by synthesis. They
have described the use of a number of innovative solutions, including the design of tiny reaction chambers
with even smaller detection volumes (20 × 10−21 l)
and the use of fluorescently labelled phosphate groups,

J Pathol 2010; 220: 297–306 DOI: 10.1002/path
Copyright  2009 Pathological Society of Great Britain and Ireland. Published by John Wiley & Sons, Ltd.

304

rather than the more commonly used base labelling. In
each nanochamber a single DNA polymerase molecule
is tethered and, as it incorporates a labelled nucleotide
complementary to the template DNA, the signal is
read and the sequence deduced prior to the labelled
phosphate moiety being cleaved by the polymerase
(Figure 2). Pacific Biosciences plan a market release
date of 2010. Visigen (http://visigenbio.com/) have
used a different strategy involving the combination
of sequencing by synthesis and Förster (fluorescence)
resonance energy transfer (FRET), in which both the
polymerase (donor) and the nucleotide (acceptor) are
labelled with a fluorophore. On incorporation of one
of the four nucleotides, a FRET signal specific for
that nucleotide is produced and sequence information
extracted.

Future technologies
Some of the other proposed methods of SMS are
further from being realized but are technically fascinating and have significant potential. The idea
that bases could be sequentially cleaved from a
DNA molecule and then detected (exonuclease singlemolecule sequencing), thus providing a sequence
‘read’, was first proposed many years ago [50].
However, despite much effort no viable technology has emerged. New solutions for this approach
are actively under development (http://www.mrclmb.cam.ac.uk/happy/HappyGroup/seq.html), including a method that incorporates nanopore technology.
Sequencing using nanopore technology has already
made significant progress and is attracting much
investment [3,51]. The basis of nanopore sequencing is that single-stranded DNA is negatively charged
and will move along an electric gradient towards a
positive charge. If that gradient is across a membrane with nanometre pores, single DNA molecules
will get caught in the pores and sequence information can be gleaned from the change in ionic current
across individual nanopores, as the base composition
influences the amplitude of current flow. There are
many technical hurdles before this could be developed into a feasible SMS technology [51]. However,
a number of groups are working on this type of platform in very innovative ways, eg one proposal combines exonuclease sequencing and nanopore technology for base detection [52]. The reader is referred to
the following company websites for further information on other proposed strategies (http://nabsys.com/;
http://www.lingvitae.com; http://www.bionanomatrix.
com). Finally, ZS genetics (http://www.zsgenetics.
com/) are devising an SMS method based on incorporating heavy atoms (such as iodine or bromine) as
nucleotide labels. These molecules are of sufficient
molecular weight to be ‘read’ by a high-resolution
electron microscope.
Although it is too early to know how well SMS
will perform in comparison to competing sequencing
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technologies, it is certain that technological advances
will be made and it will be very interesting to see how
the field develops.

Single-molecule genomics and personalized
medicine
One of the aims of these heroic efforts in the field of
single molecule genomics is to deliver truly personalized medicine. This is a complex issue, with huge
ethical and economical as well as therapeutic implications. It is therefore important to approach the application of technology to decisions about patient care
with due caution. With respect to delivering personalized medicine, we feel that physicians have relatively
straightforward needs. They want a test that will enable
them to make an informed clinical decision for the
benefit of their patients. Currently, there is no benefit to clinicians in having the gigabytes of data on
each biopsy/blood sample that next-generation or single molecule sequencing could deliver. In fact, this
would be a distinctly negative factor, both in terms of
data management and with respect to the provocation
of a number of uncomfortable and ill-informed discussions on, for example, the link between a specific
SNP and an ill-defined excess risk of a life-threatening
illness.
Our prejudice is that the current potential for clinical application of single-molecule digital PCR techniques is very different to that of the sequencing technologies. PCR is an exceptionally reliable and now
mature technique that has been readily adapted to
the robust detection of single DNA molecules. We
have discussed a range of potential clinical applications for which smPCR is appropriate, likely to be
more accurate than competing technologies and more
easily adapted to the often small amount of clinical
material that is available. In addition, specific targets
are assayed, so that redundant genomic information
of spurious clinical worth is not generated. There is
real and current potential for these types of analysis to be integrated into personalized medicine protocols.
We hope the reader is also persuaded of the potential
importance of single-molecule sequencing — that it
may revolutionize the field of genomics and, further,
that it may significantly impact on the diagnosis
and treatment of disease in the future. At present
both NGS and SMS are research tools that can aid
our understanding of disease and susceptibility to
disease. Indeed, they may generate new molecular
targets for the specific assays for which smPCR could
then be employed. In this way the two broad areas
discussed in this article could dovetail to influence
clinical decision-making. In short, the future appears
bright for single-molecule genomics but any foray into
personalized medicine needs to be with a large dose
of common sense.
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