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ABSTRACT

We have developed a novel, isothermal DNA amplification strategy that
employs 929 DNA polymerase and rolling circle amplification to generate
high-quality templates for DNA sequencing reactions. The TempliPhi™
DNA amplification kits take advantage of the fact that cloned DNA is typ-
ically obtained in circular vectors, which are readily replicated in vitro us-
ing §29 DNA polymerase by a rolling circle mechanism. This single sub-
unit, proofreading DNA polymerase has excellent processivity and strand
displacement properties for generation of multiple, tandem double-stranded
copies of the circular DNA, generating as much as 107-fold amplification.
Large amounts of product (1-3 lig) can be obtained in as little as 4 hours.
Input DNA can be as little as 0.01 ng of purified plasmid DNA, a single
bacterial colony, or a 1 UL of a saturated overnight culture. Additionally,
the presence of an associated proofreading function within the $29 DNA
polymerase ensures high-fidelity amplification. Once completed, the prod-
uct DNA can be used directly in sequencing reactions. Additionally, the
properties of 929 DNA polymerase and its use in applications such as am-
plification of human genomic DNA for genotyping studies is discussed.

INTRODUCTION

The TempliPhi™ DNA Sequencing Template Amplification
Kit is a novel product that has been developed specifically to pre-
pare templates for DNA sequencing. The TempliPhi method uti-
lizes bacteriophage $29 DNA polymerase enzyme (1) to exponen-
tially amplify circular DNA templates by rolling circle
amplification (RCA) (7). Multiple strand displacement amplifica-
tion of any DNA, including linear and genomic DNASs, can also
be performed efficiently using this polymerase. A proofreading
enzyme, it has both high processivity and potent strand displace-
ment activities. Together, these properties allow us to use $29
DNA polymerase to achieve isothermal DNA amplification with
random-sequence hexamer primers. We have previously shown
that phosphorothioate modification of the primer prevents the
DNA polymerase from degrading the primers and dramatically
stimulates reaction kinetics (3). This isothermal amplification
method is able to produce microgram quantities of DNA from
picograms of starting material in a few hours. This method pro-
vides great potential for general amplification of DNA samples.
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MATERIALS AND METHODS

Determination of the Fidelity of $29 DNA Polymerase

The fidelity of $29 polymerase was measured by the screening
method described by Kunkel (6). Reactions (50 UL total volume)
containing 1 ng of pBluescript® II SK(+) (Stratagene, La Jolla,
CA, USA) and 200 pmol of random hexamer (Amersham Bio-
sciences, Piscataway, NJ, USA) were heated to 95°C for 3 minutes.
These were then chilled, 200 uM dNTPs and 10 U of $29 DNA
polymerase (Amersham Biosciences) were added, and reactions
were incubated at 30°C for 16 hours. DNA samples were digested
with Sacd (New England Biolabs, Beverly, MA, USA), heat inacti-
vated, ligated, transformed into XL-1 Blue supercompetent cells
(Stratagene), and plated onto LB/amp plates containing X-Gal
and isopropyl B-D-thiogalactosude (IPTG). Plates were incubated
at 37°C for 16 hours and then the blue and white colonies were
counted. The error rate was calculated using the equation ER = mf
/ (bpXd), where mf is the mutation frequency, bp is the number
of detectable sites (350) in the /2cZ gene fragment of the vector,
and d is the number of template doublings (13.3 for 10 000-fold
amplification). We counted 1488 blue colonies and 21 white
colonies. Data are the average of two independent experiments.

TempliPhi 100 Reactions
The TempliPhi 100 DNA Sequencing Template Amplification

kit (Amersham Biosciences) was used as described in the manu-
facturer’s protocol booklet with the following notable exceptions.
The template (1 ng vector DNA, 1 colony or 1 UL of saturated
overnight culture) was added to 5 UL of sample buffer. During the
denaturation step, a reaction premix of 5 UL reaction buffer + 0.2
UL enzyme mix for each sample was prepared. Once tubes were
cooled from denaturation temperature, 5 UL of this freshly made
premix was added to each sample and the resulting reaction mix-
tures (10 L) were incubated at 30°C for the indicated times.

DNA Quantification
TempliPhi products were diluted 10-fold with Tris EDTA

(TE) and vortex mixed. Afterwards, samples were centrifuged



briefly, mixed a second time by pipet, and 10% (10-20 uL) of
the diluted TempliPhi product was added to 80-90 UL of TE in
each well of Microfluor® 2 white flat bottom 96-well plates
(ThermoLabsystems, Franklin, MA, USA). Picogreen® dsDNA
Quantitation Reagent (Molecular Probes, Eugene, OR, USA)
was diluted 1:25 in TE, and 100 UL of this was added to each
sample. Lambda DNA supplied with the Picogreen dsDNA
Quantitation Kit was used as the concentration standard. Sam-
ples were read on the HTS 7000 Plus Bio Assay reader (Perkin
Elmer, Wellesley, MA, USA). Background subtracted RFU data
were used to calculate standard curves and yields. Data are the
average of at least triplicate samples for each time point.

DNA Sequencing

Individual isolates (96 random colonies) from a library of
2-4 kb inserts in pUCI18 were hand picked and amplified for 8
hours using the TempliPhi 100 kit. The amplified material was
diluted 1:10 in water and 10 pL was used for sequencing. Each
sample was sequenced with both the —40 and the —28 primer
and with both the DYEnamic™ ET terminator kit (Amersham
Biosciences; 605 PHRED 20 nt average) or the BigDye™ v3
terminator kit (ABI, Foster City, CA, USA; 584 PHRED 20 nt

average) and run on an ABI model 3700 sequencer.

RESULTS AND DISCUSSION

Processivity and Strand Displacement

$29 DNA polymerase is a highly processive enzyme that in-
corporates at least 70 000 nucleotides per binding event (1). In a
processivity assay using M 13 single-stranded DNA as a template
and a limiting amount of $29 DNA polymerase, replication of
the circle proceeds by rolling circle replication (Figure 1). $29
DNA polymerase does not apparently pause when encountering
double-stranded template, performing strand displacement syn-
thesis in the absence of added helicase or SSB. High molecular
weight products are observed after 9 hours and are difficult to
size as they fail to migrate into the gel. Fragments of intermedi-
ate size are not observed, indicating the product has been syn-
thesized during a single binding event. $29 DNA polymerase
incorporates nucleotides at 25-50 nt/second, which would sug-
gest that the potential size of this product is over 800 000 nt
long. We have observed linear kinetics for 2 days using this en-
zyme (data not shown).

Fidelity of $29 DNA Polymerase

This polymerase has an associated 3’-5" exonuclease “proof-
reading” activity (2) and has a reported error rate of 5 x 10 (5),
about 100-fold lower than that of 7zg DNA polymerase (4). Re-
sults using a TempliPhi method of amplification confirmed this
published error rate for $29 DNA polymerase. Following a
modified Kunkel method (6), we found an error rate of 3 x 10-6.
In addition, sequencing experiments indicate that $29 DNA
polymerase faithfully replicates input DNA. In the DNA se-
quence data from primer walks using TempliPhi amplified
M13mp18 and pUC18 DNA (10 000-fold amplified, approxi-

mately 20 000 nt of sequence) using 24 forward and 24 reverse
vector specific primers in a total of eleven 96-well plate sequenc-
ing runs on MegaBACE™1000 we have detected no amplifica-
tion errors (data not shown).

Amplification Kinetics

TempliPhi amplification is a very powerful process that re-
quires little starting material. Typically there is a brief lag fol-
lowed by rapid synthesis of product until the supply of nu-
cleotides is exhausted (Figure 2). Although the standard
TempliPhi protocol uses 1 ng of purified DNA as the input tem-
plate for optimal kinetics, we have found that as little as 0.1
picogram of pUC18 DNA can be amplified efficiently (Figure
3A). As long as the specific target template is > 0.01 picogram,
the target will out-compete nonspecific amplification of the ran-
dom hexamers. The result of nonspecific amplification can be
seen in lanes containing no input DNA (Figure 3, A and B). We
have cloned and sequenced this nonspecific amplified material
from reactions containing no input template DNA, and with
the exception of a few clones with homology to Escherichia coli
and our expression vector, the majority of the clones have no
significant homology to any DNA in the entire National Center
for Biotechnology Information (NCBI) database.

Amplification of Plasmids Directly from Cells

Plasmid DNA present in bacterial colonies can be used di-
rectly as template for TempliPhi amplifications. This is a great
convenience since clones can be screened at the colony stage
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Figure 1. Strand displacement and processivity assay. The strand displacement
and processivity activities of $29 DNA polymerase were demonstrated using a
single primed M13 (single-stranded circle) extension assay. Reactions contain-
ing 25 ng of M13mp18 single-stranded DNA and 5 pmol of —40 universal
primer in 10 UL TE were heated to 95° for 3 minutes and slow cooled to room
temperature. These were then chilled, TempliPhi reaction buffer and 0.5 U (an
amount known to be subsaturating) of $29 DNA polymerase (Amersham Bio-
sciences) were added, and reactions were incubated at 300C for the indicated
times. The DNA products were then resolved on a 0.6% agarose electrophoresis
gel 1x Tris-buffered EDTA.
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without having to wait for liquid cultures to grow and without
the need for DNA plasmid preparation. As little as one part in
10000 of a single colony can act as a good template forTem-
pliPhi amplification, generating more than 1 mg of product in
4-6 hours (data not shown). However, amplification is more
consistent when one part in 1000 or more is used, up to the
content of a full colony. Although this data was obtained using
the high copy number plasmid pUC18, we also tested amplifi-
cation of lower copy number plasmids including pBR322,
pBeloBAC11, and pBACe3.6. In general, for these low copy
plasmids, 1% to 100% of the contents of a colony should be
used for amplifications performed for 8-16 hours at 30°C to
achieve maximal yields.

We have observed that although chromosomal DNA can be
efficiently amplified using the TempliPhi method, there is no ev-
idence for the amplification of the host DNA after amplification
of whole cultures containing plasmid DNA (Figure 3B, lane 1).
We believe this is the result of using a denaturation step (95°C
for 3 minutes) that is harsh enough to release plasmid DNA but
not to lyse the bacterial cells.

M13 plaques are also excellent starting material for amplifi-
cation. Material from M13 plaques picked directly from YT
agar plates were serially diluted in sample buffer and amplified.
We obtained an average of greater than 500 bp of sequence data
with at least 98% accuracy using 1/100th of an M13 plaque as
amplification starting template (data not shown). Supernates
from M13 phage growth in bacterial culture may also be used.
We have used between 0.02 and 1 UL of M 13 phage containing
bacterial culture supernatants in 4 hour TempliPhi reactions to
successfully generate DNA sequencing templates (data not
shown). Interestingly, since the products of the amplification of
M13 single-stranded DNA circles are double stranded, both
strands of M13 clones can be sequenced.

Liquid cultures also provide good templates for TempliPhi
reactions. This is particularly useful to researchers who prefer to
grow small overnight cultures for archival storage. There is no
significant difference in amplification yield when using
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Figure 2. TempliPhi DNA amplification kinetics. The 10 000 reaction Tem-
pliPhi DNA Sequencing Template Amplification Kit was used as follows: super-
coiled pUC18 DNA (1 ng) was added to 10 UL of sample buffer, heated at 95°C
for 3 min to denature the template, and chilled to 4°C. To this, 10 UL of Tem-
pliPhi Premix from the kit was added, and tubes were placed at 30°C for the in-
dicated times. To stop the amplification reaction, samples were heated to 65°C
for 10 min to inactivate the $29 DNA polymerase and then quantified.
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0.001-1.0 UL of a saturated overnight E. coli culture as initial
template for TempliPhi amplifications (Figure 3B). We have ob-
tained good sequencing data by amplification of a culture dilu-
tion that contains between 1 and 10 E. coli cells (DNA from the
sixth lane of Figure 3B). For low copy number plasmids, as little
as 0.03 pL of overnight shaking culture is sufficient template for
amplification (data not shown). Again, as described for colonies,
longer incubations at 30°C for these types of vectors is benefi-
cial. Even a small portion of frozen glycerol stock can be ampli-
fied directly in TempliPhi reactions.

Inhibitors of Amplification

We have found that large amounts of bacterial cells can inhib-
it amplification reaction kinetics. In most cases a dilution of bac-
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Figure 3. Template titration assays. TempliPhi amplification reactions were per-
formed at 30°C for 4 hours. (A) Purified, supercoiled pUC18 DNA was 10-fold
serially diluted in sample buffer to contain 1 ng down to 10-6 ng (1 attogram)
of DNA and used as template for amplification. (B) A 37°C standing overnight
LB culture of E. coli strain DH50. (approximately 3.5 x 108 cells/mL) contain-
ing pUC18 vector was serially diluted in sample buffer used as template for am-
plification. After amplification, the reaction mixture was heat inactivated at
65°C for 10 minutes and a portion of the DNA product was digested with
EcoRI for 3 hours at 37°C. Restriction digest products (15% of original amplifi-
cation reaction product) were resolved on 0.6% agarose gels in 0.5x Tris-
buffered EDTA. The 1 kb ladder (New England Biolabs) was used as the molec-
ular weight standard. Gels were stained with GelStar® Nucleic Acid Gel Stain
(BioWhittaker Molecular Applications, Rockland, ME, USA) using manufac-
turer’s recommendations. Gels were visualized with the Typhoon 8600 Variable
Mode Imager (Amersham Biosciences).



terial colonies or careful attention to the amount of colony trans-
ferred into the TempliPhi reaction improves amplification kinet-
ics and overall yields. While growth media has essentially no af-
fect on the reaction, we observe up to a 6-fold decrease in
amplification kinetics when using cultures grown to high cell
density (ODg > 3) or aerated cultures grown in rich media such
as Terrific Broth and 2x YT (data not shown). We have obtained
excellent results using one microliter from standing (not shaking)
overnight cultures in LB as input for the TempliPhi reaction.

DNA Sequencing

The TempliPhi reaction products do not need to be pro-
cessed prior to DNA sequencing. Since the amplification de-
pletes the nucleotides, and the random hexamers will not anneal
under typical DNA sequencing conditions, samples can be se-
quenced directly after amplification using any of the commer-
cially available dye terminator fluorescent DNA sequencing kits.
Interestingly, sequenced samples that are processed after the se-
quencing reaction by G-50 spin columns or precipitation on
carboxylate-modified magnetic beads typically have a significant
portion of the template DNA selectively removed (data not
shown). This may lead to improved results on capillary sequenc-
ing instruments that are known to be less tolerant to high con-
centrations of template DNA than slab gel instruments (for pro-
tocols using carboxylate modified magnetic beads, see the DOE
Joint Genome Institute [JGI] Web site: www.jgi.doe.gov).

An additional benefit of the TempliPhi method relates to the
observation that amplification continues until the supply of nu-
cleoside triphosphates is exhausted. As a result, every amplifica-
tion finishes with the same concentration of DNA product. This
effectively normalizes all of the DNA samples for sequencing.
This consistency can improve DNA sequencing success rate,
which is strongly influenced by variability in DNA concentration.

We have achieved excellent success rates using the TempliPhi
method to generate sequencing templates for all of the major
DNA sequencing instruments. Using manual procedures, suc-
cess rates on the ABI model 3700 and 3100 capillary sequencers
using either BigDye or DYEnamic ET terminator sequencing
kits are typically over 85%, with excellent read lengths. The JGI
currently uses TempliPhi amplification with their automated
production sequencing facility and MegaBACE sequencing in-
struments, and in March of 2002 sequenced a total of 923 mil-
lion Q20 bases in 8621 runs with a 91.37% success rate and
read length of 599 nt (P. Richardson, personal communication).

Amplification of Linear DNA

Using materials similar to those found in the TempliPhi kit,
we have recently demonstrated very efficient amplification of 50
kb bacteriophage lambda DNA, despite the fact that this DNA
is linear and not circular. Also, using 1 ng of human genomic
DNA we have generated over 20 ug of high molecular weight
DNA, which is representative of the input sample and maintains
linkage information over 20 000 nt in length (manuscript sub-
mitted). We anticipate that the DNA contained in a single hu-
man cell will be amplified reliably by this new method as well.
Using both quantitative PCR and hybridization analysis, we
have shown this method to give equivalent amplification from

numerous locations throughout the genome. Many genetic
analysis methods, including most SNP testing methods, utilize
PCR to amplify specific DNA regions prior to the actual genet-
ic test. We have determined that chromosomal DNA amplified
by this new method can be used very effectively as PCR tem-
plates. Feasibility experiments are under way to test this method
using a variety of sources of input template DNA, and to con-
firm that the product of this method can be used in place of
chromosomal DNA. We hope to develop a kit using $29 DNA
polymerase for efficient amplification of linear DNA templates
in the near future.
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