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Although the association of metabolic enzymes
has been claimed for enzymes involved in the
glycolytic pathway (27, 22), to our knowledge this
complex, the glycosome, has not been identified in
living mammalian cells. By analogy, the present
clusters observed in the de novo purine biosyn-
thetic pathway may constitute a “purinosome.” The
formation of the purinosome appears to be dynam-
ically regulated by stimulation of de novo purine
biosynthesis in response to changes in purine lev-
els. The purinosome may be a general phenome-
non in all cell types during specific stages of the
cell cycle, along with posttranslation modifications.
Because of the relevance of de novo purine bio-
synthesis to human diseases, the purinosome may
represent a new pharmacological opportunity for
therapeutic intervention.
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Single-Molecule DNA Sequencing

of a Viral Genome
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The full promise of human genomics will be realized only when the genomes of thousands of individuals can
be sequenced for comparative analysis. A reference sequence enables the use of short read length. We report
an amplification-free method for determining the nucleotide sequence of more than 280,000 individual DNA
molecules simultaneously. A DNA polymerase adds labeled nucleotides to surface-immobilized primer-
template duplexes in stepwise fashion, and the asynchronous growth of individual DNA molecules was
monitored by fluorescence imaging. Read lengths of >25 bases and equivalent phred software program
quality scores approaching 30 were achieved. We used this method to sequence the M13 virus to an
average depth of >150% and with 100% coverage; thus, we resequenced the M13 genome with high-
sensitivity mutation detection. This demonstrates a strategy for high-throughput low-cost resequencing.

NA sequencing and the attendant genetic
D manipulation it enables have fundamental-

ly altered life science, with the completion
of the human genome sequence as a major mile-
stone of this work (/, 2). However, large sample
sets—thousands of genomes—are required to an-
alyze many phenomena in which genetics plays a
role. With current sequencing technologies, the cost
and complexity of such experiments remains limiting
(3). Having the consensus human genome sequence
in hand fundamentally changes the technology re-
quirements for resequencing human genomes. In
particular, one can use low-cost techniques with
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much shorter read lengths and higher parallelism
than found with the Sanger capillary electrophoresis
methods used to generate the reference genome (4).

Several recent reports emphasize the progress in
short-read sequencing strategies (5—8). Although
those methods have been used successfully to
sequence microbial genomes, their current cost of
sequencing, the complexity associated with DNA
library preparation, and their use of polymerase
chain reaction (PCR) amplification may limit broad
application to human genome resequencing. The
use of PCR is problematic for three reasons. First,
because amplification efficiencies vary as a function
of template properties, PCR introduces an uncon-
trolled bias in template representation. Second,
short-read techniques require many more templates
than conventional sequencing, and the in vitro ma-
nipulations to create libraries with defined sequences
at the ends of templates are onerous and expensive
in terms of DNA manipulation. Third, errors can be

introduced; in a recent large-scale cancer resequenc-
ing effort, PCR errors alone accounted for about
one-third of initially detected “mutations” (3). The
fidelity of PCR polymerases is widely reported at
0.5 to 1.0 x 107 (9), a substantial error rate for
amplification of single-molecule targets. These lim-
itations can be ameliorated by single-molecule
sequencing approaches.

Single-molecule sequencing was proposed as
early as 1989 (10). Recent work, however, has dem-
onstrated the feasibility of single-molecule sequenc-
ing using DNA polymerase to sequence by synthesis
(11), and a subsequent study of single-RNA poly-
merase activity shows DNA sequence can be in-
ferred from the serial observation of four identical
single-molecule templates (/2). We have used
single-molecule DNA sequencing to resequence
the M13 phage genome (/3). Our sequencing-by-
synthesis scheme is diagrammed in Fig. 1. The
library preparation process is simple and fast and
does not require the use of PCR; it results in single-
stranded, poly(dA)-tailed templates. Poly(dT) oli-
gonucleotides are covalently anchored to glass
cover slips at random positions. These oligomers
are first used to capture the template strands, and
then either as a primer for the template-directed
primer extension that forms the basis of the se-
quence reading (Fig. 1) or, optionally, for a template
replication step before sequencing (Fig. 2A). Up to
224 sequencing cycles are performed; each cycle
consists of adding the polymerase and labeled nu-
cleotide mixture (containing one of the four bases),
rinsing, imaging multiple positions, and cleaving the
dye labels. For the M13 data reported below, this
sequencing process was performed simultaneously
on more than 280,000 primer-template duplexes.

This single-molecule sequencing method al-
lows a number of innovations that are not possible
with bulk sequencing by synthesis (5, §). Most of
these are related to the principle of asynchronous
synthesis; that is, because each template molecule
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Fig. 1. Single-molecule sequencing sample preparation and imaging of
single-nucleotide incorporation. (Left) Illustration of the single-molecule
sequencing by synthesis process for single-pass sequencing. (1) Genomic DNA
is prepared for sequencing by fragmentation and 3’ poly(A) tail addition,
labeling, and blocking by terminal transferase. (2) Hybridization capture of
these templates onto a surface with covalently bound 5’ “down” dT(50)
oligonucleotide. (3) Imaging of the captured templates to establish sites for
sequencing by synthesis. (4) Incubation of this surface with one labeled
nucleotide and polymerase mixture, followed by rinsing of the synthesis
mixture and direct imaging of the Cy5 labels exciting at 647 nm. (5) Chemical
cleavage of the dye—nucleotide linker to release the dye label. (6) Addition of

the next nucleotide and polymerase mixture. (Right) Image series illustrating
template-specific base addition, successful rinsing, and successful linker
cleavage. A mix of three templates is used to allow visual sequence assignment.
Template complementary sequences are shown in the table (bottom). One
example of each template is outlined in the figure. Each frame is a 6.6-um
square image of the same sample position, and shows ~35 of the 1.8 x 10°
imaged templates in this experiment. Frame 1 is the image of the template
labels. Template activity in three positions is shown in the columns to the right.
Frame 2 is after the first synthesis and rinse cycle. Frames 3 to 8 show the effect
of six more consecutive cleave, synthesis, and image cycles, using the base
identity shown in the lower right corner of the frame.

is monitored individually, there is no need to keep
each step of synthesis in phase. Thus, it is not nec-
essary to drive each enzymatic incorporation step
to completion. The principal benefit is that mis-
incorporations are rare; their slow kinetics do not
compete appreciably with the time to incorporate
80 to 90% of the correct base. A corollary is that
this allows greater flexibility in the choice of re-
agents and synthesis chemistries, because the re-
quirements on incorporation kinetics are relaxed.
Asynchronicity is also used to facilitate reading
of base-repeat sequences, homopolymers.

The use of a single-molecule method also en-
abled us to resequence each individual template

Table 1. M13 genome alignment statistics. The average read length was 23 bases, increasing to 27

bases after homopolymers were deconvolved.

. Coverage Coverage (%)
Alignment - - No. of reads
Average Voting Max. Min. >10x% >20x%
Forward 96x 75x% 283x 3% 99.4 97.2 32,473
Reverse 105%x 83x 301x 5% 99.5 95.8 34,109

in situ, which greatly reduced the ensemble error
rate. This “two-pass” sequencing process is illus-
trated in Fig. 2A. Captured oligonucleotide tem-
plates were copied using a high-fidelity polymerase
to yield covalently attached templates with a distal

primer hybridization sequence. In the first pass,
templates were primed and sequenced as described
above (pass 1). The extended primers were then
melted off using hot water, and the templates were
primed again and sequenced a second time (pass 2).
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Fig. 2. Methodology for two-pass sequencing and deletion statistics. (A) Process
for two-pass sequencing. As with one pass, the DNA sample is hybridized to the
surface capture oligomer. A copy of the DNA is made, which results in covalent
anchoring of the template copy to the surface. Library construction is described in
fig. S1 and provides for a primer site at the distal end of the template. This primer
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Fig. 3. Intensity calling for homopolymer length. (A) Histogram of observed
intensities for C incorporation cycles across all C after A contexts in M13. By using
known sequences and the incorporation cycle count required to observe the base
following the poly(C) motif, the intensity of single, double, and triple
incorporations can be determined. The group centered at normalized intensity
~1.0 is single incorporations; the group at normalized intensity 0.35 is
incorporation of two labeled dCTP-Cy5 analogs in a single cycle; the small peak
near normalized intensity 0.10 is incorporation of three labeled dCTP-Cy5 analogs
in a single cycle. The magnitude of the quenching can be adjusted by addition of
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template to be sequenced a second time. (B) Average deletion rate for a single

synthetic oligonucleotide, sequenced twice, from a data set of 35,000 reads; error

bars show 3x the shot noise. See text and (13) for quantitative details.
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nonpolar solvents to the imaging medium, in this case acetonitrile. By using
thresholds chosen from plots similar to those in (A) for all four bases, an intensity-
based counting process can be used. (B) The accuracy for confirmed two-pass
length calling for all M13 homopolymer motifs except for a single 8A/8T
occurrence. Onemer, twomer, and so on is short for one-nucleotide oligomer, two-
nucleotide oligomer, and so forth. All contexts have a correct majority votes,
exceeding 80% up to four-nucleotide oligomers, for all contexts except 5C. The 5C
case and the strategy to achieve minimal false-positive—mutation calling is
discussed in detail in (13).

The combined or two-pass error rate was defined
as follows [discussed in more detail in (/3)]: The
reads from both passes of each template were
separately aligned to the oligonucleotide reference.
Only reads that were in agreement on both passes
were given a “vote” at that position; ~80% of the
bases meet this criterion. The error rate is the ratio
of votes disagreeing with the reference divided by
the total number of templates considered. The dom-
inant error was deletion. Deletion errors varied from
3 to 7% in pass 1 and 2 to 5% in pass 2; the con-
firmed (seen in both passes) deletion error rate range
was 0.2 to 1.0% (Fig. 2B). The calculated product of
the first- and second-pass deletion error rates varied
from 0.1 to 0.3% and is shown for comparison in
Fig. 2B as open triangles. The confirmed deletion
rate is roughly the same magnitude as this product,
the expected result for substantially random errors.

The ultimate lower limit for single-molecule single-
pass error rates is not clear, but this two-pass process
produces error rates low enough to assemble contigs
if adequate read length is achieved (/4). The equiv-
alent phred software program quality of these
single-molecule reads ranges from 20 to 28 (15).
To demonstrate the performance of single-
molecule sequencing, we resequenced the M13
phage genome. A double-stranded M13 sample,
prepared as shown in fig. S1, was sequenced for a
total of 224 cycles; two passes with 112 cycles of
synthesis were made in each pass; each pass was 28
“quad cycles” of successive CTAG additions. The
average and median read lengths were ~23 bases
for this run. Increasing the cycle count increases
the average read length, and we have performed
sequencing runs with average read lengths as high
as 30. The forward and reverse genome coverage

for the M13 data here averaged 96x and 105 x,
respectively. We aligned the data against the
known M13 reference. The alignment statistics
for this run are shown in Table 1.

It is a challenge for all sequencing by synthesis
methods to detect base repeats, homopolymers.
Because we operate the chemistry asynchronously,
we can limit incorporations in base repeats to pri-
marily two or three bases. For example, a template
with a sequence segment TGGGAT may incorpo-
rate zero, one, two, or three C’s in a single synthesis
cycle when reading the GGG template sequence
(see the statistics in fig. S2). We observed that flu-
orophores in multiple incorporations interact and
thus yield reduced emission. Intensity distributions
from all C after A incorporations in the M13 exper-
iment described above (Fig. 3A) show that sepa-
ration between single and double incorporations is
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Fig. 4. Demonstration of mutation detection by alignment of experimental data
against mutated M13 references. We show two single-nucleotide—change
response curves. (A) Statistics for false-positive and mutation detection for
insertions causing increase to homopolymer length. (B) Statistics for false-positive
and mutation detection for substitutions creating all classes of sequence change.
These curves show the fraction of positions in M13 that voted against the
reference on both forward and reverse strands, as a function of the voting
threshold. A vote against the reference is a mutation call. (C) A voting plot
showing the results for all positions for the error types plotted in (A) and (B)
against a reference with four mutations, two each for the mutation types in (A)

Table 2. Mutation detection via synthetic muta-
tions in the M13 reference genome (hp, homo-
polymer). We tested 500 randomly chosen
positions in 10 separately modified references;
four of these positions had less than 10x coverage
and were disqualified.

Mutation ¢ Number Success
utation type

yp Tested Found (7
Insertion into hp 125 125 100
Deletion from hp 42 41 98
Deletion from non-hp 49 45 92
Deletion creating hp 34 33 97
Non-hp insertion 100 100 100
Substitution 146 143 98
Total mutations 496 487 98

very good and can be counted with only a small
fraction of ambiguous calls. Triple incorporations
are weak emitters, and a significant fraction fall be-
low the system detection limit. Incorporation of
more than three nucleotides is rare. Longer homo-
polymer runs were measured by adding the results of
individual incorporation cycles, almost all made
up of one-, two-, or three-base incorporations.
Normalized intensity thresholds delineating in-
corporations of one, two, or three nucleotides were
determined for all four nucleotides by finding the
minima between the distributions (Fig. 3A and fig.
S4). For each base read in each strand, an incor-
poration count is generated on the basis of its inten-
sity relative to the threshold. As with our accounting
for deletion errors, we accept votes only from po-
sitions where the two passes agree on the length of
a homopolymer position and ignore votes from
positions where the passes disagree. The success
rate for length calling for all positions in the M13
genome is shown in Fig. 3B; homopolymers
range from two to six bases except for a single
8A/8T. For homopolymers with just two bases, the
calling was accurate, with >95% of the homo-
polymer calls correct, but there were a significant
fraction of incorrect length calls for longer homo-
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polymers, particularly for C. We imposed a con-
straint that the called length must agree on the
forward and reverse strands for our double-stranded
sample, which requires sequence depth on both
sense strands. Difficulties in calling C homopoly-
mers were compensated on the complementary
strand, because the corresponding positions are G
homopolymers, which are called more accurately
(Fig. 3B and fig. S5). For a single-stranded target,
these C homopolymer length errors would result in
a false-positive mutation call. The demonstrated
homopolymer call accuracy is sufficient to achieve
sensitive detection of mutations in the M13 ge-
nome, as described below.

To determine the M13 sequence quality, we ex-
plored how well mutations in the reference sequence
could be detected. When single-nucleotide changes
(6) are created in the reference genome, one expects
to find poor agreement with the sequence read align-
ments at those positions, and they therefore serve as
an unbiased test of the alignment quality and sen-
sitivity. We aligned the data to 10 mutated M13
reference genomes, each with 50 sequence changes
representing all classes of single-nucleotide change
(insertions, deletions, and substitutions in varying
contexts). Using these alignments, we measured the
fraction of votes against the reference; locations
where the aligned reads vote significantly against the
reference are possible mutations. Single-nucleotide—
change response curves indicated true-positive mu-
tation detection and false-positive detection for
various choices of vote thresholds (Fig. 4, A and
B, and fig. S10). To score a positive, we stipulated
that the read sequence must have above-threshold
votes against the reference on both the forward and
reverse strands. The curves show that it is possible to
achieve excellent mutation detection with very low
false-positives for every class of mutation. We found
thresholds that gave zero false-positives and enabled
discovery of more than 98% of all mutations (Table
2). The error rate and homopolymer run-through in
the sequencing chemistry reported here do limit the
mutation detection sensitivity—i.e., the thresholds
need to be set low. Large genomes, heterogeneous
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and (B). Length mutations, those two points in the upper right, have a high false-
positive rate (only votes >0.15 are plotted for clarity) but a near 100% mutation
detection efficiency (A). Substitutions have a much lower false-positive rate, all
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voting thresholds that enable successful mutation detection with very low false-
positive rates. SNCs, single-nucleotide changes.

samples, and genomic structural variations will
likely require longer reads, reduced homopolymer
run through, and enhanced alignment tools.

In summary, we report a method to sequence
single molecules of genomic DNA. The consensus
alignment of this sequence data is able to accurate-
ly recapitulate the M13 phage genome with 100%
coverage, while demonstrating robust and efficient
detection of all single base-mutation types. The
simplicity of the methods described here, the free-
dom from cloning or amplification, and the low
reagent volumes used to produce sequence from
over 280,000 strands simultaneously opens a path
to very high throughput sequencing.
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