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Abstract
Integration of DNA isolation, ampliﬁcation, and sequencing can be achieved by the use of polymerase colonies (polonies) and
cycles of ﬂuorescent dNTP incorporation. In this paper, we present four advances that bring us closer to sequencing genomes costeﬀectively using the polony technology. First, a polymerase trapping technique enables eﬃcient nucleotide extension by DNA
polymerase in a polyacrylamide matrix and eliminates loss of enzyme during sequencing cycles. Next, we present two novel types of
reversibly dye-labeled nucleotide analogues, show that DNA polymerase can incorporate these analogues, and demonstrate that the
dyes can be removed by thiol reduction or light exposure. Using these nucleotides, we have sequenced multiple polonies in parallel.
In addition, we have found that a high density of polonies can be achieved with minimal overlap between adjacent polonies by
limiting the concentration of free primer in the polony ampliﬁcation reactions. Finally, we have developed software for automated
image alignment and sequence calling.
Ó 2003 Elsevier Science (USA). All rights reserved.

KurzweilÕs version of MooreÕs law observes that the
number of calculations per second per dollar has been
doubling every 2.3 years since 1900 [1]. Analogous exponential improvements have occurred in macromolecular sequencing since the 1940s [2]. Can this trend
continue? Although over 100 genomes have been sequenced, we have only scratched the surface of the
valuable range of sequence space. The ability to sequence
routinely and cheaply cell-lineage-speciﬁc transcriptomes, the diversity of antibody responses, or microbial
biomes would provide a wealth of information for biomedical research and diagnostics. Most exciting is the
prospect that the cost of sequencing could be reduced to
the point where the full determination of oneÕs genome
would become part of routine health care. Of course, for
this to be feasible, the cost of DNA sequencing must be
reduced by three to ﬁve orders of magnitude, as resequencing a single human genome is currently estimated
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at more than ten million dollars [3]. Achieving this goal
would have an almost immediate impact on our understanding of the genetics of common and rare diseases,
comparative genomics, mRNA expression analysis,
population genetics, and functional genomics.
Several groups are working to develop disruptive
third-generation sequencing technologies to enable costeﬀective, whole-genome resequencing. Many of these
approaches involve sequencing a single DNA molecule,
either by repeated cycles of single base extension [4],
real-time monitoring of the incorporation of dye-labeled
nucleotides by DNA polymerase [5–7], or monitoring of
conductivity changes in a nanopore as a single-stranded
DNA molecule is passed through it [8,9]. Other approaches ﬁrst amplify the DNA template and then analyze the product by either pyrosequencing [10,11] or
hybridizing DNA to a high-density oligonucleotide microarray [12,13]. These approaches all have the potential
to greatly speed the rate of DNA sequencing; however,
most have yet to document details of cost and accuracy.
We are adapting polymerase colony technology to
enable the cost-eﬀective sequencing of genomes and
transcriptomes [14,15]. This technology enables the
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ampliﬁcation of millions of individual DNA molecules
via the polymerase chain reaction (PCR) in an acrylamide gel attached to the surface of a glass microscope
slide. Because acrylamide restricts the diﬀusion of the
PCR ampliﬁcation products, each single molecule included in the reaction produces a spherical colony of
DNA, which we have termed polony (short for polymerase colony). A similar technology, the molecular
colony technique, grows nucleic acid colonies in acrylamide using Q beta replicase or PCR [16,17]. Here we
describe our progress in developing a protocol for sequencing polonies in parallel by performing repeated
cycles of primer extension with ﬂuorescent deoxynucleotides. To enable this protocol, we developed and
characterized two types of reversibly dye-labeled deoxynucleotide analogues. These analogues utilize linkers
that can be cleaved by reducing agent or near-UV light.
We found that DNA polymerase correctly incorporated
these nucleotides and that the ﬂuorophore could be
quickly removed. We also describe a technique, polymerase trapping, which greatly increases the eﬃciency of
extension by DNA polymerase in acrylamide gels. Finally, we demonstrate short (8-bp) sequencing reads on
multiple polonies ampliﬁed from single DNA molecules
and discuss the remaining hurdles to fully enabling this
technology. Because tens of millions of femtoliter-scale
polonies [14] can be ampliﬁed on a single microscope
slide, this technology could enable extremely low-cost
DNA sequencing.

Materials and methods
Oligonucleotide primers and templates
The sequences for all primers and templates used in
this study can be found in the supplementary information (http://arep.med.harvard.edu/polony/FISSEQ_SUP
PLEMENTARY_INFO.htm).
Polony ampliﬁcation
Polony ampliﬁcation was performed as described
previously [14,18], except the acrylamide gels were 40 lm
thick and BSA2 was added to the gel mix at a ﬁnal
concentration of 0.2%. To pour these gels, we used slides
partially covered with a Teﬂon coating (Erie Scientiﬁc)
which served as a spacer between the glass surface of the
slide and a coverslip (Fisher Scientiﬁc). These slides were
covered with mineral oil to prevent evaporation and
thermally cycled (MJ Research).
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Abbreviations used: BSA, bovine serum albumin; DTT, dithiothreitol; FISSEQ, ﬂuorescent in situ sequencing; FITC, ﬂuorescein
isothiocyanate.

Polony denaturation
After polony ampliﬁcation, we removed the unattached DNA strand by incubating in 70 °C denaturing
buﬀer (70% formamide, 1 SSC) and performing electrophoreses in 0.5 tetrabromoethane with 42% urea
for 1 h at 5–10 V/cm. We washed the slides 2 4 min in
wash buﬀer 1 (10 mM Tris–HCl, pH 7.5, 50 mM KCl,
2 mM EDTA, 0.01% Triton X-100).
Determining the eﬃciency of nucleotide extension
For the experiments performed without using polymerase trapping, oligonucleotide templates OT4 and
OT2 were annealed to primer Seq 1 and spotted on glass
microscope slides. Then 1 ll of 10 lM hybridized
primer:template was added to 4 ll of dH2 O and 5 ll of
2 acrylamide mix (25% glycerol, 1.6% TEMED, 6 ng/
ml riboﬂavin, 7.96% acrylamide, 0.4% bis-acrylamide).
Then 0.2 ll of this mixture was spotted in quadruplicate
onto four glass microscope slides (Acrylate-treated glass
slide, CEL associates) and the droplets were photopolymerized by exposure to white light. An extension
mixture containing polymerase and unlabeled dTTP (1
sequenase buﬀer, 4 mM DTT, 100 lg/ml BSA, 380 ng/ll
Escherichia coli single-stranded binding protein (United
States Biochemical), 0.01% Triton X-100, and 0.5 lM
dTTP) was added to the slide for 0, 90, or 360 s. Each
slide was then washed with wash buﬀer 2 (10 mM Tris–
HCl, pH 7.5, 50 mM KCl, 0.01% Triton X-100) and
Cy5-dUTP was added to the slide (1 sequenase buﬀer,
4 mM DTT, 100 lg/ml BSA, 380 ng/ll E. coli singlestranded binding protein (United States Biochemical),
0.01% Triton X-100, 0.5 lM dTTP, and 0.169 U/ll sequenase v2.0 (USB)). The slides were washed in wash
buﬀer 1 and scanned with a GSI Lumonics confocal
scanner.
For the experiments employing polymerase trapping,
the primer Seq1 was annealed as described above. Then
1 ll of each annealed oligonucleotide was added to 17 ll
of acrylamide gel mixture (40 mM Tris–HCl, pH 7.3,
25% glycerol, 1 mM DTT, 6% acrylamide (5% C),
17.4 U sequenase v2.0 (USB), 15 lg/ml E. coli singlestranded binding protein (USB), 0.1 mg/ml BSA). Then,
1 ll of 1.66% TEMED and 1 ll of 1.66% APS were
added and 0.2 ll of each mixture was pipetted onto two
acrylate-treated microscope slides (CEL Associates).
Extensions were performed as described above.
Extensions of polonies with unlabeled nucleotides
Template LC-1 was used in a polony ampliﬁcation
reaction and the slides were denatured as described
above. The acrylamide gel was covered with a frame
seal chamber (MJ Research) and annealing mix
(0.25 lM PR1-R, 6 SSPE, 0.01% Triton X-100) was
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added over the gel. The slides were heated at 94 °C for
2 min and then at 60 °C for 15 min. Then 15 ll of
polymerase trapping mix (BST DNA polymerase
6000 U/ll, E. coli SSB (45 ng/ll), 14.25% acrylamide,
0.75% bis-acrylamide, 25% glycerol, 0.01% Triton X100, 1 mM DTT, 0.1 mg/ml acetylated BSA, 0.083%
TEMED, 0.083% APS) was pipetted over the gel; the
slide was covered with a No. 2 18  18-mm coverslip
and allowed to polymerize. Unlabeled nucleotide additions were performed by submerging the slides in
55 °C unlabeled extension mix (20 mM Tris–HCl, pH
8.8, 10 mM MgCl2 , 50 mM KCl, 0.5 mg/ml BSA,
0.01% Triton X-100, 2 lM appropriate deoxynucleotide triphosphate) for 3 min. After each nucleotide
addition, slides were washed in wash buﬀer 1 for two
5-min washes and then in wash buﬀer 2 for 1 min.
Labeled nucleotide additions were performed by attaching a frame seal chamber to the slide, pipetting
65 ll labeled extension mix (20 mM Tris–HCl, pH 8.8,
10 mM MgCl2 , 50 mM KCl, 0.5 mg/ml BSA, 0.01%
Triton X-100, 2 lM FITC-dCTP, 2 lM Cy3-dUTP),
and washing 2 5 min in wash buﬀer 1 and 1 1 min
in wash buﬀer 2. The slides were scanned, and the
ﬂuorescence of each polony was quantiﬁed using
ImageQuantNT (Molecular Dynamics).
FISSEQ
Templates T1–T5 were used to grow polonies, and
the slides were denatured as described above. A frame
seal chamber was attached to the slide and annealing
mix (0.25 lM PR1-R, 6 SSPE, 0.01% Triton X-100)
was poured over the gel. The slides were heated at
94 °C for 2 min and then at 60 °C for 15 min. Unannealed primer was removed by washing the slides 2 
4 min in 2 SSPE. Then 15 ll of polymerase trapping
mix (Klenow DNA polymerase 2200 U/ll, E. coli SSB
(45 ng/ll), 14.25% acrylamide, 0.75% bis-acrylamide,
25% glycerol, 0.01% Triton X-100, 1 mM DTT,
0.1 mg/ml acetylated BSA, 0.083% TEMED, 0.083%
APS) was pipetted over the gel; the slide was covered
with a No. 2 18  30-mm coverslip and allowed to
polymerize. Slides were washed in wash buﬀer 1 and
equilibrated with Klenow extension buﬀer (50 mM
Tris–HCl, pH 7.3, 5 mM MgCl2 , 0.01% Triton X-100).
Extension reactions were performed by adding 1 lM
Cy5-SS-dNTP in extension buﬀer to the slides for
1 min, and then washing in wash buﬀer 2 for 7 min.
After washing, slides were scanned, and the ﬂuorescence was removed by washing slides in bleaching
buﬀer (500 mM b-mercaptoethanol, 100 mM Tris–HCl,
50 mM KCl, pH 9.4) for 5 min and then rinsing 7
30 s in wash buﬀer 2. The free sulfhydryls were alkylated by adding alkylation buﬀer (8 lg/ml iodoacetamide, 300 mM Tris–HCl, 50 mM KCl) for 5 min.
After washing, the next cycle was performed.
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Results
Overview of polony sequencing
Polony sequencing is performed in three steps.
Step 1: make library of linear DNA molecules with
universal priming sites (Fig. 1A). Each molecule in the
library will contain a variable region ﬂanked by two
constant regions. The constant regions contain primerbinding sites to allow universal ampliﬁcation by PCR.
This type of library was ﬁrst created to perform SELEX
experiments [19].
Step 2: amplify polonies in a polyacrylamide gel (Fig.
1A). A thin polyacrylamide gel is poured onto a glass
microscope slide. The library made in step 1 is ampliﬁed
in this gel by performing PCR. At the end of the reaction, each single template molecule gives rise to a polony. As many as 15 million polonies can be ampliﬁed on
a single slide. An acrydite modiﬁcation [20,21] is included at the 50 end of one of the primers, so that one
strand of the ampliﬁed DNA is covalently attached to
the polyacrylamide matrix. This allows further enzymatic manipulations and washing to be performed on
the attached DNA. The details of polony ampliﬁcation
have been previously described [14].
Step 3: sequence polonies by ﬂuorescent in situ
sequential quantitation (Fig. 1B). The immobilized DNA
is denatured, the unattached strand is washed away, and
a universal primer is hybridized to the template. A primer extension reaction is performed [22,23]. The gel is
then scanned using a scanning ﬂuorescence microscope.
If a polony has incorporated the added base, it will
ﬂuoresce, revealing the identity of the template base
immediately 30 of the annealed primer. The ﬂuorescence
is then removed by cleaving the linker between the
ﬂuorophore and the nucleotide and washing away the
ﬂuorophore. The cycle is repeated by adding a diﬀerent
dye-labeled base, washing away unincorporated nucleotide, and scanning the gel. In this way, the sequence of
every polony on the gel can be determined in parallel.
The eﬃciency of nucleotide extension
Because FISSEQ requires a number of sequential
base extensions, the incorporation of the correct base
must be highly eﬃcient to enable accurate sequencing.
For example, if only 85% of the primer:template molecules in a polony are extended each time a correct base is
added, after six extensions, only (0.85)6 , or 38%, of the
primer:template molecules will have correctly incorporated the added nucleotides. The remaining 62% of the
molecules will be ‘‘out of phase’’ because they did not
incorporate the correct base at an earlier cycle. To
estimate the eﬃciency of nucleotide incorporation by
DNA polymerase, polyacrylamide spots containing
immobilized oligonucleotide templates were polymerized
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Fig. 1. (A) Polony ampliﬁcation. A library of linear DNA molecules with universal priming sites is PCR ampliﬁed in a polyacrylamide gel. A single
template molecule gives rise to a polymerase colony or polony. (B) Fluorescent in situ sequencing. Polonies are denatured, and a sequencing primer is
annealed. Polonies are sequenced by serial additions of a single ﬂuorescent nucleotide.

on three glass slides, and a sequencing primer was annealed (Fig. 2A). One template required the addition of
dTTP (or its analogue dUTP) for correct incorporation.
The other, a negative control, required the addition of
dCTP for correct incorporation. Slides were incubated
with unlabeled dTTP and DNA polymerase for varying
amounts of time, ranging from 15 s to 6 min. A control
slide was not extended with dTTP. Cy5-labeled dUTP
and DNA polymerase were then added to all slides, and
the amount of ﬂuorescent signal on each slide was
compared to estimate the eﬃciency of unlabeled dTTP
incorporation (Fig. 2A). If the extensions went to
completion, we would expect to see no ﬂuorescent signal
on slides incubated with unlabeled dTTP before the
ﬂuorescent extension. However, even after 6 min of incubation, there was still signiﬁcant ﬂuorescent signal
incorporated (Figs. 2A and B), indicating that the
extension with dTTP did not go to completion. By
quantifying the signal, we estimated the eﬃciency of the
6-min dTTP extension to be approximately 85%. As
discussed above, a value this low would not permit the
accurate sequencing of more than a few bases. By
plotting the measured signal versus the time of dTTP
incubation (Fig. 2B), we observed that the fraction
of primer:template molecules extended can be approximated by the function F ¼ 1  ð0:66et=12:8 s þ
0:34et=500 s Þ. From this equation, we concluded that
even signiﬁcantly longer extension times would not
signiﬁcantly increase extension eﬃciency. We repeated
the experiment using thermostable polymerase and

extending at higher temperatures, but this did not increase extension eﬃciency (data not shown).
To solve this problem, we developed a technique
called ‘‘polymerase trapping,’’ in which DNA polymerase is allowed to bind to the primer:template duplex,
acrylamide monomer is added to the reaction, and
polymerization is initiated, trapping the polymerase in a
complex with the primer:template duplex. The polyacrylamide matrix prevents the polymerase from diffusing away from the primer:template, so that every
primer that is extended during the ﬁrst cycle of extension
will continue to be extended at later cycles. We repeated
the experiment described above using polymerase trapping and estimated that in this case, extension eﬃciency
reaches 99.8% (Fig. 2C). Trapping the polymerase
within a polyacrylamide matrix also has the advantage
that the enzyme is not replenished with each nucleotide addition, thus reducing the cost of the reaction. We
determined that trapped polymerase molecules will
remain bound to the primer:template complex for over
72 h without diﬀusing away (supplementary information, http://arep.med.harvard.edu/polony/FISSEQ_SUP
PLEMENTARY_INFO.htm).
As a second method for estimating the extension efﬁciency when polymerase trapping is employed, we
ampliﬁed an 87-bp synthetic oligonucleotide in a polony
reaction. The polonies were denatured, a sequencing
primer was annealed, and DNA polymerase was trapped
on the immobilized DNA. Serial, single-nucleotide additions were performed with unlabeled nucleotides for a
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Fig. 2. Estimating the eﬃciency of the extension reaction. (A) Two templates were immobilized in acrylamide spots, the ﬁrst requiring a T to extend the
annealed primer and the second requiring a C. Unlabeled dTTP and DNA polymerase were added to the slide for the indicated amount of time,
followed by a 6-min incubation with ﬂuorescently labeled dUTP and DNA polymerase. In all cases there was incorporation of the ﬂuorescent
nucleotide, indicating that the primer:template complexes were not eﬃciently extended when the unlabeled nucleotide was added. (B) The experiment
was repeated using diﬀerent incubation times with unlabeled dTTP, and the incorporated ﬂuorescence was plotted versus time. (C) The experiment was
repeated using the polymerase trapping technique. There was no ﬂuorescent signal incorporated if the primer:template molecules were ﬁrst incubate
with unlabeled dTTP for 60 s.

number of cycles until the next base required to extend
the growing strand was either a C or a T. A mixture of
FITC-labeled dCTP (green in Fig. 3) and Cy3-labeled
dUTP (red in Fig. 3) was then added to the slide to
determine whether the correct base was incorporated. If
the primer:template molecules in each polony had become dephased during the course of the unlabeled extensions, one would expect to see high levels of the
incorrect base incorporated and therefore signal in both
the red and the green channels; however, even after 26

single-base additions, which caused the DNA polymerase to extend the sequencing primer by 34 bases, only
the correct channel displayed signiﬁcant signal (slide 4 in
Fig. 3).
Characterization of ﬂuorescent nucleotides with a disulﬁde linker
We synthesized four ﬂuorescent deoxynucleotide
analogues containing a disulﬁde linker between the
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Fig. 3. Multiple rounds of nucleotide addition on polonies. Polonies were ampliﬁed using a known DNA template (sequence shown below slide
image). Polonies were subjected to multiple rounds of extension with unlabeled nucleotides (the added nucleotides are shown above each image)
followed by the addition of a mixture of FITC-dCTP and Cy3-dUTP. For slide 1, 7 rounds of nucleotide addition were performed, extending the
primer 11 bases. For slide 2, 15 rounds of nucleotide addition were performed, extending the primer 22 bases. The ﬂuorescent region in the lower
right portion of the red channel image is due to a primer–dimer artifact. For slide 3, 19 rounds of nucleotide addition were performed, extending the
primer 26 bases. For slide 4, 26 rounds of nucleotide addition were performed, extending the primer 34 bases. For this slide, the gel was torn during
the course of the extensions, but polonies can be seen and quantiﬁed in the upper left corner of the slide. (This experiment was repeated several times,
but in all experiments the polyacrylamide gel became torn after 25–34 extensions.) The mean incorporated ﬂuorescent intensity for each channel is
shown below the images of the slides. In all cases, only the expected ﬂuorescent base was incorporated, indicating that the primer:template complexes
remained in phase though 34 extension reactions.

ﬂuorophore and the nucleotide (Fig. 4A and http://
arep.med.harvard.edu/polony/FISSEQ_SUPPLEMEN
TARY_INFO.htm). The design of these analogues was
inspired by the published structure of the chemically
cleaveable biotinylated nucleotide analog, Bio-12-SSdUTP [24]. To determine whether DNA polymerase
would recognize these ﬂuorescent analogues, we performed a nucleotide extension reaction on ampliﬁed
polonies using one of them, Cy5-SS-dCTP. We used ﬁve
diﬀerent templates for generating polonies, with only one
template requiring a C to correctly extend the sequencing
primer. The result of this experiment is shown in Fig. 4B.
In this image, the green (532-nm) and red (635-nm)
channels are merged. The sequencing primer was labeled
at its 50 end with a Cy3 dye, so that all polonies on the
slide are visible in the green channel (Fig. 4C). A fraction
of the polonies display ﬂuorescent signal in the red
channel (yellow polonies), indicating a successful extension (Fig. 4B). We veriﬁed that only the correct polonies
incorporated the ﬂuorescent base by performing additional single base extensions with dye-labeled nucleotides
and were able to match every polony on the gel with one
of the ﬁve template sequences. This experiment demonstrated that DNA polymerase recognizes the Cy5-SSdCTP nucleotide analogue and correctly incorporates
the nucleotide during a single-base extension reaction.
To establish that ﬂuorophore incorporated by polymerase can be removed, we incubated the slide in a

buﬀer containing b-mercaptoethanol and monitored the
ﬂuorescence decay (Figs. 4C and D). The ﬂuorescent
signal decayed exponentially, with a time constant of 7 s.
To determine the incorporation eﬃciencies of these
ﬂuorescent analogues relative to that of the corresponding natural deoxynucleotide, we performed extension reactions using varying ratios of each and
quantiﬁed the incorporated ﬂuorescence (supplementary
information, http://arep.med.harvard.edu/polony/FISSEQ_SUPPLEMENTARY_INFO.htm). In addition to
the Cy5-SS-dNTP molecules just described, we also
synthesized dye-labeled nucleotide analogues with a
photocleaveable linker [25], Cy5-PC-dUTP, and BODIPY-FL-PC-dUTP. DNA polymerase also incorporated the Cy5-PC-dUTP analogue correctly during
single-base extension and the dye could be removed by
exposure to near-UV light. The design, synthesis, and
characterization of this molecule can be found in the
supplementary materials (http://arep.med.harvard.edu/
polony/FISSEQ_SUPPLEMENTARY_INFO.htm).
Sequencing polymerase colonies
As a proof of principle for polony sequencing, we
used ﬁve synthetic oligonucleotides (templates T1–T5,
see http://arep.med.harvard.edu/polony/FISSEQ_SUP
PLEMENTARY_INFO.htm) as templates for polony
ampliﬁcation on two slides. Approximately 40 polonies
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sion cycles on slide 2 before the polyacrylamide gel detached from the surface of the slide.
To computationally identify polonies and call a sequence for each polony we wrote a software package,
PolCall (see supplementary information, http://
arep.med.harvard.edu/polony/FISSEQ_SUPPLEMENT
ARY_INFO.htm). This package aligns the images collected from each cycle and determines a sequence for
every pixel. Pixels are then combined into objects based
on their signature sequence, and a series of ﬁlters are
applied to remove objects due to background noise and
objects that represent the overlap of two polonies. This
software was used to analyze the images from the polony sequencing cycles. Only a portion of each slide was
analyzed, as some regions of the gel were torn during the
sequencing process. This analysis was performed for
slide 1 (Fig. 5B, Table 1) and slide 2 (Fig. 5C, Table 2).
In total, 24 polonies were analyzed, and ﬁve unique
sequences were identiﬁed. The called sequences are labeled S1–S5 in Table 1. Sequences S1–S3 exactly match
the template sequences T1–T3, indicating that these
molecules were accurately ampliﬁed and sequenced.
Sequence S4 has the same base composition as the
template sequence T4; however, we were unable to
correctly identify repeated base pairs. This was expected
since 100% ﬂuorescent base was used and ﬂuorophore
quenching aﬀects signal linearity. S5 is similar to the
expected sequence T5, but there are two bases that were
called present in S5 that are not present in the template
sequence (Table 2), a G in the second position and a T in
seventh position. These errors were systematic, as there
were a total of 5 polonies that all called the sequence S5.
The longest accurate read achieved in this experiment
was 8 bp (sequences S2 and S3 on slide 2).
Fig. 4. (A) Structure of Cy5-SS-dCTP. This molecule has a disulﬁde
bond between the ﬂuorophore and the deoxynucleotide so that the
label can be removed after incorporation. (B) Extension of an immobilized primer:template with Cy5-SS-dCTP. The yellow polonies indicate that the DNA polymerase recognizes the nucleotide analogue. (C)
After a wash in buﬀer containing b-mercaptoethanol, the ﬂuorescence
can be removed from the slide. (D) The signal decays exponentially
with a time constant of 7 s.

were ampliﬁed on each slide. We denatured the polonies,
hybridized to a Cy3-labeled sequencing primer, and
trapped the polymerase onto the immobilized
primer:template duplex. We then performed serial base
additions with the Cy5-SS-dNTPs according to the
protocol outlined in Fig. 1B (no unlabeled nucleotides
were used in this reaction). Slide images from the ﬁrst
four cycles of base addition are shown in Fig. 5A. Here,
the green (Cy3-labeled sequencing primer) and red (Cy5labeled base) channels are merged. Polonies that have
not incorporated the added base are green, and polonies
that have incorporated the added base are yellow. We
performed 10 extension cycles on slide 1 and 14 exten-

Polony exclusion at high densities
In the polony sequencing experiment described
above, pixels corresponding to regions of the slide where
two polonies overlapped were automatically removed
from the analysis by the PolCall software. This step is
necessary to maximize accuracy. However, we would
also like to maximize the number of useful pixels per
scan because we project the cost of scanning to be the
most costly component of this technology. Thus, we
hypothesized that by decreasing the concentration of
free primer in the polony ampliﬁcation reaction, we
could reduce the amount of overlap between adjacent
polonies. This would be due to the exhaustion of the free
primer in areas of high polony density, which would
inhibit further polony growth. To test this hypothesis,
we ampliﬁed two polony templates using a concentration of free primer reduced by threefold. Primer extension was performed using Cy3- and Cy5-labeled
nucleotides to distinguish the two species. Fig. 6 demonstrates that polony overlap can be reduced using this
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Fig. 5. FISSEQ on polonies. (A) First four cycles of ﬂuorescent base additions on slide 1. The sequencing primer is Cy3 (green) labeled, and the
ﬂuorescent base is Cy5 (red) labeled. Polonies that have incorporated the added base appear yellow on the image; green polonies have not incorporated the base. The sequence of one of the included templates, T3, is shown below the images and the corresponding polony is labeled in each of
the images. The order of base addition was C,A,G,T. The yellow polonies display diﬀerent Cy5 intensities due to sequence context eﬀects on dye
ﬂuorescence. (B) Automated polony base calling for slide 1, which was subjected to 10 FISSEQ cycles. This is the same portion of the slide that is
displayed in (A). Each called sequence was assigned a color. The called sequences, their color assignments, and the corresponding template sequence
can be found in Table 1. (C) Automated polony base calling for slide 2, which was subjected to 14 FISSEQ cycles. The called sequences, their color
assignments, and the corresponding template sequence can be found in Table 2.

strategy. Also, numerous adjacent polonies display a
deformed shape (arrows in Fig. 6) indicating growth
inhibition due to the presence of a neighbor.

Discussion

Fig. 6. Polony exclusion at high densities. When free primer is made
limiting, adjacent polonies do not overlap due to inhibited growth by
neighboring polonies.

There are three biochemical sources of error that will
likely determine the maximum read length attainable
using the FISSEQ approach: mispriming, misincorporation, and incomplete extension. Mispriming occurs
when a sequencing primer anneals nonspeciﬁcally to a
template molecule and is extended upon addition of
nucleotide. Mispriming can also occur when the 30 end
of a single-stranded DNA template forms a hairpin,
which is then extended upon base addition. Misincorporation occurs when a nucleotide is incorporated opposite a noncomplementary template base. Once this
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Table 1
Called sequences from slide 1 (10 cycles)
Object
color

Sequence
ID

Called
sequence

Expected
sequence

Template sequence

Number of
polonies

Mismatched
bases

Green
Red
Lt blue
Dk blue
Yellow

S1
S2
S3
S4
S5

CACACA
GTGT
AGTGC
CAGCGA
AGTGT

CACACA
GTGT
AGTGC
CAGCGA
ATGT

T1:
T2:
T3:
T4:
T5:

2
4
3
5
4

0
0
0
0
1

CACACACACACACACTC
GTGTGTGTGTGTGTGTC
AGTGCTCACACACGTGATC
CAGCCGAACGACCGATC
ATGTGAGAGCTGTCGTC

Table 2
Called sequences from slide 2 (14 cycles)
Object
color

Sequence
ID

Called
sequence

Expected
sequence

Template sequence

Number of
polonies

Mismatched
bases

Green
Red
Lt blue
Yellow

S1
S2
S3
S5

CACACACA
GTGTGT
AGTGCTCA
AGTGTGTA

CACACACA
GTGTGT
AGTGCTCA
ATGTGA

T1: CACACACACACACACTC
T2: GTGTGTGTGTGTGTGTC
T3: AGTGCTCACACACGTGATC
T5: ATGTGAGAGCTGTCGTC

1
2
2
1

0
0
0
2

happens, subsequent incorporation will be less eﬃcient.
Incomplete extension occurs when the incorporation
reaction does not go to completion so that only a fraction of the primer:template molecules in a polony have
correctly incorporated the added nucleotide. It is important to minimize misincorporation and incomplete
extension as these types of error accumulate exponentially with the number of extensions.
By comparing the ﬂuorescent signal of the two templates extended in Fig. 2A, we can estimate an upper
limit for the error due to mispriming and misincorporation. When dUTP was added to the samples, the
mismatched templates displayed only 1% of the ﬂuorescent signal of the perfect match template. To estimate
how much of this erroneous signal was due to misincorporation, as opposed to mispriming, we repeated the
single-base extension experiment on these templates
using several sequencing primers that were not complementary to any region of the template. We found that
the ﬂuorescence signal was consistently equal to or
slightly greater than the previously measured signal,
suggesting that most, if not all of the erroneous signal in
Fig. 2 is due to mispriming (data not shown). Unlike
misincorporation and incomplete extension, error due to
mispriming does not accumulate exponentially with the
number of base additions, so that the mispriming that
occurs in Fig. 2 should not substantially limit the read
length of FISSEQ. Mispriming can be reduced by performing the single base extensions at higher temperatures. For this reason, we used BST polymerase and
performed the single base extensions at 55 °C for the
FISSEQ experiment shown in Fig. 5. It should be possible to further reduce mispriming by including a sequence at the 30 end of the DNA template during the
initial ampliﬁcation step that forms a stem loop struc-

ture when the template is made single stranded. The 30
end of the template molecule can then act as a primer for
DNA sequencing [26]. This hairpin reaction should be
highly speciﬁc, reducing the chance of mispriming. This
approach also eliminates the need for the additional
primer required for the extension reaction.
The results in Fig. 2B demonstrate that the extension
reaction does not proceed to completion if polymerase
trapping is not employed. We hypothesize that the reason that the extension reaction did not go to completion
is that we were unable to saturate the primer:template
molecules with DNA polymerase. Consequently, adding
more polymerase at each cycle resulted in the dephasing
of the extended primers. To ensure eﬃcient extension,
we developed a protocol in which polymerase is added
only at the beginning of the sequencing reaction, is
‘‘trapped’’ on the primer:template duplex, and remains
trapped for all subsequent extensions. When this protocol is applied, the extension eﬃciency increases
substantially and reaches over 99.8% (Fig. 2C).
Primer:template molecules that do not have a trapped
polymerase molecule during the ﬁrst cycle of extension
are not extended during any cycle, so they do not contribute to the dephasing of the ﬂuorescent signal. The
results in Fig. 3 demonstrate that as many as 34 extensions can be performed without signiﬁcant dephasing of
the templates or reduction in ﬂuorescent signal. Further
extensions have not yet been attempted, but by estimating the extension eﬃciency from Figs. 2C and 3, we
predict that the primer can be extended 150 bases
without signiﬁcant dephasing. It is possible that the
maximum length of an extension product may be limited
because the polymerase is trapped in an acrylamide
pore. However, a 34-bp extension corresponds to a 11.9nm translocation of the DNA polymerase on the DNA
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template, a length greater than the predicted pore
size (2 nm) of a 15% acrylamide gel with 5% cross-linker
[27]. Therefore, it seems that acrylamide pore size does
not limit FISSEQ read length in the useful range in
which we are working, possibly because of polymer
ﬂexibility.
The FISSEQ reactions shown in Fig. 5 and summarized in Tables 1 and 2 produced the correct sequence for three of the ﬁve templates. In this
experiment, the lengths of the sequencing reads were
limited by the fact that the gels became detached from
the glass slides after 10 (slide 1) or 14 (slide 2) cycles.
This experiment was repeated several times, but, in all
cases, gel detachment occurred after 10–14 cycles. We
are exploring two potential solutions to this problem.
First, we are working to reduce the thickness of the
acrylamide gels from 40 lm to between 1 and 5 lm.
Thinner gels are subject to lower shear forces during
washing and due to gel swelling, and our initial experience indicates that decreasing the thickness can
substantially improve gel stability. We are also experimenting with changing the chemistry by which the acrylamide is attached to the slide. The experiments
described here used a glass microscope slide coated with
bind-silane, and silane bonds are prone to hydrolysis
[28]. If a clear polymer slide is used instead of glass
[29,30], a variety of diﬀerent attachment chemistries can
be employed.
In its current embodiment, the FISSEQ protocol has
trouble calling repeated bases. For example, the FISSEQ reaction summarized in Table 2 did not correctly
call the sequence for template T4. Sequence S4 is the
sequence expected for template T4, except that the
repeated bases in T4 are called as a single base in S4
(e.g., CAGCC is called CAGC). A challenge to resolving
repeated bases is the quenching between the adjacent
ﬂuorophores, so that the ﬂuorescent signal does not
increase linearly with the number of incorporated bases,
but instead decreases (data not shown). To resolve this
issue, we have attempted using a mixture of ﬂuorescent
nucleotide and nonﬂuorescent nucleotide, hoping to see
a linear increase in signal proportional to the number of
bases added (as is seen in pyrosequencing [11,31]).
However, our initial results indicate that the relative
incorporation of ﬂuorescent nucleotide to natural nucleotide changes in diﬀerent sequence contexts, again
making it diﬃcult to correctly call multiple base repeats
(data not shown). Once a large amount of sequence is
obtained from FISSEQ reactions, it may be possible to
correlate sequence context with incorporated ﬂuorescence. We could then use this knowledge to improve the
accuracy of calling repeated bases. A second solution to
the problem of calling repeated bases is to use nucleotide
analogues with a reversibly blocked 30 OH group [32,33].
This dye terminator strategy has the advantage that only
one base is added at each cycle, so that precise quanti-

tation of incorporated ﬂuorescence is not necessary.
However, it is critical that the reaction used to unblock
the 30 OH group goes to completion, otherwise the DNA
molecules in a polony will rapidly dephase. Also, the dye
terminator strategy will require more FISSEQ cycles for
a given read length and likely will have higher polymerase misincorporation rates. We are currently investigating both approaches.
In addition to miscalled sequences caused by multiple
incorporation of the same nucleotide, we observed another type of error. The sequence of template T5 was not
correctly determined by the FISSEQ protocol. By examining Table 2 we see that the G added in the 2nd cycle
of base addition and the T added in the 12th cycle were
erroneously incorporated. We are uncertain why there is
ﬂuorescent signal incorporated in the T5 polonies at
these cycles, but the incorporations are repeatable over
multiple polonies and experiments (Table 1 and data not
shown). It is unlikely to be due to misincorporation at
one of the extension cycles, as this would terminate the
extension reaction [34]. One possibility is that these incorporations are due to misprimed extensions at the 30
end of the immobilized DNA. Further work is needed to
understand the source of this error.
The innovations presented here bring us closer toward our goal of sequencing genomes using polymerase
colonies. We have demonstrated short sequence reads
on multiple polonies and plan to extend these results by
attempting longer read lengths, growing polonies at
higher densities, and improving the accuracy of our
reads. Although this technology is still in its early stages
of development, we believe that it has the potential to
greatly reduce the cost of DNA sequencing. If the hurdles described above can be overcome, we estimate the
resequencing of a diploid human genome using polony
sequencing would cost less than $6000, at least three
orders of magnitude less than current costs. The details
of this estimate can be found in the supplementary information
(http://arep.med.harvard.edu/polony/FIS
SEQ_SUPPLEMENTARY_INFO.htm). We have also
developed other applications for polymerase colonies
including digital genotyping, long-range haplotyping,
and quantifying alternate splicing.
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Note added in proof
We recently became aware of a relevant publication
[35] that describes the synthesis and characterization of
a photocleavable ﬂuorescent nucleotide similar to the
one described in our supplementary material.
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