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ABSTRACT

Genomic integrity is compromised by DNA poly-
merase replication errors, which occur in a
sequence-dependent manner across the genome.
Accurate and complete quantification of a DNA poly-
merase’s error spectrum is challenging because er-
rors are rare and difficult to detect. We report a high-
throughput sequencing assay to map in vitro DNA
replication errors at the single-molecule level. Unlike
previous methods, our assay is able to rapidly detect
a large number of polymerase errors at base reso-
lution over any template substrate without quantifi-
cation bias. To overcome the high error rate of high-
throughput sequencing, our assay uses a barcoding
strategy in which each replication product is tagged
with a unique nucleotide sequence before amplifica-
tion. This allows multiple sequencing reads of the
same product to be compared so that sequencing
errors can be found and removed. We demonstrate
the ability of our assay to characterize the average
error rate, error hotspots and lesion bypass fidelity
of several DNA polymerases.

INTRODUCTION

DNA polymerases act during DNA replication and repair
to catalyze the synthesis of a complementary DNA strand
from a DNA template. Errors made during this replica-
tion process are rare but can drive disease (1,2) or evolution
(3,4). The impact ofDNApolymerase errors depends on the
type of error and its location and frequency, but these are
dif�cult to predict. This is because each DNA polymerase
has a unique error spectrum, and each organism contains a
diverse mix of DNA polymerases that are recruited by dif-
ferent pathways (5). Error rates also vary with the template
sequence, and bases where a DNA polymerase is particu-
larly error prone (�error hotspots�) undergo accelerated mu-
tagenesis (6,7). In addition, DNAbases are subject to chem-
ical modi�cations in vivo which can compromise �delity to

different degrees depending on the replicating polymerase
(8,9). Altogether, DNA polymerase �delity and its impact
on genome stability have been challenging to understand.
DNA polymerase �delity can be measured by quantify-

ing the errors made during in vitro DNA replication, but
errors are rare and existing methods of quanti�cation have
signi�cant limitations. Early methods involved transfecting
the replication products into bacteria for clonal ampli�-
cation and sequencing (10). This method allows the aver-
age error rate of a polymerase to be determined, but er-
ror rates cannot be quanti�ed at base resolution because
very few errors can be collected.Mutation assays, which fol-
low a similar methodology, select a target gene that causes
a phenotypic change in the transfected bacteria if incor-
rectly replicated, allowing colonies with error-containing
products to be selected (11�14). This modi�cation improves
throughput but can only be used to detect errors at pheno-
typically detectable sites on a limited number of template
sequences, and remains relatively low-throughput. Non-
phenotypically detectable errors can only be scored if multi-
ple errors are made during each round of replication, which
only occurs frequently for highly inaccurate polymerases
(15). As an alternative to phenotypic selection, denaturing
electrophoresis or thin layer chromatography can be used to
separate error-containing products (16,17). Separation us-
ing these techniques is simple when only a few products are
present, such as when a DNA lesion causes most errors to
be made at a single position. However, when the error diver-
sity is greater, achieving good error resolution is challenging
because multiple cycles of separation, puri�cation and se-
quencing identi�cation are required. In light of these limita-
tions, our understanding ofDNApolymerase �delity would
bene�t from a new technique that has greater throughput
and fewer practical restrictions.
We have developed a more powerful approach to quan-

tify DNA polymerase �delity using high-throughput se-
quencing. With high-throughput sequencing, a large num-
ber of replication products can be sequenced at the single-
molecule level, allowing direct quanti�cation of rare er-
rors without intermediate error detection and product sep-
aration steps. A signi�cant obstacle to this approach is
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the high rate of sequencing error in high-throughput se-
quencing instruments.However, this obstacle has been over-
come with a strategy known as barcoding (18�22), which
allows sequencing errors to be identi�ed and separated.
Barcoded high-throughput sequencing techniques have pre-
viously been used to quantify DNA polymerase �delity,
but these previous approaches had limitations. In one ap-
proach, the error rate of the engineered PhusionDNApoly-
merase was determined by quantifying the proportion of
PCR products that contained errors (18). However, errors
can affect PCR ef�ciency and cause ampli�cation bias (23).
Another approach had a high background error rate, mak-
ing DNA polymerase errors dif�cult to distinguish (24).
In this report, we present a new approach to quantify

DNA polymerase �delity using barcoded high-throughput
sequencing on the Illumina platform. Our method avoids
PCR quanti�cation bias by quantifying error rates from a
single round of DNA synthesis. We demonstrate that our
barcoding approach can remove sequencing errors, result-
ing in a low error background.We then evaluate its ability to
quantify overall DNA polymerase error rate, obtain repro-
ducible error spectra, identify mutation hotspots and assess
the impact of a single-base DNA lesion on �delity.

MATERIALS AND METHODS

Primer design

Twelve forward primers (F0X, F00�F10) and 12 reverse
primers (R0X, R00�R10) were used in these experiments
(Supplementary Table S1). From 5� to 3�, these primers con-
tained a 33 nucleotide partial Illumina adapter sequence,
a �condition� barcode sequence (bold) that varies between
each primer, a 12�15 nucleotide random �product� barcode
region and a priming region for the target sequence. A 12 bp
random nucleotide region represents 4 × 1012 unique com-
binations, which is much greater than the 1 × 104�1 × 105
products we collect for each reaction condition. Combina-
tions of forward and reverse primers allows for a maximum
of 144 reaction conditions or replicates to be separated dur-
ing sequencing (12× 12 condition barcodes). The condition
barcodes were variable in length to ensure cluster diversity
during sequencing, and designed for near-equal base rep-
resentation. Primers were also analyzed in silico for primer
homodimers and heterodimers (Multiple primer analyzer,
Thermo Scienti�c). The sequences of library-preparation
primers PE 1.0 and PE 2.0 were obtained from Illumina.
The 3� end of PE 1.0 and PE 2.0 are complementary to the
5� end of the forward and reverse primers. Ultramer synthe-
sis was used for all primers (IntegratedDNATechnologies).

Templates and proteins

Escherichia coli DNA Polymerase IV was puri�ed as previ-
ously described (25). All other polymerases were obtained
from New England Biolabs (NEB).
The plasmids pBeloBAC11 (NEB) and pOPINP (gift

from Ray Owens, Addgene plasmid # 41139) were clon-
ally ampli�ed and isolated from E. coli K12 ER2420 and
DH5alpha strains, respectively.Cells were streaked onLuria
Broth (LB) agar plates with 25 �g/ml chloramphenicol or
50 �g/ml carbenicillin, respectively, and incubated for 12 h

at 37�C. Single colonies were inoculated in liquid LB media
with 25 �g/ml chloramphenicol or 50 �g/ml carbenicillin
at 37�C in a shaking incubator. OD 600 measurements were
taken to determine the start of stationary phase, uponwhich
the ZR Plasmid Miniprep kit (Zymo Research) was used to
isolate the plasmid. Puri�ed plasmids were quanti�ed using
a Nanodrop 2000 UV-Vis spectrophotometer (Thermo Sci-
enti�c).
Single-stranded DNA with a site-speci�c DNA lesion

was constructed using M13mp7(L2), a mutant phage that
contains an EcoRI site within a stable hairpin in its genome,
as previously described (16). Brie�y, a 20-mer oligonu-
cleotide (Chemgenes: 5�-CTA CCT XTG GAC GGC TGC
GA-3�) containing a �uoro substituent at the N2 posi-
tion of guanine (X) was treated by furfurylamine and
puri�ed by HPLC and MALDI-TOF MS. The oligonu-
cleotide was veri�ed to 99.9% purity by mass spectro-
moetry. The M13mp7(L2) phage genome was puri�ed and
the lesion-containing oligonucleotide ligated into the di-
gested EcoRI site using annealed scaffold oligonucleotides.
Scaffold oligonucleotides, unligated linear M13 DNA and
excess insert were removed by treatment at 37�C for 4 h with
18 U T4 DNA polymerase and 80 U exonuclease I (New
England Biolabs). A control 20-mer oligonucleotide (IDT:
5�-CTACCTGTGGACGGCTGCGA-3, 99.9%purity by
mass spectrometry) was ligated into the M13mp7(L2) plas-
mid in a similar manner to create the control substrate.

Generation of replication product

For each reaction involving double-stranded template
DNA, 1�10 ng of template was digested using 1U of ei-
ther BsmI (pBeloBac11), BseRI and BspHI (pOPINP) or
PvuII-HF (M13mp7(L2)) (New England Biolabs) with in-
cubation for 10 min at 37�C. This left a shorter double-
stranded region containing the target locus. The result-
ing DNA was puri�ed using the AMPure XP bead system
(Beckman Coulter).
The extension step with the polymerase of interest was

conducted under variable buffer and temperature condi-
tions depending on the polymerase and DNA template. For
3��5� exonuclease de�cient Klenow Fragment (New Eng-
land Biolabs) and Taq (New England Biolabs), 1X Taq Re-
action Buffer (New England Biolabs) was supplemented
up to 3 mM Mg2+ with MgCl2. For E. coli DNA Poly-
merase IV and DNA Polymerase I (New England Biolabs),
the buffer consisted of 50 mM pH 7.9 HEPES-NaOH, 12
mM Mg(OAc)2, 80 mM KCl, 0.1 mg/ml BSA and 5 mM
DTT. An alternative buffer formulation for DNA Poly-
merase IV consisted of 20 mM pH 7.5 Tris, 8 mM MgCl2,
5 mM DTT, 0.1 mM EDTA, 25 mM sodium glutamate,
40 �g/ml BSA and 4% glycerol. For Q5 DNA Polymerase
(New England Biolabs), extension was conducted with 1X
Q5 Buffer at 72�C. Each reaction mixture also contained
0.025 �M of forward primer (Integrated DNA Technolo-
gies) and 200 uM dNTP. For polymerases from New Eng-
land Biolabs, 1 unit was used for extension. ForE. coliDNA
polymerase IV, a 5:1 ratio of polymerase to primer-template
junction was used. To begin the extension reaction, a 10 �l
solution consisting of the reaction buffer, forward primer
and template sequence was prepared. If the template was
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double-stranded, the mixture was subjected to denatura-
tion at 95�C for 30 s, primer annealing for 2 min at 52�C,
followed by ramping of the mixture to extension tempera-
ture. For single-stranded template DNA, the mixture was
held at 65�C for 3 min then ramped to the extension tem-
perature at 0.1�C/s. The extension temperature was 37�C
for Klenow Fragment (exo-), Taq, DNA Pol IV and DNA
Pol I and 72�C for Q5. Once the extension temperature was
reached, a 10 �l solution containing buffer, dNTPs and the
polymerase was added. After extension, the reactions were
quenched with 5 �l of 50 mM EDTA and then puri�ed us-
ing AMPure XP beads. We used quantitative polymerase
chain reaction (qPCR) to determine the extension time re-
quired for saturation, which was 5�20min depending on the
polymerase and template used.
The synthesis of the complementary strand was con-

ducted with the puri�ed extension product as template,
0.025 �M reverse primer, 1U Q5 High Fidelity DNA poly-
merase, 200�Mof each dNTP and 1XQ5 buffer. The prod-
uct was denatured at 98�C for 30 s, the reverse primer an-
nealed at 52�C for 2 min and extension performed at 72�C
for 5 min. Extensions were quenched with 5 �l of 50 mM
EDTA and then puri�ed using AMPure XP beads.
The concentration of the complementary strand was

quanti�ed using qPCR with primers complementary to the
partial Illumina adapters (Forward: 5�- TAC ACG ACG
CTCTTCCGATCT -3�, Reverse: 5�- CATTCCTGCTGA
ACC GCT CT -3�). Standards were generated by serial di-
lution of 10 mM PhiX v3 Control Template (Illumina) to
concentrations of 1 × 108, 1 × 107, 1 × 106, 1 × 105 and
1 × 104 copies/�l. qPCR reactions were performed using
the DyNAmo SYBR Green qPCR kit (Thermo-scienti�c)
on the 7500 Real-Time PCR system (Applied Biosystems).
All experiments were conducted with at least two repli-

cates. Replicates were performed in parallel with aliquots
taken from the same starting template pool.

Library preparation and sequencing

The qPCR quanti�ed products were ampli�ed using
primers PE 1.0 andPE 2.0 (Illumina, IntegratedDNATech-
nologies). The volume of product and the number of cycles
used for ampli�cation depended on the number of unique
products and the desired depth of sequencing coverage. As
an example, we ampli�ed 20 000 unique products in a 20
�l reaction mix using two rounds of 13 cycles of denatu-
ration at 98�C for 8 s and annealing/extension at 72�C for
30s. The PCR products were puri�ed after each round us-
ing theAMPureXPBead system. Two separate roundswere
used because a single round of 26 cycles produced PCR side-
products. After ampli�cation, the library was quanti�ed us-
ing a Qubit 2.0 Fluorometer (Life Technologies) and sized
using the 2200 Tapestation (Agilent). Sequencing was per-
formed on the MiSeq Desktop Sequencer using the MiSeq
V2 300 cycle kit (Illumina). Base calling was conducted un-
der the standard Illumina pipeline.

Criteria for quantifying DNA polymerase error rate

The paired-end FASTQ sequencing reads were separated
into groups that shared the same condition barcodes. Any

reads which had a base with quality score (Q) < 20 was
removed. The �rst 5 bases of the read in the target region
were compared to the reference sequence. If these did not
match, the readwas removed since thismismatch could have
been the result of primer truncations or improper anneal-
ing. The �ltered forward and reverse readswere then aligned
to the corresponding section of the reference sequence using
the multiple sequence alignment by log-expectation (MUS-
CLE) algorithm (26). These two aligned sequences were
then compared to call errors. The total length of forward
and reverse reads was greater than the target region so that
insertion errors (which add bases into the sequence) are
also covered. Errors that occurred in adjacent base posi-
tions were grouped together as �multi-base� errors. After
errors were called, reads with the same product barcode
were grouped together since these were copies of the same
original product. Errors were accepted as polymerase er-
rors only if the product had 3 or more copies and the er-
ror was present in all of them. When calculating the aver-
age error rate over a template, the error rate of Q5 (used for
complementary strand synthesis) for that sequence was sub-
tracted from the overall substitution rate. Base-resolution
error spectra are presented without subtraction. Our error
spectra represent errors made by DNA polymerase during
replication of the template. This is different from the con-
vention used in reports that utilize the LacZ� mutation as-
say (11), where the spectra represent errorsmade in the tran-
script that is synthesized from the replicated locus.
Sequencing analysis software for the identi�cation ofmu-

tations was written in Python and run on the Harvard
Odyssey Computing Cluster. Data analysis and �gure con-
struction were carried out using numpy, pandas and mat-
plotlib.

Accession codes and code availability

Sequencing data are available from the sequencing read
archive (SRA) with accession number SRX1559518.
Python scripts for splitting of condition barcodes and
�ltering of sequencing errors are available in the Supple-
mentary Material.

RESULTS

Description of barcoding assay

Our approach to quantify DNA polymerase �delity is illus-
trated in Figure 1. A pool of templates with identical se-
quences undergoes one round of extension with the poly-
merase of interest (Figure 1A). The primers (Figure 1B)
contain a randomized 12 bp barcode sequence to tag each
product with a unique �product barcode�. The primers also
contain a �condition barcode� unique to each reaction con-
dition, allowing multiple reactions to be pooled and se-
quenced simultaneously. After extension by the polymerase
of interest, the complementary strand is synthesized by a
high-�delity polymerase using a primer of the same struc-
ture. This complementary strand is then PCR ampli�ed us-
ing primers complementary to the partial Illumina adapters
on both ends of the product, generating a library with
multiple barcoded copies of each original product. After
paired-end sequencing, the reads are grouped according
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Figure 1. Schematic of barcoding strategy. (A) Work�ow to generate products for paired-end sequencing. The pool of templates is replicated using the
polymerase of interest. The complementary strands are then synthesized using a high-�delity polymerase. In both cases, a special primer (green and orange)
containing a partial Illumina Adapter, a random product barcode and a condition barcode is used. Primers complementary to the partial Illumina adapter
are used to PCR amplify the complementary strands, forming the sequencing library. Each ampli�cation product is tagged with a unique set of product
barcodes that indicates its origin. (B) The special primer contains a part of the Illumina sequencing adapter, a �condition barcode� that is unique to each
reaction, a 12 bp randomized �product barcode� that uniquely tags each product and the priming sequencing for the region of interest. (C) After sequencing,
reads are grouped according to condition barcode and product barcode. Sequences are aligned to the correct sequence and errors are called. Errors are
only kept if they are present in all copies, otherwise they are discarded as sequencing error.

to the product barcodes on both ends (Figure 1C). Errors
generated in the initial extension by the polymerase of in-
terest should be present in all copies of the product. Se-
quencing errors can be recognized because they are most
likely present in only a fraction of copies and can therefore
be eliminated. After sequencing errors are �ltered out, the
DNApolymerase errors are obtained for each product. This
approach is not subject to PCR quanti�cation biases be-
cause error rates are quanti�ed using the number of unique
products and not their �nal ampli�ed amount.
In addition to removing sequencing errors, we took mea-

sures to minimize other sources of false positives through-
out the protocol. We generated the starting templates by
clonally amplifying a plasmid containing the template se-
quence in E. coli. E. coli replication has a low error rate of
about 1 × 10�9 errors per base pair per replication (27) and
generates a homogenous starting template pool. We also
minimized errors during synthesis and PCR ampli�cation
of the complementary strand by using Q5DNApolymerase
(Q5), the highest �delity DNA polymerase available.

Sequencing error removal and DNA polymerase error rate
quanti�cation

To test if the barcoding strategy could reduce sequencing er-
rors, we determined the error rate of Q5 DNA polymerase
(Q5) when different numbers of product copies were used
to �lter sequencing errors. To do this, we grouped products
according to the number of copies captured by sequencing
and determined the error rate as a function of copy number.

Since Q5 was used for both initial extension and comple-
mentary strand synthesis, the true error rate was calculated
as half the recorded value. These error rates were averaged
over two template sequences: a 188 base sequence within the
chloramphenicol acetyltransferase (CmR) gene of the pBe-
loBac11 plasmid vector and a 281 base sequence within the
LacZ� gene of the pOPINP plasmid vector (Supplemen-
tary Tables S2 and S3). One replicate over the LacZ� lo-
cus was excluded because the template showed evidence of
DNA damage (Supplementary Figure S1).
For products with only one copy, sequencing errors and

polymerase errors could not be separated and the recorded
error rate was 1.3 × 10�4 substitutions/bp (Figure 2). For
products with 2 copies, the error rate decreased to 5.6 ×
10�6 substitutions/bp because sequencing errors were re-
moved. When more copies were present, the substitution
error rate decreased further to 4.4 × 10�6 substitutions/bp
for 5 copies. Sequencing generated deletions and insertions
were also removed, with these error rates decreasing from
0.99 × 10�5 deletions/bp and 2.2 ×10�7 insertions/bp at 1
copy to no detected deletions or insertions at 5 copies (Fig-
ure 2). This shows that our barcoding method successfully
allows the separation and removal of sequencing errors.
We measured the average error rates of 3��5� exonucle-

ase de�cientKlenowFragment (Klenow (exo-)), Taq,E. coli
Y-family DNA Polymerase IV (Pol IV) and Q5 over the
CmR, LacZ� (-) strand, and LacZ� (+) strand loci (Sup-
plementary Tables S4 and S5) for comparison with pub-
lished values. To minimize sequencing errors while maxi-




