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Description

BACKGROUND

[0001] Some sequencing methods require comparing
two sequences with a single sequence read to determine
if there is a difference between the sequences. However,
such methods can be challenging to perform because
the software that performs this task needs to accurately
identify the beginnings and ends of the sequences in a
sequence read that should be compared, extract se-
quences that should be compared, and then perform an
alignment of those sequence. These steps can be chal-
lenging to automatically perform consistently for all dif-
ferent sequences, sequence compositions and lengths.
For example, the existence of repeated sequences within
a sequence read can cause slippage of an alignment,
which may produce erroneous results.
[0002] The present disclosure provides an alternative,
better way for comparing sequences with the same se-
quence read.

SUMMARY

[0003] A method of sequencing a template that com-
prises a direct repeat, i.e., template comprising a first
repeat sequence and a second repeat sequence that is
in direct orientation with the first repeat is provided. In
some embodiments, the method may comprise, in the
same reaction, hybridizing a primer to a first site that is
upstream of the first repeat sequence and hybridizing a
primer to a second site that is upstream of the second
repeat sequence. In these embodiments the first and sec-
ond sites (i.e., the sites to which the first and second
primers bind) should be upstream of the first and second
repeat sequences, respectively (i.e., downstream from
the 3’ ends of the primers) and equidistant from the first
and second repeat sequences. The hybridization product
produced by this step contains the template with two
primers annealed to it, both upstream of a repeat se-
quence by the same distance (e.g., the same number of
bases). Next, the method involves sequencing the tem-
plate using a sequencing-by-synthesis method (e.g., us-
ing fluorescent dye terminators) to produce a sequence
read that comprises a combination of the first and second
repeat sequences, i.e., a sequence read that is essen-
tially two reads (one from the first primer and the other
from the second primer) that are merged with one anoth-
er. Differences between the sequence of the first and
second repeats can be identified as low-quality base
calls.
[0004] In some embodiments, within each template
molecule the first repeat sequence and the second repeat
sequence are amplified from opposite strands of a dou-
ble-stranded fragment of DNA. In these embodiments,
the sequences of the first and second repeats should be
identical except for positions that correspond to damaged
nucleotides in the double-stranded fragment of DNA or

errors that occur during amplification. Thus, any differ-
ences between the top and bottom strands of the double-
stranded fragment can be identified in the sequence read
as a "low quality" base call, i.e., a base that is associated
with poor underlying data due to there being, in effect,
two different bases at a particular position in the se-
quence. In more detail, within each template molecule
the first repeat may be amplified from the one strand of
a double-stranded fragment of genomic DNA and the
second repeat may be amplified from the other strand of
the same fragment of double-stranded fragment of ge-
nomic DNA. Within a molecule, the sequences of the first
and second repeats are often the same. However, in cas-
es where there is damage in the original molecule, the
sequences of the first and second repeats (within a single
molecule) may differ. As such, within each repeat mole-
cule, the first and second repeats are typically identical
except for positions that correspond to (a) damaged nu-
cleotides in the double-stranded fragment of genomic
DNA from which those strands were copied or (b) errors
that occur during amplification of the direct repeat mole-
cule (e.g., nucleotides that are mis-incorporated or dele-
tions caused by a stutter or slippage event during ampli-
fication). As such, the first and second repeats are typi-
cally at least 95% identical in sequence. Thus, the differ-
ent repeats in a template molecule can be sequenced
using two primers (one for each repeat) at the same time
to determine if the repeats (which correspond to the top
and complement of the bottom strands of an initial frag-
ment of genomic DNA) differ. Because two primers are
used, the sequences of the first and second repeats are
merged in the same sequence read. Any differences be-
tween those sequences can be observed as a low-quality
base call because the underlying data for that base call
are essentially derived from two bases (one base read
by the first primer and the other base read by the second
primer, where those bases are the same distance down-
stream from the primers). If there is a low-quality base
call at a particular position, then the method may com-
prise excluding that base call from future analysis. The
method may be used to identify damaged nucleotides
and amplification errors, as well as sequencing errors
(i.e., errors that stem from the sequence reaction itself,
not in the sequencing template).
[0005] The method finds particular use in analyzing
samples of DNA that contain damaged DNA, samples in
which the amount of DNA is limited and/or samples that
contain fragments having a low copy number mutation
(e.g., a sequence caused by a mutation that is present
at low copy number relative to sequences that do not
contain the mutation). These features are often present
in patient samples that can be obtained non-invasively,
e.g., circulating tumor (ctDNA) samples, which can be
obtained from peripheral blood, or invasively, e.g., tissue
sections. In some embodiments, the sample may be DNA
obtained from tissue embedded in paraffin (i.e., an FFPE
sample). In such samples, the mutant sequences may
only be present at a very limited copy number (e.g., less
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than 10, less than 5 copies or even 1 copy in a back-
ground of hundreds or thousands of copies of the wild
type sequence). In these situations, without an effective
way to eliminate errors generated by DNA damage, it
can be almost impossible to identify a true sequence var-
iation with significant confidence.

BRIEF DESCRIPTION OF THE DRAWINGS

[0006] The invention is best understood from the fol-
lowing detailed description when read in conjunction with
the accompanying drawings. It is emphasized that, ac-
cording to common practice, the various features of the
drawings are not to scale. Indeed, the dimensions of the
various features are arbitrarily expanded or reduced for
clarity. Included in the drawings are the following figures.

Fig. 1 schematically illustrates a direct repeat tem-
plate that has been made from a fragment of double-
stranded genomic DNA.

Fig. 2 schematically illustrates where the first and
second primers used in the method hybridize a direct
repeat template.

Fig. 3 schematically illustrates an example of the
method.

Fig. 4 schematically illustrates an exemplary method
by which a direct repeat molecule can be produced.

Fig. 5 schematically illustrates another exemplary
method by which a direct repeat molecule can be
produced.

DEFINITIONS

[0007] Unless defined otherwise herein, all technical
and scientific terms used herein have the same meaning
as commonly understood by one of ordinary skill in the
art to which this invention belongs. Although any methods
and materials similar or equivalent to those described
herein can be used in the practice or testing of the present
invention, the preferred methods and materials are de-
scribed.
[0008] Numeric ranges are inclusive of the numbers
defining the range. Unless otherwise indicated, nucleic
acids are written left to right in 5’ to 3’ orientation; amino
acid sequences are written left to right in amino to carboxy
orientation, respectively.
[0009] The headings provided herein are not limita-
tions of the various aspects or embodiments of the in-
vention. Accordingly, the terms defined immediately be-
low are more fully defined by reference to the specifica-
tion as a whole.
[0010] Unless defined otherwise, all technical and sci-
entific terms used herein have the same meaning as com-
monly understood by one of ordinary skill in the art to

which this invention belongs. Singleton, et al., DICTION-
ARY OF MICROBIOLOGY AND MOLECULAR BIOLO-
GY, 2D ED., John Wiley and Sons, New York (1994),
and Hale & Markham, THE HARPER COLLINS DIC-
TIONARY OF BIOLOGY, Harper Perennial, N.Y. (1991)
provide one of skill with the general meaning of many of
the terms used herein. Still, certain terms are defined
below for the sake of clarity and ease of reference.
[0011] It is further noted that the claims may be drafted
to exclude any optional element. As such, this statement
is intended to serve as antecedent basis for use of such
exclusive terminology as "solely", "only" and the like in
connection with the recitation of claim elements, or the
use of a "negative" limitation.
[0012] The term "sample" as used herein relates to a
material or mixture of materials, typically containing one
or more analytes of interest. In one embodiment, the term
as used in its broadest sense, refers to any plant, animal,
microbial or viral material containing genomic DNA, such
as, for example, tissue or fluid isolated from an individual
(including without limitation plasma, serum, cerebrospi-
nal fluid, lymph, tears, saliva and tissue sections) or from
in vitro cell culture constituents, as well as samples from
the environment.
[0013] The term "nucleic acid sample," as used herein,
denotes a sample containing nucleic acids. Nucleic acid
samples used herein may be complex in that they contain
multiple different molecules that contain sequences. Ge-
nomic DNA samples from a mammal (e.g., mouse or hu-
man) are types of complex samples. Complex samples
may have more than about 104, 105, 106 or 107, 108, 109

or 1010 different nucleic acid molecules. A DNA target
may originate from any source such as genomic DNA,
or an artificial DNA construct. Any sample containing nu-
cleic acids, e.g., genomic DNA from tissue culture cells
or a sample of tissue, may be employed herein.
[0014] The term "mixture" as used herein, refers to a
combination of elements, that are interspersed and not
in any particular order. A mixture is heterogeneous and
not spatially separable into its different constituents. Ex-
amples of mixtures of elements include a number of dif-
ferent elements that are dissolved in the same aqueous
solution and a number of different elements attached to
a solid support at random positions (i.e., in no particular
order). A mixture is not addressable. To illustrate by ex-
ample, an array of spatially separated surface-bound
polynucleotides, as is commonly known in the art, is not
a mixture of surface-bound polynucleotides because the
species of surface-bound polynucleotides are spatially
distinct, and the array is addressable.
[0015] The term "nucleotide" is intended to include
those moieties that can be copied using a polymerase.
Nucleotides contain not only the known purine and pyri-
midine bases, but also other heterocyclic bases that have
been modified e.g., "damaged" bases that have oxidized
or deadenylated for example. Such modifications include
methylated purines or pyrimidines, acylated purines or
pyrimidines, alkylated riboses or other heterocycles. In
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addition, the term "nucleotide" includes those moieties
that contain hapten or fluorescent labels and may contain
not only conventional ribose and deoxyribose sugars, but
other sugars as well. Modified nucleosides or nucleotides
also include modifications on the sugar moiety, e.g.,
wherein one or more of the hydroxyl groups are replaced
with halogen atoms or aliphatic groups, or are function-
alized as ethers, amines, or the like.
[0016] The term "nucleic acid" and "polynucleotide" are
used interchangeably herein to describe a polymer of
any length, e.g., greater than about 2 bases, greater than
about 10 bases, greater than about 100 bases, greater
than about 500 bases, greater than 1000 bases, greater
than 10,000 bases, greater than 100,000 bases, greater
than about 1,000,000, up to about 1010 or more bases
composed of nucleotides, e.g., deoxyribonucleotides or
ribonucleotides, and may be produced enzymatically or
synthetically (e.g., PNA as described in U.S. Patent No.
5,948,902 and the references cited therein) which can
hybridize with naturally occurring nucleic acids in a se-
quence specific manner analogous to that of two naturally
occurring nucleic acids, e.g., can participate in Watson-
Crick base pairing interactions. Naturally-occurring nu-
cleotides include guanine, cytosine, adenine, thymine,
uracil (G, C, A, T and U respectively). DNA and RNA
have a deoxyribose and ribose sugar backbone, respec-
tively, whereas PNA’s backbone is composed of repeat-
ing N-(2-aminoethyl)-glycine units linked by peptide
bonds. In PNA various purine and pyrimidine bases are
linked to the backbone by methylenecarbonyl bonds. A
locked nucleic acid (LNA), often referred to as inacces-
sible RNA, is a modified RNA nucleotide. The ribose moi-
ety of an LNA nucleotide is modified with an extra bridge
connecting the 2’ oxygen and 4’ carbon. The bridge
"locks" the ribose in the 3’-endo (North) conformation,
which is often found in the A-form duplexes. LNA nucle-
otides can be mixed with DNA or RNA residues in the
oligonucleotide whenever desired. The term "unstruc-
tured nucleic acid," or "UNA," is a nucleic acid containing
non-natural nucleotides that bind to each other with re-
duced stability. For example, an unstructured nucleic ac-
id may contain a G’ residue and a C’ residue, where these
residues correspond to non-naturally occurring forms,
i.e., analogs, of G and C that base pair with each other
with reduced stability, but retain an ability to base pair
with naturally occurring C and G residues, respectively.
Unstructured nucleic acid is described in
US20050233340.
[0017] The term "oligonucleotide" as used herein de-
notes a single-stranded multimer of nucleotide of from
about 2 to 200 nucleotides, up to 500 nucleotides in
length. Oligonucleotides may be synthetic or may be
made enzymatically, and, in some embodiments, are 30
to 150 nucleotides in length. Oligonucleotides may con-
tain ribonucleotide monomers (i.e., may be oligoribonu-
cleotides) or deoxyribonucleotide monomers, or both ri-
bonucleotide monomers and deoxyribonucleotide mon-
omers. An oligonucleotide may be 10 to 20, 21 to 30, 31

to 40, 41 to 50, 51 to 60, 61 to 70, 71 to 80, 80 to 100,
100 to 150 or 150 to 200 nucleotides in length, for exam-
ple.
[0018] "Primer" means an oligonucleotide, either nat-
ural or synthetic, that is capable, upon forming a duplex
with a polynucleotide template, of acting as a point of
initiation of nucleic acid synthesis and being extended
from its 3’ end along the template so that an extended
duplex is formed. The sequence of nucleotides added
during the extension process is determined by the se-
quence of the template polynucleotide. Usually primers
are extended by a DNA polymerase. Primers are gener-
ally of a length compatible with their use in synthesis of
primer extension products and are usually in the range
of between 8 to 100 nucleotides in length, such as 10 to
75, 15 to 60, 15 to 40, 18 to 30, 20 to 40, 21 to 50, 22 to
45, 25 to 40, and so on. Typical primers can be in the
range of between 10-50 nucleotides long, such as 15-45,
18-40, 20-30, 21-25 and so on, and any length between
the stated ranges. In some embodiments, the primers
are usually not more than about 10, 12, 15, 20, 21, 22,
23, 24, 25, 26, 27, 28, 29, 30, 35, 40, 45, 50, 55, 60, 65,
or 70 nucleotides in length. In some embodiments a prim-
er can be activated prior to primer extension. For exam-
ple, some primers have a 3’ block and internal RNA base.
The RNA base can be removed by RNaseH or another
treatment, thereby producing a 3’ hydroxyl group which
can be extended. Other methods for activating primers
exist.
[0019] Primers are usually single-stranded for maxi-
mum efficiency in amplification but may alternatively be
double-stranded or partially double-stranded. If double-
stranded, the primer is usually first treated to separate
its strands before being used to prepare extension prod-
ucts. This denaturation step is typically affected by heat,
but may alternatively be carried out using alkali, followed
by neutralization. Also included in this definition are toe-
hold exchange primers, as described in Zhang et al (Na-
ture Chemistry 2012 4: 208-24).
[0020] Thus, a "primer" is complementary to a tem-
plate, and complexes by hydrogen bonding or hybridiza-
tion with the template to give a primer/template complex
for initiation of synthesis by a polymerase, which is ex-
tended by the addition of covalently bonded bases linked
at its 3’ end complementary to the template in the process
of DNA synthesis.
[0021] The term "hybridization" or "hybridizes" refers
to a process in which a region of a nucleic acid strand
anneals to and forms a stable duplex, either a homodu-
plex or a heteroduplex, under normal hybridization con-
ditions with a second complementary nucleic acid strand
and does not form a stable duplex with unrelated nucleic
acid molecules under the same normal hybridization con-
ditions. The formation of a duplex is accomplished by
annealing two complementary nucleic acid strand re-
gions in a hybridization reaction. The hybridization reac-
tion can be made to be highly specific by adjustment of
the hybridization conditions (often referred to as hybrid-
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ization stringency) under which the hybridization reaction
takes place, such that two nucleic acid strands will not
form a stable duplex, e.g., a duplex that retains a region
of double-strandedness under normal stringency condi-
tions, unless the two nucleic acid strands contain a cer-
tain number of nucleotides in specific sequences which
are substantially or completely complementary. "Normal
hybridization or normal stringency conditions" are readily
determined for any given hybridization reaction. See, for
example, Ausubel et al., Current Protocols in Molecular
Biology, John Wiley & Sons, Inc., New York, or Sambrook
et al., Molecular Cloning: A Laboratory Manual, Cold
Spring Harbor Laboratory Press. As used herein, the
term "hybridizing" or "hybridization" refers to any process
by which a strand of nucleic acid binds with a comple-
mentary strand through base pairing.
[0022] A nucleic acid is considered to be "selectively
hybridizable" to a reference nucleic acid sequence if the
two sequences specifically hybridize to one another un-
der moderate to high stringency hybridization and wash
conditions. Moderate and high stringency hybridization
conditions are known (see, e.g., Ausubel, et al., Short
Protocols in Molecular Biology, 3rd ed., Wiley & Sons
1995 and Sambrook et al., Molecular Cloning: A Labo-
ratory Manual, Third Edition, 2001 Cold Spring Harbor,
N.Y.). One example of high stringency conditions include
hybridization at about 42 °C in 50% formamide, 5X SSC,
5X Denhardt’s solution, 0.5% SDS and 100 mg/ml dena-
tured carrier DNA followed by washing two times in 2X
SSC and 0.5% SDS at room temperature and two addi-
tional times in 0.1 X SSC and 0.5% SDS at 42 °C.
[0023] The term "amplifying" as used herein refers to
the process of synthesizing nucleic acid molecules that
are complementary to one or both strands of a template
nucleic acid. Amplifying a nucleic acid molecule may in-
clude denaturing the template nucleic acid, annealing
primers to the template nucleic acid at a temperature that
is below the melting temperatures of the primers, and
enzymatically elongating from the primers to generate
an amplification product. The denaturing, annealing and
elongating steps each can be performed one or more
times. In certain cases, the denaturing, annealing and
elongating steps are performed multiple times such that
the amount of amplification product is increasing, often
times exponentially, although exponential amplification
is not required by the present methods. Amplification typ-
ically requires the presence of deoxyribonucleoside tri-
phosphates, a DNA polymerase enzyme and an appro-
priate buffer and/or co-factors for optimal activity of the
polymerase enzyme. The term "amplification product" re-
fers to the nucleic acids, which are produced from the
amplifying process as defined herein.
[0024] The terms "determining," "measuring," "evalu-
ating," "assessing," "assaying," and "analyzing" are used
interchangeably herein to refer to any form of measure-
ment and include determining if an element is present or
not. These terms include both quantitative and/or quali-
tative determinations. Assessing may be relative or ab-

solute. "Assessing the presence of" includes determining
the amount of something present, as well as determining
whether it is present or absent.
[0025] The term "ligating," as used herein, refers to the
enzymatically catalyzed joining of the terminal nucleotide
at the 5’ end of a first DNA molecule to the terminal nu-
cleotide at the 3’ end of a second DNA molecule.
[0026] A "plurality" contains at least 2 members. In cer-
tain cases, a plurality may have at least 2, at least 5, at
least 10, at least 100, at least 100, at least 10,000, at
least 100,000, at least 106, at least 107, at least 108 or
at least 109 or more members.
[0027] An "oligonucleotide binding site" refers to a site
to which an oligonucleotide hybridizes in a target poly-
nucleotide. If an oligonucleotide "provides" a binding site
for a primer, then the primer may hybridize to that oligo-
nucleotide or its complement.
[0028] The term "strand" as used herein refers to a
nucleic acid made up of nucleotides covalently linked to-
gether by covalent bonds, e.g., phosphodiester bonds.
In a cell, DNA usually exists in a double-stranded form,
and as such, has two complementary strands of nucleic
acid referred to herein as the "Watson" (or "top") and
"Crick" (or "bottom") strands. In certain cases, comple-
mentary strands of a chromosomal region may be re-
ferred to as "plus" and "minus" strands, the "first" and
"second" strands, the "coding" and "noncoding" strands,
the "top" and "bottom" strands or the "sense" and "anti-
sense" strands. The assignment of a strand as being a
Watson or Crick strand is arbitrary and does not imply
any particular orientation, function or structure.
[0029] The term "extending", as used herein, refers to
the extension of a primer by the addition of nucleotides
using a polymerase. If a primer that is annealed to a nu-
cleic acid is extended, the nucleic acid acts as a template
for extension reaction.
[0030] The term "sequencing," as used herein, refers
to a method by which the identity of at least 10 consec-
utive nucleotides (e.g., the identity of at least 20, at least
50, at least 100 or at least 200 or more consecutive nu-
cleotides) of a polynucleotide is obtained.
[0031] The terms "next-generation sequencing" or
"high-throughput sequencing", as used herein, refer to
the so-called parallelized sequencing-by-synthesis or se-
quencing-by-ligation platforms currently employed by Il-
lumina, Life Technologies, and Roche, etc. Next-gener-
ation sequencing methods may also include nanopore
sequencing methods such as that commercialized by Ox-
ford Nanopore Technologies, electronic-detection based
methods such as Ion Torrent technology commercialized
by Life Technologies, or single-molecule fluorescence-
based methods such as that commercialized by Pacific
Biosciences.
[0032] The term "barcode sequence" or "molecular
barcode", as used herein, refers to a unique sequence
of nucleotides that can be used to a) identify and/or track
the source of a polynucleotide in a reaction, b) count how
many times an initial molecule is sequenced and c) pair
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sequence reads from different strands of the same mol-
ecule. Barcode sequences may vary widely in size and
composition; the following references provide guidance
for selecting sets of barcode sequences appropriate for
particular embodiments: Casbon (Nuc. Acids Res. 2011,
22 e81), Brenner, U.S. Pat. No. 5,635,400; Brenner et
al., Proc. Natl. Acad. Sci., 97: 1665-1670 (2000); Shoe-
maker et al., Nature Genetics, 14: 450-456 (1996); Morris
et al., European patent publication 0799897A1; Wallace,
U.S. Pat. No. 5,981,179; and the like. In particular em-
bodiments, a barcode sequence may have a length in
range of from 2 to 36 nucleotides, or from 6 to 30 nucle-
otides, or from 8 to 20 nucleotides.
[0033] In some cases, a barcode may contain a "de-
generate base region" or "DBR", where the terms "de-
generate base region" and "DBR" refers to a type of mo-
lecular barcode that has complexity that is sufficient to
help one distinguish between fragments to which the
DBR has been added. In some cases, substantially every
tagged fragment may have a different DBR sequence.
In these embodiments, a high complexity DBR may be
used (e.g., one that is composed of at least 10,000 or
100,000, or more sequences). In other embodiments,
some fragments may be tagged with the same DBR se-
quence, but those fragments can still be distinguished
by the combination of i. the DBR sequence, ii. the se-
quence of the fragment, iii. the sequence of the ends of
the fragment, and/or iv. the site of insertion of the DBR
into the fragment. In some embodiments, at least 95%,
e.g., at least 96%, at least 97%, at least 98%, at least
99% or at least 99.5% of the target polynucleotides be-
come associated with a different DBR sequence. In some
embodiments, a DBR may comprise one or more (e.g.,
at least 2, at least 3, at least 4, at least 5, or 5 to 30 or
more) nucleotides selected from R, Y, S, W, K, M, B, D,
H, V, N (as defined by the IUPAC code). In some cases,
a double-stranded barcode can be made by making an
oligonucleotide containing degenerate sequence (e.g.,
an oligonucleotide that has a run of 2-10 or more "Ns")
and then copying the complement of the barcode onto
the other strand, as described below.
[0034] Oligonucleotides that contain a variable se-
quence, e.g., a DBR, can be made by making a number
of oligonucleotides separately, mixing the oligonucle-
otides together, and by amplifying them en masse. In
other words, the population of oligonucleotides that con-
tain a variable sequence can be made as a single oligo-
nucleotide that contains degenerate positions (i.e., posi-
tions that contain more than one type of nucleotide). Al-
ternatively, such a population of oligonucleotides can be
made by fabricating them individually or using an array
of the oligonucleotides using in situ synthesis methods,
cleaving the oligonucleotides from the substrate and op-
tionally amplifying them. Examples of such methods are
described in, e.g., Cleary et al. (Nature Methods 2004 1:
241-248) and LeProust et al. (Nucleic Acids Research
2010 38: 2522-2540).
[0035] In some cases, a barcode may be error correct-

ing. Descriptions of exemplary error identifying (or error
correcting) sequences can be found throughout the liter-
ature (e.g., in are described in US patent application pub-
lications US2010/0323348 and US2009/0105959). Er-
ror-correctable codes may be necessary for quantitating
absolute numbers of molecules. Many reports in the lit-
erature use codes that were originally developed for er-
ror-correction of binary systems (Hamming codes, Reed
Solomon codes etc.) or apply these to quaternary sys-
tems (e.g. quaternary Hamming codes; see Generalized
DNA barcode design based on Hamming codes,
Bystrykh 2012 PLoS One. 2012 7: e36852).
[0036] In some embodiments, a barcode may addition-
ally be used to determine the number of initial target poly-
nucleotide molecules that have been analyzed, i.e., to
"count" the number of initial target polynucleotide mole-
cules that have been analyzed. PCR amplification of mol-
ecules that have been tagged with a barcode can result
in multiple sub-populations of products that are clonally-
related in that each of the different sub-populations is
amplified from a single tagged molecule. As would be
apparent, even though there may be several thousand
or millions or more of molecules in any of the clonally-
related sub-populations of PCR products and the number
of target molecules in those clonally-related sub-popula-
tions may vary greatly, the number of molecules tagged
in the first step of the method can be estimated by count-
ing the number of DBR sequences associated with a tar-
get sequence that is represented in the population of PCR
products. This number is useful because, in certain em-
bodiments, the population of PCR products made using
this method may be sequenced to produce a plurality of
sequences. The number of different barcode sequences
that are associated with the sequences of a target poly-
nucleotide can be counted, and this number can be used
(along with, e.g., the sequence of the fragment, the se-
quence of the ends of the fragment, and/or the site of
insertion of the DBR into the fragment) to estimate the
number of initial template nucleic acid molecules that
have been sequenced. Such tags can also be useful in
correcting sequencing errors.
[0037] The terms "sample identifier sequence" or
"sample index" refer to a type of barcode that can be
appended to a target polynucleotide, where the se-
quence identifies the source of the target polynucleotide
(i.e., the sample from which the target polynucleotide is
derived). In use, each sample is tagged with a different
sample identifier sequence (e.g., one sequence is ap-
pended to each sample, where the different samples are
appended to different sequences), and the tagged sam-
ples are pooled. After the pooled sample is sequenced,
the sample identifier sequence can be used to identify
the source of the sequences.
[0038] The term "adapter" refers to a nucleic acid that
can be joined to at least one strand of a double-stranded
DNA molecule. The term "adapter" refers to molecules
that are at least partially double-stranded. An adaptor
may be 20 to 150 bases in length, e.g., 40 to 120 bases,
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although adaptors outside of this range are envisioned.
[0039] The term "adaptor-tagged," as used herein, re-
fers to a nucleic acid that has been tagged by, i.e., cov-
alently linked with, an adaptor. An adaptor can be joined
to a 5’ end and/or a 3’ end of a nucleic acid molecule.
[0040] The term "tagged DNA" as used herein refers
to DNA molecules that have an added adaptor sequence,
i.e., a "tag" of synthetic origin. An adaptor sequence can
be added (i.e., "appended") by ligation.
[0041] The term "complexity" refers to the total number
of different sequences in a population. For example, if a
population has 4 different sequences then that population
has a complexity of 4. A population may have a complex-
ity of at least 4, at least 8, at least 16, at least 100, at
least 1,000, at least 10,000 or at least 100,000 or more,
depending on the desired result.
[0042] The term "of the formula" means that the indi-
vidual molecules in a population are described by, i.e.,
encompassed by, the formula.
[0043] Certain polynucleotides described herein may
be referred to by a formula. Unless otherwise indicated
the polynucleotides defined by a formula are oriented in
the 5’ to 3’ direction. The components of the formula refer
to separately definable sequences of nucleotides within
a polynucleotide, where, unless implicit from the context,
the sequences are linked together covalently such that
a polynucleotide described by a formula is a single mol-
ecule. In some cases, the components of the formula are
immediately adjacent to one another in the single mole-
cule. Unless otherwise indicated or implicit from the con-
text, a region defined by a formula may have additional
sequences, a primer binding site, a molecular barcode,
a promoter, or a spacer, etc., at its 3’ end, its 5’ end or
both the 3’ and 5’ ends. As would be apparent, the various
component sequences of a polynucleotide may inde-
pendently be of any desired length as long as they are
capable of performing the desired function (e.g., hybrid-
ization to another sequence). For example, the various
component sequences of a polynucleotide may inde-
pendently have a length in the range of 8-80 nucleotides,
e.g., 10-50 nucleotides or 12-30 nucleotides.
[0044] The term "opposite strands", as used herein,
refers to the top and bottom strands, where the strands
are complementary to one another, except for damaged
nucleotides.
[0045] The term "potential sequence variation", as
used herein, refers to a sequence variation, e.g., a sub-
stitution, deletion, insertion or rearrangement of one or
more nucleotides in one sequence relative to another.
[0046] The term "amplification error" refers to a mis-
incorporated base, or a deletion/insertion caused by
polymerase stutter. Stutter usually occurs in repeat se-
quences, e.g., short tandem repeats (STRs) or micros-
atellite repeats and is presumed to be due to miscopying
or slippage by the polymerase
[0047] The term "target enrichment", as used herein,
refers to a method in which selected sequences are sep-
arated from other sequences in a sample. This may be

done by hybridization to a probe, e.g., hybridizing a bi-
otinylated oligonucleotide to the sample to produce du-
plexes between the oligonucleotide and the target se-
quence, immobilizing the duplexes via the biotin group,
washing the immobilized duplexes, and then releasing
the target sequences from the oligonucleotides. Alterna-
tively, a selected sequence may be enriched by amplify-
ing that sequence, e.g., by PCR using one or more prim-
ers that hybridize to a site that is proximal to the target
sequence.
[0048] The terms "minority variant" and "sequence var-
iation", as used herein, is a variant that is present at a
frequency of less than 50%, relative to other molecules
in the sample. In some cases, a minority variant may be
a first allele of a polymorphic target sequence, where, in
a sample, the ratio of molecules that contain the first allele
of the polymorphic target sequence compared to mole-
cules that contain other alleles of the polymorphic target
sequence is 1:5 or less, 1:10 or less, 1:100 or less,
1:1,000 or less, 1: 10,000 or less, 1:100,000 or less or
1:1,000,000 or less.
[0049] The term "duplex sequencing" refers to a meth-
od in which sequences for both strands of a double-
stranded molecule of genomic DNA are obtained. In du-
plex sequencing, the sequences derived from the top
strand of double-stranded molecule of genomic DNA are
distinguishable from sequences derived from the bottom
strand of that molecule in such a way that the sequences
for the top and bottom strands from the same double-
stranded molecule of genomic DNA can be compared.
[0050] The term "direct repeat" refers a molecule that
contains two copies of near identical sequences, i.e., se-
quences that are of the same length and that are at least
95% identical in nucleotide sequence.
[0051] The term "distance" as used herein depends on
the sequencing-by-synthesis method being used for se-
quencing. For example, in methods that rely on reversible
chain terminators the distance between the 3’ end of a
primer and a downstream nucleotide can be defined by
the number of bases. In semiconductor or pyrosequenc-
ing methods the distance between the 3’ end of a primer
and a downstream nucleotide can be defined by the
number of flows because, in those methods, several nu-
cleotides can be added in a single flow. Thus, "equidis-
tant" can mean the same number of nucleotides if a re-
versible chain terminator-based sequencing method is
used or the same number of flows if a semiconductor- or
pyrosequencing-based sequencing methods is used.
[0052] For ease of reference, the reverse complement
of a sequence may be indicated by the prime (" ’ ") sym-
bol. For example, the reverse complement of a sequence
referred to as "W" is may be referred to as "W’".
[0053] Other definitions of terms may appear through-
out the specification.

DETAILED DESCRIPTION OF THE INVENTION

[0054] Before the present invention is described, it is
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to be understood that this invention is not limited to par-
ticular embodiments described, as such may, of course,
vary. It is also to be understood that the terminology used
herein is for the purpose of describing particular embod-
iments only, and is not intended to be limiting, since the
scope of the present invention will be limited only by the
appended claims.
[0055] Where a range of values is provided, it is un-
derstood that each intervening value, to the tenth of the
unit of the lower limit unless the context clearly dictates
otherwise, between the upper and lower limits of that
range is also specifically disclosed. Each smaller range
between any stated value or intervening value in a stated
range and any other stated or intervening value in that
stated range is encompassed within the invention. The
upper and lower limits of these smaller ranges may in-
dependently be included or excluded in the range, and
each range where either, neither or both limits are includ-
ed in the smaller ranges is also encompassed within the
invention, subject to any specifically excluded limit in the
stated range. Where the stated range includes one or
both of the limits, ranges excluding either or both of those
included limits are also included in the invention.
[0056] Unless defined otherwise, all technical and sci-
entific terms used herein have the same meaning as com-
monly understood by one of ordinary skill in the art to
which this invention belongs. Although any methods and
materials similar or equivalent to those described herein
can be used in the practice or testing of the present in-
vention, some potential and preferred methods and ma-
terials are now described.
[0057] It must be noted that as used herein and in the
appended claims, the singular forms "a", "an", and "the"
include plural referents unless the context clearly dictates
otherwise. Thus, for example, reference to "a nucleic ac-
id" includes a plurality of such nucleic acids and reference
to "the compound" includes reference to one or more
compounds and equivalents thereof known to those
skilled in the art, and so forth.
[0058] The practice of the present invention may em-
ploy, unless otherwise indicated, conventional tech-
niques and descriptions of organic chemistry, polymer
technology, molecular biology (including recombinant
techniques), cell biology, biochemistry, and immunology,
which are within the skill of the art. Such conventional
techniques include polymer array synthesis, hybridiza-
tion, ligation, and detection of hybridization using a label.
Specific illustrations of suitable techniques can be had
by reference to the example herein below. However, oth-
er equivalent conventional procedures can, of course,
also be used. Such conventional techniques and descrip-
tions can be found in standard laboratory manuals such
as Genome Analysis: A Laboratory Manual Series (Vols.
I-IV), Using Antibodies: A Laboratory Manual, Cells: A
Laboratory Manual, PCR Primer: A Laboratory Manual,
and Molecular Cloning: A Laboratory Manual (all from
Cold Spring Harbor Laboratory Press), Stryer, L. (1995)
Biochemistry (4th Ed.) Freeman, New York, Gait, "Oligo-

nucleotide Synthesis: A Practical Approach" 1984, IRL
Press, London, Nelson and Cox (2000), Lehninger, A.,
Principles of Biochemistry 3rd Ed., W. H. Freeman Pub.,
New York, N.Y. and Berg et al. (2002) Biochemistry, 5th
Ed., W. H. Freeman Pub., New York, NY..
[0059] The publications discussed herein are provided
solely for their disclosure prior to the filing date of the
present application. Nothing herein is to be construed as
an admission that the present invention is not entitled to
antedate such publication by virtue of prior invention. Fur-
ther, the dates of publication provided may be different
from the actual publication dates which may need to be
independently confirmed.
[0060] Provided herein, among other things, is a way
to sequence a template that has a direct repeat, i.e., a
template that comprises a first repeat sequence and a
second repeat sequence, wherein the first and second
repeat sequences are in a direct repeat and either iden-
tical or nearly identical. In some embodiments within
each template molecule, the first repeat sequence and
the second repeat sequence may be amplified from op-
posite strands of a double-stranded fragment of DNA. In
embodiments in which the fragment of DNA is double-
stranded genomic DNA (e.g., eukaryotic genomic DNA,
which may be isolated from a tissue biopsy or may be
cell-free DNA (cfDNA), microbial genomic DNA or viral
genomic DNA), the sequences of the repeats may be
identical except for positions that correspond to damaged
nucleotides in the double-stranded fragment of DNA or
errors that occur during amplification. An example of such
a direct repeat is illustrated in Fig. 1. As shown, within
each repeat molecule the first repeat and the second
repeat are amplified from opposite strands of a fragment
of double-stranded genomic DNA, e.g., genomic DNA.
The first repeat has the same or a very similar sequence
as one strand (the top strand of the fragment, for exam-
ple) of a fragment of double-stranded genomic DNA
whereas the second repeat has the same or a very similar
sequence as the reverse complement of the other strand
of the fragment (e.g., the bottom strand of the fragment).
In embodiments, in which the fragment is genomic DNA,
the first and second repeat sequences should be identical
except for nucleotides that correspond to (i.e., are at a
position that corresponds to the position of) damaged
nucleotides in the fragment of double-stranded genomic
DNA or errors that have occurred during amplification.
In other embodiments, the double-stranded fragment
may be made synthetically or derived from a double-
stranded plasmid, for example.
[0061] A "damaged nucleotide" refers to any derivative
of adenine, cytosine, guanine, and thymine that has been
altered in a way that allows it to pair with a different base.
In non-damaged DNA, A base pairs with T and C base
pairs with G. However, some bases can be oxidized,
alkylated or deaminated in a way that effects base pair-
ing. For example, 7,8-dihydro-8-oxoguanine (8-oxo-dG)
is a derivative of guanine that base pairs with adenine
instead of cytosine. This derivative causes a G to T trans-
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version after replication. Deamination of cytosine produc-
es uracil, which can base pair with adenine, leading to a
C to T change after replication. Other examples or dam-
aged nucleotide that are capable of mismatched pairing
include are known.
[0062] Within a direct repeat template molecule, the
sequences of first and second repeats have identical
lengths and are at least 95% identical (e.g., at least 95%
identical, at least 96% identical, at least 97% identical,
at least 98% identical, at least 99% identical or 100%
identical, depending on, e.g., the extent of DNA damage
in the fragment of double-stranded genomic DNA and/or
amplification errors) and, with the exception of nucle-
otides that correspond to damaged nucleotides and am-
plification errors, should be identical. As shown, the mol-
ecules may have a unit length of 1, meaning that there
is only one copy of first repeat and one copy of the second
repeat in each molecule. The template molecules may
be single stranded or double stranded. However, as
would be appreciated, the template is in its single strand-
ed form when it is being sequenced. The sequence of
the first and second repeats may have a length of at least
50 nucleotides and in some embodiments may be in the
range of 50 nucleotides to 2 kb in length, e.g., 50-500 nt
or 50-300 nt. In some embodiments, the direct repeat
template may be in a sample that contains other direct
repeat templates. Within the population, the complexity
and median length of the sequence of the first repeat
may vary and may be approximately the same as the
complexity and median length of the sequence of the
second repeat, since those sequences are almost iden-
tical. In the population, the first repeat and the second
repeat may each have a complexity of at least 103, e.g.,
at least 104, at least 105, at least 106, at least 107, at least
108, at least 109 or at least 1010, for example, meaning
that in the population, the first repeat and the second
repeat are each represented by at least 103 different se-
quences. The lengths of the first and second repeats may
depend on the lengths of the fragments of DNA in the
sample from which the molecules are made. In some
embodiments, the fragments may have a median size
that no more than 2 kb in length (e.g., in the range of 50
bp to 2kb, e.g., 75 bp to 1.5kb, 100 bp to 1 kb, 100 bp to
500 bp). The lengths of the fragment may be tailored to
the sequencing platform being used. Examples of how
these molecules can be made will be described in greater
detail below.
[0063] Therefore, in any embodiment, the direct repeat
molecule may be made by copying a double-stranded
fragment of DNA to produce the direct repeat molecule,
where the first and second repeats of the direct repeat
molecule are to be amplified from opposite strands of the
double-stranded fragment of DNA.
[0064] As noted above, in some embodiments the
method may comprise, in the same reaction, hybridizing
a primer to a first site that is upstream of the first repeat
sequence and hybridizing a primer to a second site that
is upstream of the second repeat sequence. In these em-

bodiments, the first and second sites (i.e., the sites to
which the first and second primers bind, respectively) are
upstream of the first and second repeat sequences, re-
spectively, and equidistant from the first and second re-
peat sequences. This is illustrated in Fig. 2. As illustrated,
the first primer binds to a site that is upstream of (i.e., 3’
to) the first repeat whereas the second primer binds to a
site that is upstream of (i.e., 3’ to) the second repeat,
where the distances between the primers and their re-
spective repeats are the same. Illustrated by example, if
the 3’ end of the first primer hybridizes to a nucleotide
that is upstream of (i.e., 3’ to) the first repeat by n bases
(where n is in the range of, e.g., 5 to 30) then the 3’ end
of the second primer hybridizes to a nucleotide that is
upstream of (i.e., 3’ to) the second repeat by n bases.
While the distance between the primer binding sites and
the repeats can be defined by the number of bases for
some sequencing methods (e.g., Illumina’s dye termina-
tor sequencing method), the distance can be defined by
"flows" in other methods (e.g. Ion Torrent or pyrose-
quencing methods).
[0065] After hybridization of the primers, the method
may comprise subjecting the hybridization product to a
sequencing-by-synthesis sequencing reaction to pro-
duce a sequence read that comprises a combination of
the first and second repeat sequences, meaning that the
sequences are merged into one. In some embodiments,
sequencing-by-synthesis methods are those that involve
extending a primer using a template and detecting which
nucleotide is added at each position. Sequencing-by-
synthesis methods included, but are not limited to, Illu-
mina’s reversible dye terminator method, Thermo’s Ion
Torrent method (which detects ions as they are released
by DNA polymerase) and pyrosequencing, although oth-
ers are known. In the reversible dye terminator approach,
the sequence of a template is determined using revers-
ible terminators chemistry (Turcatti et al., Nucleic Acids
Res. 2008 36:e25). In every sequencing cycle a single
fluorescently labeled, 3’-blocked nucleotide is added in
a templated primer extension reaction. After incorpora-
tion, the identity of the fluorescent label added is detected
by fluorescent imaging. In each round, the labels and
terminators are chemically removed in order to prepare
the primer extension product the next cycle. A more de-
tailed description of the process can be found in Bentley,
supra.
[0066] As noted above, the sequence read produced
using this method will be a combination of the first and
the second repeat sequences, where the term "combi-
nation" is intended to mean that the sequences of the
first and second repeats are merged, superimposed or
melded into one. By way of example, if the sequence of
the first repeat is GATCGGATCGA (SEQ ID NO: 1) and
sequence of the second repeat is GATCGGATCGA
(SEQ ID NO: 1), then the sequence read will contain only
one copy of the sequence GATCGGATCGA (SEQ ID
NO: 1), where some of the signal used to generate the
sequence read is generated by extension of the first prim-
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er and some of the signal used to generate the sequence
read is generated by the extension of the second primer
in the same reaction.
[0067] Differences in the sequences of the first and
second repeats can be identified because the underlying
signal corresponding to the difference will be mixed (i.e.,
will be a composite of signals produced by two different
bases at that position). Positions that have a mixed signal
can be identified because they are associated with a low-
quality base call. As such, differences in the sequences
of the first and second repeats can be identified as posi-
tions that have a low-quality base call. In these embod-
iments, the sequence read comprises, for each position
of the sequence read, a quality score indicating the reli-
ability of the base(s) called at that position. Base calling
is the process by which an order of nucleotides in a tem-
plate is inferred during a sequencing reaction. For exam-
ple, next generation sequencing platforms that use fluo-
rescently labeled reversible terminators have a unique
color for each base. These are incorporated into the com-
plementary strand of the DNA template and captured with
a sensitive CCD camera. These images are processed
into signals which are used to infer the order of nucle-
otides, also known as base calling.
[0068] Base calling accuracy can be measured a va-
riety of different ways. In some embodiments base calling
accuracy can be measured using a Q score (Phred qual-
ity score), which is a common metric to assess the ac-
curacy of a sequencing run. Q scores are defined as log-
arithmically related to base calling error probability,
where Q = - 10 log P / log 10. In this system, if a base is
assigned a Q score of 40, this is equal to the probability
of an incorrect base call of 1 in 10,000 times, or 99.99%
base calling accuracy; a lower Q score of 10 means, there
is the probability of an incorrect call in 1 of 10 bases.
Lower Q scores can lead to increases in false positive
variant calls and reduces the overall confidence an in-
vestigator has in their sequencing data. Details of base
calling and methods for calculating the quality of a base
call are described in a variety of publications, including,
e.g., Ledergerber et al. (Brief Bioinform. 2011 12:
489-497), Whiteford et al. (Bioinformatics 2009 25:
2194-2199), Erlich (Nat. Methods. 2008 5: 679-682) and
Kao et al. (Genome Res. 2009 19: 1884-95).
[0069] In some embodiments, the method may be used
to identify positions that differ in the first and second re-
peats. In these embodiments, a position in the sequence
read that is uncalled or associated with a low-quality
score indicates that first and second repeat sequences
differ at a nucleotide that corresponds to that position.
By way of example, if the sequence of the first repeat is
GATCGGATCGA (SEQ ID NO: 1) and the sequence of
the second repeat is GATCGTATCGA (SEQ ID NO: 2),
then the sequence read may contain only one copy of
the sequence GATCGG[G/T]ATCGA (SEQ ID NO: 3),
where "G/T" is a base that has a mixed signal and is
therefore associated with a poor quality base call. In this
example, the quality of the base calls for the non-G/T

bases will be high and the quality of the base call for the
G/T base will be poor because some of the signal for that
position, as analyzed by the base celling algorithm, will
be generated by extension of the first primer and some
of the signal will be generated by the extension of the
second primer, in the same reaction.
[0070] After a position that has a low-quality base call
has been identified (or, in some cases a position that is
uncalled), the method may further comprise analyzing
the underlying signals for that position to determine the
identities of the nucleotides at that position in the first and
second repeats. For example, in the example described
in the prior paragraph, the underlying signals (i.e., prior
to base calling and referred to as primary sequence data)
could be analyzed to determine that the position contains
a mixture of G and T, thereby indicating that the first re-
peat contains a G or T at that position, and the second
repeat contains the other nucleotide. As such, in any em-
bodiment, the method may comprise reading a combi-
nation of signals obtained by simultaneous extension of
the first and second primers to produce primary sequenc-
ing data, processing the primary sequencing data using
a base-calling algorithm to produce a sequence read
composed of a sequence of base calls, each base call
associated with a quality score indicating the reliability
of the base call; and outputting the sequence read based
on the quality scores. The quality scores allow differenc-
es between the first and second repeats to be identified.
[0071] In some embodiments, the first and second
sites in the template (i.e., the sequences to which the
first and second primers bind) are the same sequence.
In these embodiments, a single primer may be used in
the method, where the primer binds to two sites in the
template. In alternative embodiments, the first and sec-
ond sites in the template (i.e., the sequences to which
the first and second primers bind) may be different se-
quences. In these embodiments, two or more primers
may be used in the method, where the primer binds dif-
ferent sequences in the template, one upstream of the
first repeat and the other upstream from the second re-
peat.
[0072] In some embodiments, the method may involve
determining how many strands of the first repeat are se-
quenced relative to the number of strands of the second
repeat, or if a sufficient number of molecules have been
sequenced. These embodiments may be implemented
by adding a calibration sequence to the template, as
shown in Fig. 3. In these embodiments, the template may
comprise: a first calibrator sequence that is present be-
tween the first site and the first repeat; and a second
calibrator sequence that is present between the second
site and the second repeat, wherein the first and second
calibrator sequences are the same length (e.g., may be
two, three or four bases in length or the same number of
flows in length, depending on the sequencing method
used) and have a different sequence; and the sequence
read of step (b) includes positions that correspond to the
first and second calibrator sequences. In these embod-
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iments, the underlying signals corresponding to the first
and second calibrator sequences (prior to base calling)
can be examined to determine how many strands of the
first and second repeats are sequenced in the reaction.
Likewise, the underlying signals corresponding to the first
and second calibrator sequences (prior to base calling)
can be examined to determine if a sufficient number of
molecules have been sequenced.
[0073] In many sequencing-by-synthesis methods,
template molecules are clonally amplified, and the am-
plification products are sequenced in a highly parallel
fashion. Such methods are reviewed in, e.g., Metzker et
al. (Genome Res. 2005 15:1767-1776) and Bentley
(Curr. Opin. Genet. Dev. 2006 16: 545-55). In Illumina
sequencing the templates are spread in a flow cell and
immobilized on a support (typically glass; see Fedurco
et al., Nucleic Acids Res. 2006 34:e22), where they are
amplified in place by bridge PCR, which generates clus-
ters of identical templates (or "colonies") on the support.
As such, the present method may be implemented by
amplifying the template on a substrate by bridge PCR to
produce a colony that comprises copies of the template,
hybridizing one or more primers to the colony, wherein
a primer hybridizes to a first site that is upstream of the
first repeat sequence and a primer hybridizes to a second
site that is upstream of the second repeat sequence,
wherein the first and second sites are: upstream of the
first and second repeat sequences, respectively, equi-
distant from the first and second repeat sequences; and
obtaining the sequence of the template by a sequencing-
by-synthesis sequencing reaction to produce a sequence
read that comprises a combination of the first and second
repeat sequences. In some embodiments (and as illus-
trate in Fig. 3) the top and bottom strands of the bridge
PCR amplification products may be sequenced by Illu-
mina’s sequencing method (which is referred to as
"paired end" sequencing). As such, in some embodi-
ments, the sequence of a top strand of a bridge PCR
product can be compared to the sequence of a bottom
strand of a bridge PCR product. Positions that are asso-
ciated with a low-quality base call as a result of a differ-
ence in sequence between the first and second repeats
should have a low-quality base call in both strands. In
some embodiments, after sequencing both strands of the
product by paired end sequencing one can produce a
consensus sequence for the top strand of the initial dou-
ble-stranded fragment and a consensus sequence for
the bottom strand of the initial double-stranded fragment.
Low quality bases can be masked or integrated into a
model in which the quality scores are taken into account.
Sequences that are not present in both the top and bot-
tom strands of the initial double-stranded fragment can
thereby be eliminated from future analysis.
[0074] Fig. 3 illustrates an example of the method. In
this example, the template is a double stranded molecule
and one or both strands need to be sequenced (sequenc-
ing of the bottom strand is shown). In this example, the
direct repeat template has flow cell sequences (e.g., Il-

lumina’s P5 and P7 sequences) at the ends and a primer
binding site between the first and second repeats. As
shown, this molecule is amplified from a double-stranded
fragment, where the first and second repeat sequences
(W* and W or C∗ and C) are amplified from opposite
strands of a double-stranded fragment of DNA and are
identical except for positions that correspond to damaged
nucleotides in the double-stranded fragment of DNA or
errors that occur during amplification. As shown, the
method may involve hybridizing two primers (designated
P1 and P2, which can be the same or different) to the
template (after it has been amplified). In this embodiment,
the repeats each have a calibrator sequence (referred to
as "key 1" and "key 2" that can be used to determine the
relative number of copies of the first and second repeats
that are sequenced in a reaction. As shown, the part of
the sequence read obtained from primer P1 should con-
tain key 1 (TT) and the part of the sequence read obtained
from primer P2 should contain key 1 (AA). In this example,
there is a difference in sequence in the first and second
repeats, which can be identified as a base call with a low
quality (as a result of the template have a mixed nucle-
otide at that position).
[0075] In embodiments in which there is non-informa-
tional sequence immediately downstream of a primer
binding site, the primers may be extended but not read
for the first few cycles, thereby allowing one to obtain the
sequence of the keys and/or repeats faster.
[0076] In some embodiments, the direct repeat tem-
plate may have different, non-complementary sequenc-
es (Sequences 1 and 2 in Fig. 3) in at least 10 nucleotides
(e.g., at least 10, 12 or 14 nucleotides in length) that allow
the fragments to be amplified by a single pair of primers:
a first primer that hybridizes to one sequence and another
that hybridizes to the complement of the other sequence.
These sequences may be compatible with the sequenc-
ing platform being used. These sequences do not need
to be at the very end of a molecule although, in many
embodiments, the sequences are within 50 nt, e.g., within
30 nt of the end of molecule. As would be apparent, the
template molecule should have a junction sequence be-
tween the first and second repeats. The junction se-
quence should be of 10 nucleotides (e.g., 10 to 100 nt).
The template may contain a molecular barcode (e.g., a
sample identifier or molecule identifier) at any position
(outside of the repeats).
[0077] The method described above can be employed
to analyze genomic DNA from virtually any organism,
including, but not limited to, plants, animals (e.g., reptiles,
mammals, insects, worms, fish, etc.), tissue samples,
bacteria, fungi (e.g., yeast), phage, viruses, cadaveric
tissue, archaeological/ancient samples, etc. In certain
embodiments, the genomic DNA used in the method may
be derived from a mammal, wherein certain embodi-
ments the mammal is a human. In exemplary embodi-
ments, the sample may contain genomic DNA from a
mammalian cell, such as, a human, mouse, rat, or mon-
key cell. The sample may be made from cultured cells or
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cells of a clinical sample, e.g., a tissue biopsy, scrape or
lavage or cells of a forensic sample (i.e., cells of a sample
collected at a crime scene). In particular embodiments,
the nucleic acid sample may be obtained from a biological
sample such as cells, tissues, bodily fluids, and stool.
Bodily fluids of interest include but are not limited to,
blood, serum, plasma, saliva, mucous, phlegm, cerebral
spinal fluid, pleural fluid, tears, lactal duct fluid, lymph,
sputum, synovial fluid, urine, amniotic fluid, and semen.
In particular embodiments, a sample may be obtained
from a subject, e.g., a human. In some embodiments,
the sample comprises fragments of human genomic
DNA. In some embodiments, the sample may be ob-
tained from a cancer patient. In some embodiments, the
sample may be made by extracting fragmented DNA from
a patient sample, e.g., a formalin-fixed paraffin embed-
ded tissue sample. In some embodiments, the patient
sample may be a sample of cell-free "circulating" DNA
from a bodily fluid, e.g., peripheral blood, e.g., from the
blood of a patient or of a pregnant female. The DNA frag-
ments used in the initial step of the method should be
non-amplified DNA that has not been denatured before-
hand.
[0078] The DNA in the initial sample may be made by
extracting genomic DNA from a biological sample, and
then fragmenting it. In some embodiments, the fragment-
ing may be done mechanically (e.g., by sonication, neb-
ulization, or shearing, etc.) or using a double stranded
DNA "dsDNA" fragmentase enzyme (New England Bi-
olabs, Ipswich MA). In some of these methods (e.g., the
mechanical and fragmentase methods), after the DNA is
fragmented, the ends may be polished and A-tailed prior
to ligation to one or more adaptors. Alternatively, the ends
may be polished and ligated to adaptors in a blunt-end
ligation reaction. In other embodiments, the DNA in the
initial sample may already be fragmented (e.g., as is the
case for FFPE (formalin-fixed paraffin embedded) sam-
ples and circulating cell-free DNA (cfDNA), e.g., ctDNA).
The fragments in the initial sample may have a median
size that is below 1 kb (e.g., in the range of 50 bp to 500
bp, or 80 bp to 400 bp), although fragments having a
median size outside of this range may be used.
[0079] In some embodiments, the amount of DNA in a
sample may be limiting. For example, the initial sample
of fragmented DNA may contain less than 200ng of frag-
mented human DNA, e.g., 1 pg to 20 pg, 10 pg to 200
ng, 100 pg to 200 ng, 1 ng to 200 ng or 5 ng to 50 ng, or
less than 10,000 (e.g., less than 5,000, less than 1,000,
less than 500, less than 100, less than 10 or less than 1)
haploid genome equivalents, depending on the genome.
[0080] In some embodiments, sample identifiers (i.e.,
a sequence that identifies the sample to which the se-
quence is added, which can identify the patient, or a tis-
sue, etc.) can be added to the polynucleotides prior to
sequencing, so that multiple (e.g., at least 2, at least 4,
at least 8, at least 16, at least 48, at least 96 or more)
samples can be multiplexed. In these embodiments, the
sample identifier may be ligated to the initial polynucle-

otides as part of the asymmetric adaptor, or the sample
identifier may be ligated to the polynucleotides in the sub-
samples, before or after amplification of those polynucle-
otides. Alternatively, the tag may be added by primer
extension, i.e., using a primer that has a 3’ end that hy-
bridizes to an adaptor sequence, and a 5’ tail that con-
tains the sample identifier.
[0081] The population of direct repeat molecules may
be made in a variety of different ways. These methods
rely on creating circular molecules, retaining physical
proximity between the two strands of one double-strand-
ed DNA molecule, or physically isolating two strands of
one double-stranded molecule, during manipulation
steps. The methods also divide into strategies requiring
one, or more, adaptor types. These methods can be done
by fragmenting, polishing and then tailing the ends of the
fragments before adaptor ligation. Alternatively, trans-
posases can be used to add adaptor sequences. In some
embodiments, standard transposons can be used but
then modified to create a Y-shaped adaptor using oligo-
nucleotide replacement (Grunenwald H, Baas B, Gory-
shin I, Zhang B, Adey A, Hu S, Shendure J, Caruccio N,
Maffitt M 2011. Nextera PCR-free DNA library prepara-
tion for next-generation sequencing. [Poster presenta-
tion, AGBT 2011]; Gertz J, Varley KE, Davis NS, Baas
BJ, Goryshin IY, Vaidyanathan R, Kuersten S, Myers RM
2012. Transposase mediated construction of RNA-seq
libraries. Genome Res 22: 134-141).
[0082] In some embodiments, the direct repeat tem-
plate may be made by (a) ligating adaptor sequences
onto both ends of top and bottom strands of a population
of fragments of double-stranded genomic DNA to pro-
duce double-stranded molecules comprising (i) a top
strand comprising a 5’ sequence (e.g., X) at the 5’ end
and a junction sequence (e.g., J) at the 3’ end; and (ii) a
bottom strand comprising a 5’ sequence (e.g., Y’) at the
5’ end, and the complement of the junction sequence (J’)
at the 3’ end; and (b) extending the 3’ end of the top
strands (i.e., the strand that contains sequence X) using
the bottom strand as a template, thereby copying the
complement of the bottom strand, as well as sequences
J and Y, into the same molecule as the top strand to
produce a direct repeat molecule of formula: X-TOP-J-
BOT’-Y, wherein: (i) within each repeat molecule TOP
and BOT’ are amplified from opposite strands of a frag-
ment of the double-stranded of genomic DNA and iden-
tical except for positions that correspond to damaged nu-
cleotides in the double-stranded fragment of genomic
DNA or amplification errors. In these embodiments, TOP
and BOT’ vary in the population and have a median length
of at least 50 nucleotides and X and Y are different, non-
complementary sequences of at least 10 nucleotides in
length that do not vary in the population; and J is a junction
sequence. Examples of this method are shown in the
figures and described in greater detail below.
[0083] In some embodiments and as shown in Fig. 4
and 5, a direct repeat molecule may be made by ligating
a single adaptor onto both ends of top and bottom strands
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of a population of fragments of double-stranded genomic
DNA, such that, the individual molecules are in a cova-
lently open circle and, in in the individual molecules in
the population, sequence X is added onto the 5’ end of
the top strands of the fragment and sequence Y’ is ligated
onto the 5’ of bottom strands of the fragments. This meth-
od involves extending the 3’ end of the top strands (i.e.,
the strand that contains sequence X) using the bottom
strand as a template, thereby copying the complement
of the bottom strand, as well as sequence Y, into the
same molecule as the top strand. Such a molecule can
be amplified using primers that have a 3’ end that is the
same as or that hybridize to sequence X and Y. An ex-
ample of such a method is illustrated in Figs. 4 and 5,
where the top strand of the fragments of genomic DNA
are indicated as "forward" and "reverse" respectively and
sequences X and Y’ are indicated as sequences R1 and
R2.
[0084] In some embodiments, the direct repeat mole-
cules may be made by ligating a single adaptor onto both
ends of top and bottom strands of a population of frag-
ments of double-stranded genomic DNA, such that, the
individual molecules are in a covalently closed circle and,
in the individual molecules in the population, sequence
X is added onto the 5’ end of the top strands of the frag-
ment and sequence Y’ is ligated onto the 5’ end of the
bottom strands of the fragments. This method involves
creating one or more nicks by reacting, e.g., an adaptor
containing dUTP and a mixture of UDG/endonuclease
IV, extending the 3’ end of the top strands (i.e., the strand
that contains sequence X) using the bottom strand as a
template, thereby copying the complement of the bottom
strand, as well as sequence Y, into the same molecule
as the top strand. Such a molecule can be amplified using
primers that have a 3’ end that is the same as or that
hybridizes to sequence X and Y.
[0085] A similar product may be made by emulsion
PCR, using an immobilization approach, or rolling circle
amplification, single adapter methods and greater than
1 adapter methods, as described in WO2018229547. In
some embodiments, the direct repeat template may be
of the formula X-TOP-J-BOT’-Y, wherein (i) within each
repeat molecule TOP and BOT’ are amplified from op-
posite strands of a double-stranded fragment of genomic
DNA and are identical except for positions that corre-
spond to damaged nucleotides in the double-stranded
fragment of genomic DNA or errors that occur during am-
plification; (ii) TOP and BOT’ have a median length of at
least 50 nucleotides; (iii) X and Y are different, non-com-
plementary sequences of at least 10 nucleotides; and
(iv) J is a junction sequence of, e.g., at least 10 nucle-
otides in length. In some embodiments, the direct repeat
template may have a strand of the formula
X-(T)TOP(A)-J-(T)BOT’(A)-Y, wherein (T) and (A) are
thymine and adenine nucleotides that are immediately
adjacent to TOP and BOT’. Such molecules may be made
by, for example (a) ligating adaptor sequences onto both
ends of top and bottom strands of a population of frag-

ments of double-stranded genomic DNA to produce dou-
ble-stranded molecules comprising: (i) a top strand com-
prising sequence X at the 5’ end and sequence J at the
3’ end; and (ii) a bottom strand comprising sequence Y’
at the 5’ end, and sequence J’ at the 3’ end; and (b)
extending the 3’ end of the top strands using the bottom
strands as a template, thereby adding the complement
of the bottom strands and sequence Y onto the end 3’
end of the top strands. This method is illustrated in Figs
4 and 5.

Kits

[0086] Also provided by this disclosure is a kit for prac-
ticing the subject method, as described above. The var-
ious components of the kit may be present in separate
containers or certain compatible components may be
pre-combined into a single container, as desired.
[0087] In addition to above-mentioned components,
the subject kits may further include instructions for using
the components of the kit to practice the subject methods,
i.e., to provide instructions for sample analysis. The in-
structions for practicing the subject methods are gener-
ally recorded on a suitable recording medium. For exam-
ple, the instructions may be printed on a substrate, such
as paper or plastic, etc. As such, the instructions may be
present in the kits as a package insert, in the labeling of
the container of the kit or components thereof (i.e., as-
sociated with the packaging or subpackaging) etc. In oth-
er embodiments, the instructions are present as an elec-
tronic storage data file present on a suitable computer
readable storage medium, e.g., CD-ROM, diskette, etc.
In yet other embodiments, the actual instructions are not
present in the kit, but means for obtaining the instructions
from a remote source, e.g., via the internet, are provided.
An example of this embodiment is a kit that includes a
web address where the instructions can be viewed and/or
from which the instructions can be downloaded. As with
the instructions, this means for obtaining the instructions
is recorded on a suitable substrate.

Utility

[0088] As would be readily apparent, the method de-
scribed above may be employed to analyze any type of
sample, including, but not limited to samples that contain
heritable mutations, samples that contain somatic muta-
tions, samples from mosaic individuals, pregnant fe-
males (in which some of the sample contains DNA from
a developing fetus), and samples that contain a mixture
of DNA from different sources. In certain embodiments,
the method may be used identify a minority variant that,
in some cases, may be due to a somatic mutation in a
person.
[0089] In some embodiments, the method may be em-
ployed to detect an oncogenic mutation (which may be
a somatic mutation) in, e.g., PIK3CA, NRAS, KRAS,
JAK2, HRAS, FGFR3, FGFR1, EGFR, CDK4, BRAF,
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RET, PGDFRA, KIT or ERBB2, which may be associated
with breast cancer, melanoma, renal cancer, endometrial
cancer, ovarian cancer, pancreatic cancer, leukemia,
colorectal cancer, prostate cancer, mesothelioma, glio-
ma, medulloblastoma, polycythemia, lymphoma, sarco-
ma or multiple myeloma (see, e.g., Chial 2008 Proto-
oncogenes to oncogenes to cancer. Nature Education
1:1). Other oncogenic mutations (which may be somatic
mutations) of interest include mutations in, e.g., APC,
AXIN2, CDH1, GPC3, CYLD, EXT1, EXT2, PTCH, SU-
FU, FH, SDHB, SDHC, SDHD, VHL, TP53, WT1,
STK11/LKB1, PTEN, TSC1, TSC2, CDKN2A, CDK4,
RB1, NF1, BMPR1A, MEN1, SMAD4, BHD, HRPT2,
NF2, MUTYH, ATM, BLM, BRCA1, BRCA2, FANCA,
FANCC, FANCD2, FANCE, FANCF, FANCG, NBS1,
RECQL4, WRN, MSH2, MLH1, MSH6, PMS2, XPA,
XPC, ERCC2-5, DDB2 or MET, which may be associated
with colon, thyroid, parathyroid, pituitary, islet cell, stom-
ach, intestinal, embryonal, bone, renal, breast, brain,
ovarian, pancreatic, uterine, eye, hair follicle, blood or
uterus cancers, pilotrichomas, medulloblastomas, leio-
myomas, paragangliomas, pheochromocytomas,
hamartomas, gliomas, fibromas, neuromas, lymphomas
or melanomas. In some embodiments, the method may
be employed to detect a somatic mutation in genes that
are implicated in cancer, e.g., CTNNB1, BCL2,
TNFRSF6/FAS, BAX, FBXW7/CDC4, GLI, HPVE6,
MDM2, NOTCH1, AKT2, FOXO1A, FOXO3A, CCND1,
HPVE7, TAL1, TFE3, ABL1, ALK, EPHB2, FES, FGFR2,
FLT3, FLT4, KRAS2, NTRK1, NTRK3, PDGFB, PDG-
FRB, EWSR1, RUNX1, SMAD2, TGFBR1, TGFBR2,
BCL6, EVI1, HMGA2, HOXA9, HOXA11, HOXA13,
HOXC13, HOXD11, HOXD13, HOX11, HOX11L2,
MAP2K4, MLL, MYC, MYCN, MYCL1, PTNP1, PTNP11,
RARA, SS18 (see, e.g., Vogelstein and Kinzler 2004
Cancer genes and the pathways they control. Nature
Medicine 10:789-799). The method of embodiment may
be employed to detect any somatic mutation that is im-
plicated in cancer which is catalogued by COSMIC (Cat-
alogue of Somatic Mutations in Cancer), data of which
can be accessed on the internet.
[0090] Other mutations of interest include mutations
in, e.g., ARID1A, ARID1B, SMARCA4, SMARCB1,
SMARCE1, AKT1, ACTB/ACTG1, CHD7, ANKRD11,
SETBP1, MLL2, ASXL1, which may be at least associ-
ated with rare syndromes such as Coffin-Siris syndrome,
Proteus syndrome, Baraitser-Winter syndrome,
CHARGE syndrome, KBG syndrome, Schinzel-Giedion
syndrome, Kabuki syndrome or Bohring-Opitz syndrome
(see, e.g., Veltman and Brunner 2012 De novo mutations
in human genetic disease. Nature Reviews Genetics
13:565-575). Hence, the method may be employed to
detect a mutation in those genes.
[0091] In other embodiments, the method may be em-
ployed to detect a mutation in genes that are implicated
in a variety of neurodevelopmental disorders, e.g.,
KAT6B, THRA, EZH2, SRCAP, CSF1R, TRPV3,
DNMT1, EFTUD2, SMAD4, LIS1, DCX, which may be

associated with Ohdo syndrome, hypothyroidism, Geni-
topatellar syndrome, Weaver syndrome, Floating-Harbor
syndrome, hereditary diffuse leukoencephalopathy with
spheroids, Olmsted syndrome, ADCA-DN (autosomal-
dominant cerebellar ataxia, deafness and narcolepsy),
mandibulofacial dysostosis with microcephaly or Myhre
syndrome (see, e.g., Ku et al. (2012) A new paradigm
emerges from study of de novo mutations in the context
of neurodevelopmental disease. Molecular Psychiatry
18:141-153). The method may also be employed to de-
tect a somatic mutation in genes that are implicated in a
variety of neurological and neurodegenerative disorders,
e.g., SCN1A, MECP2, IKBKG/NEMO or PRNP (see, e.g.,
Poduri et al. (2014) Somatic mutation, genetic variation,
and neurological disease. Science 341(6141):1237758).
[0092] In some embodiments, a sample may be col-
lected from a patient at a first location, e.g., in a clinical
setting such as in a hospital or at a doctor’s office, and
the sample may be forwarded to a second location, e.g.,
a laboratory where it is processed, and the above-de-
scribed method is performed to generate a report. A "re-
port" as described herein, is an electronic or tangible doc-
ument which includes report elements that provide test
results that may indicate the presence and/or quantity of
minority variant(s) in the sample. Once generated, the
report may be forwarded to another location (which may
be the same location as the first location), where it may
be interpreted by a health professional (e.g., a clinician,
a laboratory technician, or a physician such as an oncol-
ogist, surgeon, pathologist or virologist), as part of a clin-
ical decision.
[0093] The method may be used to analyze diseases
that are associated with mutations, transplant rejection
and has applications in non-invasive prenatal testing.

Claims

1. A method of sequencing a template that comprises
a first repeat sequence and a second repeat se-
quence, wherein the first and second repeat se-
quences are in a direct repeat and either identical or
nearly identical, comprising:

(a) in the same reaction, hybridizing a primer to
a first site that is upstream of the first repeat
sequence and hybridizing a primer to a second
site that is upstream of the second repeat se-
quence, wherein the first and second sites are:

(i) upstream of the first and second repeat
sequences, respectively, and
(ii) equidistant from the first and second re-
peat sequences; and

(b) subjecting the hybridization product of (a) to
a sequencing-by-synthesis sequencing reaction
to produce a sequence read that comprises a
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combination of the first and second repeat se-
quences.

2. The method of claim 1, wherein within each template
the first repeat sequence and the second repeat se-
quence are amplified from opposite strands of a dou-
ble-stranded fragment of DNA and are identical ex-
cept for positions that correspond to damaged nu-
cleotides in the double-stranded fragment of DNA or
errors that occur during amplification.

3. The method of claim 2, wherein the double-stranded
fragment of DNA is genomic DNA.

4. The method of claim 3, wherein the genomic DNA
is eukaryotic genomic DNA, DNA isolated from a tis-
sue biopsy, cell-free DNA (cfDNA), microbial genom-
ic DNA, or viral genomic DNA.

5. The method of any prior claim, wherein the sequence
read of (b) comprises, for each position of the se-
quence read, a quality score indicating the reliability
of the base(s) called at that position.

6. The method of claim 5, wherein a position in the se-
quence read that is uncalled or associated with a
low-quality score indicates that first and second re-
peat sequences differ at a nucleotide that corre-
sponds to that position.

7. The method of claim 6, further comprising analyzing
primary sequencing data for a position that has a
low-quality score to determine the identities of the
nucleotides at that position in the first and second
repeats.

8. The method of any prior claim, wherein step (b) com-
prises:

(i) reading a combination of signals obtained by
simultaneous extension of the first and second
primers to produce primary sequencing data;
(ii) processing the primary sequencing data us-
ing a base-calling algorithm to produce a se-
quence read composed of a sequence of base
calls, each base call associated with a quality
score indicating the reliability of the base call;
and
(iii) outputting the sequence read based on (ii).

9. The method of any prior claim, wherein the sequenc-
ing-by-synthesis of step (b) comprises simultane-
ously extending the first and second primers in the
presence of reversible chain terminators.

10. The method of any prior claim, wherein the first and
second sites in the template are the same sequence.

11. The method of any of claims 1-9, wherein the first
and second sites in the template are different se-
quences.

12. The method of any prior claim, wherein the template
comprises:

(i) a first calibrator sequence that is present be-
tween the first site and the first repeat; and
(ii) a second calibrator sequence that is present
between the second site and the second repeat,
wherein the first and second calibrator sequenc-
es are the same length and have a different se-
quence; and

the sequence read of step (b) includes positions that
correspond to the first and second calibrator se-
quences.

13. The method of claim 12, further comprising analyzing
the signals corresponding to the first and second cal-
ibrator sequences to determine how many strands
of the first and second repeats are sequenced in the
reaction, and optionally further comprising analyzing
the signals corresponding to the first and second cal-
ibrator sequences to determine if a sufficient number
of molecules have been sequenced.

14. The method of any prior claim, wherein first and sec-
ond repeats are less than 2,000 nucleotides in
length.

15. The method of any prior claim, wherein the method
is done by:

amplifying the template on a substrate by bridge
PCR to produce a colony that comprises copies
of the template;
hybridizing one or more primers to the colony,
wherein a primer hybridizes to a first site that is
upstream of the first repeat sequence and a
primer hybridizes to a second site that is up-
stream of the second repeat sequence, wherein
the first and second sites are: upstream of the
first and second repeat sequences, respective-
ly, and equidistant from the first and second re-
peat sequences; and
obtaining the sequence of the template by a se-
quencing-by-synthesis sequencing reaction to
produce a sequence read that comprises a com-
bination of the first and second repeat sequenc-
es.

Patentansprüche

1. Verfahren zur Sequenzierung einer Matrize, die eine
erste Wiederholungssequenz und eine zweite Wie-
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derholungssequenz umfasst, wobei die erste und
zweite Wiederholungssequenz in einer direkten
Wiederholung vorliegen und entweder identisch
oder nahezu identisch sind, umfassend:

(a) in derselben Reaktion, Hybridisieren eines
Primers an eine erste Stelle, die stromaufwärts
der ersten Wiederholungssequenz liegt, und
Hybridisieren eines Primers an eine zweite Stel-
le, die stromaufwärts der zweiten Wiederho-
lungssequenz liegt, wobei die erste und zweite
Stelle folgendermaßen vorliegen:

(i) jeweils stromaufwärts der ersten und
zweiten Wiederholungssequenz, und
(ii) im gleichen Abstand von der ersten und
zweiten Wiederholungssequenz; und

(b) Unterziehen des Hybridisierungsprodukts
von (a) einer Sequencing-By-Synthesis-Se-
quenzierreaktion, um einen Sequenz-Read zu
erzeugen, der eine Kombination der ersten und
zweiten Wiederholungssequenz umfasst.

2. Verfahren nach Anspruch 1, wobei innerhalb jeder
Matrize die erste Wiederholungssequenz und die
zweite Wiederholungssequenz von entgegenge-
setzten Strängen eines doppelsträngigen DNA-
Fragments amplifiziert werden und mit Ausnahme
von Positionen, die den beschädigten Nukleotiden
in dem doppelsträngigen DNA-Fragment oder Feh-
lern, die während der Amplifikation auftreten, ent-
sprechen, identisch sind.

3. Verfahren nach Anspruch 2, wobei es sich bei dem
doppelsträngigen DNA-Fragment um genomische
DNA handelt.

4. Verfahren nach Anspruch 3, wobei es sich bei der
genomischen DNA um eukaryotische genomische
DNA, aus einer Gewebebiopsie isolierte DNA, zell-
freie DNA (cfDNA), mikrobielle genomische DNA
oder virale genomische DNA handelt.

5. Verfahren nach einem der vorhergehenden Ansprü-
che, wobei der Sequenz-Read von (b) für jede Po-
sition des Sequenz-Reads einen Qualitätsscore um-
fasst, der die Zuverlässigkeit der an dieser Position
aufgerufenen Base(n) angibt.

6. Verfahren nach Anspruch 5, wobei eine Position in
dem Sequenz-Read, die nicht aufgerufen oder mit
einem niedrigen Qualitätsscore assoziiert wird, an-
gibt, dass sich erste und zweite Wiederholungsse-
quenzen in einem Nukleotid, das dieser Position ent-
spricht, unterscheiden.

7. Verfahren nach Anspruch 6, ferner umfassend das

Analysieren primärer Sequenzierdaten für eine Po-
sition, die einen niedrigen Qualitätsscore aufweist,
um die Identitäten der Nukleotide an dieser Position
in der ersten und zweiten Wiederholung zu bestim-
men.

8. Verfahren nach einem der vorhergehenden Ansprü-
che, wobei Schritt (b) Folgendes umfasst:

(i) Lesen einer Kombination von Signalen, die
durch gleichzeitige Verlängerung des ersten
und zweiten Primers erhalten wurden, um pri-
märe Sequenzierdaten zu erzeugen;
(ii) Verarbeiten der primären Sequenzierdaten
unter Verwendung eines Base Calling-Algorith-
mus, um einen Sequenz-Read zu erzeugen, der
aus einer Sequenz von Base Calls besteht, wo-
bei jeder Base Call mit einem Qualitätsscore as-
soziiert ist, der die Zuverlässigkeit des Base
Calls angibt; und
(iii) Ausgeben des Sequenz-Reads basierend
auf (ii).

9. Verfahren nach einem der vorhergehenden Ansprü-
che, wobei das Sequencing-By-Synthesis von
Schritt (b) das gleichzeitige Verlängern des ersten
und zweiten Primers bei Vorhandensein von rever-
siblen Kettenterminatoren umfasst.

10. Verfahren nach einem der vorhergehenden Ansprü-
che, wobei die erste und zweite Stelle in der Matrize
dieselbe Sequenz sind.

11. Verfahren nach einem der Ansprüche 1 - 9, wobei
die erste und zweite Stelle in der Matrize unter-
schiedliche Sequenzen sind.

12. Verfahren nach einem der vorhergehenden Ansprü-
che, wobei die Matrize Folgendes umfasst:

(i) eine erste Kalibratorsequenz, die zwischen
der ersten Seite und der ersten Wiederholung
vorhanden ist; und
(ii) eine zweite Kalibratorsequenz, die zwischen
der zweiten Seite und der zweiten Wiederholung
vorhanden ist, wobei die erste und zweite Kali-
bratorsequenz gleicher Länge sind und eine un-
terschiedliche Sequenz aufweisen; und

der Sequenz-Read von Schritt (b) Positionen ein-
schließt, die der ersten und zweiten Kalibratorse-
quenz entsprechen.

13. Verfahren nach Anspruch 12, ferner umfassend das
Analysieren der Signale, die der ersten und zweiten
Kalibratorsequenz entsprechen, um zu bestimmen,
wie viele Stränge der ersten und zweiten Wiederho-
lung in der Reaktion sequenziert sind, und gegebe-
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nenfalls ferner umfassend das Analysieren der Sig-
nale, die der ersten und zweiten Kalibratorsequenz
entsprechen, um zu bestimmen, ob eine ausreichen-
de Anzahl von Molekülen sequenziert worden ist.

14. Verfahren nach einem der vorhergehenden Ansprü-
che, wobei erste und zweite Wiederholungen weni-
ger als 2.000 Nukleotide lang sind.

15. Verfahren nach einem der vorhergehenden Ansprü-
che, wobei das Verfahren folgendermaßen durch-
geführt wird:

Amplifizieren der Matrize auf einem Substrat
mittels Brücken-PCR, um eine Kolonie zu erzeu-
gen, die Kopien der Matrize umfasst;
Hybridisieren eines oder mehrerer Primer an die
Kolonie, wobei ein Primer an eine erste Stelle,
die stromaufwärts der ersten Wiederholungsse-
quenz liegt, hybridisiert und ein Primer an eine
zweite Stelle, die stromaufwärts der zweiten
Wiederholungssequenz liegt, hybridisiert, wo-
bei die erste und zweite Stelle folgendermaßen
vorliegen: jeweils stromaufwärts der ersten und
zweiten Wiederholungssequenz und im glei-
chen Abstand von der ersten und zweiten Wie-
derholungssequenz; und
Erhalten der Sequenz der Matrize durch eine
Sequencing-By-Synthesis-Sequenzierreakti-
on, um einen Sequenz-Read zu erzeugen, der
eine Kombination der ersten und zweiten Wie-
derholungssequenz umfasst.

Revendications

1. Procédé de séquençage d’une matrice qui com-
prend une première séquence de répétition et une
deuxième séquence de répétition, les première et
deuxième séquences de répétition étant dans une
répétition directe et étant soit identiques, soit pres-
que identiques, comprenant :

(a) dans la même réaction, une hybridation
d’une amorce au niveau d’un premier site qui
est en amont de la première séquence de répé-
tition et une hybridation d’une amorce au niveau
d’un deuxième site qui est en amont de la
deuxième séquence de répétition, les premier
et deuxième sites étant :

(i) en amont des première et deuxième sé-
quences de répétition, respectivement ; et
(ii) équidistants des première et deuxième
séquences de répétition ; et

(b) la soumission du produit d’hybridation de (a)
à une réaction de séquençage de séquençage-

par-synthèse pour produire une lecture de sé-
quence qui comprend une combinaison des pre-
mière et deuxième séquences de répétition.

2. Procédé selon la revendication 1, dans lequel dans
chaque matrice la première séquence de répétition
et la deuxième séquence de répétition sont ampli-
fiées à partir de brins opposés d’un fragment double
brin d’ADN et sont identiques à l’exception de posi-
tions qui correspondent à des nucléotides endom-
magés dans le fragment double brin d’ADN ou des
erreurs qui se produisent pendant une amplification.

3. Procédé selon la revendication 2, le fragment double
brin d’ADN étant un ADN génomique.

4. Procédé selon la revendication 3, l’ADN génomique
étant un ADN génomique eucaryote, un ADN isolé
d’une biopsie de tissu, un ADN sans cellule (ADNcf),
un ADN génomique microbien ou un ADN génomi-
que viral.

5. Procédé selon une quelconque revendication pré-
cédente, la lecture de séquence de (b) comprenant,
pour chaque position de la lecture de séquence, un
score de qualité indiquant la fiabilité de la base ou
des bases appelée (s) au niveau de cette position.

6. Procédé selon la revendication 5, une position dans
la lecture de séquence qui n’est pas appelée ou qui
est associée à un score de qualité bas indiquant que
les première et deuxième séquences de répétition
diffèrent au niveau d’un nucléotide qui correspond à
cette position.

7. Procédé selon la revendication 6, comprenant en
outre l’analyse de données de séquençage primaire
pour une position qui possède un score de qualité
bas pour déterminer les identités des nucléotides au
niveau de cette position dans les première et deuxiè-
me répétitions.

8. Procédé selon une quelconque revendication pré-
cédente, l’étape (b) comprenant :

(i) la lecture d’une combinaison de signaux ob-
tenus par extension simultanée des première et
deuxième amorces pour produire des données
de séquençage primaire ;
(ii) le traitement des données de séquençage
primaire en utilisant un algorithme d’appel de
base pour produire une lecture de séquence
composée d’une séquence d’appels de base,
chaque appel de base étant associé à un score
de qualité indiquant la fiabilité de l’appel de
base ; et
(iii) la sortie de la lecture de séquence sur la
base de (ii).
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9. Procédé selon une quelconque revendication pré-
cédente, le séquençage-par-synthèse de l’étape (b)
comprenant l’extension de manière simultanée des
première et deuxième amorces en la présence de
terminateurs de chaînes réversibles.

10. Procédé selon une quelconque revendication pré-
cédente, les premier et deuxième sites dans la ma-
trice étant la même séquence.

11. Procédé selon l’une quelconque des revendications
1 à 9, les premier et deuxième sites dans la matrice
étant différentes séquences.

12. Procédé selon une quelconque revendication pré-
cédente, la matrice comprenant :

(i) une première séquence d’étalon qui est pré-
sente entre le premier site et la première
répétition ; et
(ii) une deuxième séquence d’étalon qui est pré-
sente entre le deuxième site et la deuxième ré-
pétition, les première et deuxième séquences
d’étalon étant de la même longueur et possé-
dant une séquence différente ; et

la lecture de séquence de l’étape (b) comprenant
des positions qui correspondent aux première et
deuxième séquences d’étalon.

13. Procédé selon la revendication 12, comprenant en
outre l’analyse des signaux correspondant aux pre-
mière et deuxième séquences d’étalon pour déter-
miner combien de brins des première et deuxième
répétitions sont séquencés dans la réaction, et éven-
tuellement comprenant en outre l’analyse des si-
gnaux correspondant aux première et deuxième sé-
quences d’étalon pour déterminer si un nombre suf-
fisant de molécules ont été séquencées.

14. Procédé selon une quelconque revendication pré-
cédente, les première et deuxième répétitions étant
d’une longueur de moins de 2 000 nucléotides.

15. Procédé selon une quelconque revendication pré-
cédente, le procédé étant réalisé par :

amplification de la matrice sur un substrat par
PCR en pont pour produire une colonie qui com-
prend des copies de la matrice ;
hybridation d’une ou plusieurs amorces à la co-
lonie, une amorce s’hybridant au niveau d’un
premier site qui est en amont de la première
séquence de répétition et une amorce s’hybri-
dant au niveau d’un deuxième site qui est en
amont de la deuxième séquence de répétition,
les premier et deuxième sites étant : en amont
des première et deuxième séquences de répé-

tition, respectivement, et équidistants des pre-
mière et deuxième séquences de répétition ; et
obtention de la séquence de la matrice par une
réaction de séquençage de séquençage-par-
synthèse pour produire une lecture de séquence
qui comprend une combinaison des première et
deuxième séquences de répétition.

33 34 



EP 3 938 541 B9

20



EP 3 938 541 B9

21



EP 3 938 541 B9

22



EP 3 938 541 B9

23



EP 3 938 541 B9

24

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

• US 5948902 A [0016]
• US 20050233340 A [0016]
• US 5635400 A, Brenner [0032]
• EP 0799897 A1, Morris  [0032]

• US 5981179 A, Wallace [0032]
• US 20100323348 A [0035]
• US 20090105959 A [0035]
• WO 2018229547 A [0085]

Non-patent literature cited in the description

• SINGLETON et al. DICTIONARY OF MICROBIOL-
OGY AND MOLECULAR BIOLOGY. John Wiley and
Sons, 1994 [0010]

• HALE ; MARKHAM. THE HARPER COLLINS DIC-
TIONARY OF BIOLOGY. Harper Perennial, 1991
[0010]

• ZHANG et al. Nature Chemistry, 2012, vol. 4, 208-24
[0019]

• AUSUBEL et al. Current Protocols in Molecular Bi-
ology. John Wiley & Sons, Inc,  [0021]

• SAMBROOK et al. Molecular Cloning: A Laboratory
Manual. Cold Spring Harbor Laboratory Press [0021]

• AUSUBEL et al. Short Protocols in Molecular Biolo-
gy. Wiley & Sons, 1995 [0022]

• SAMBROOK et al. Molecular Cloning: A Laboratory
Manual. Cold Spring Harbor, 2001 [0022]

• CASBON. Nuc. Acids Res., 2011, vol. 22, e81 [0032]
• BRENNER et al. Proc. Natl. Acad. Sci., 2000, vol.

97, 1665-1670 [0032]
• SHOEMAKER et al. Nature Genetics, 1996, vol. 14,

450-456 [0032]
• CLEARY et al. Nature Methods, 2004, vol. 1,

241-248 [0034]
• LEPROUST et al. Nucleic Acids Research, 2010, vol.

38, 2522-2540 [0034]
• BYSTRYKH. PLoS One, 2012, vol. 7, e36852 [0035]
• Genome Analysis: A Laboratory Manual Series. Cold

Spring Harbor Laboratory Press, vol. I-IV [0058]
• Using Antibodies: A Laboratory Manual. Cold Spring

Harbor Laboratory Press [0058]
• Cells: A Laboratory Manual. Cold Spring Harbor Lab-

oratory Press [0058]
• PCR Primer: A Laboratory Manual. Cold Spring Har-

bor Laboratory Press [0058]
• Molecular Cloning: A Laboratory Manual. Cold Spring

Harbor Laboratory Press [0058]
• STRYER, L. Biochemistry. Freeman, 1995 [0058]
• GAIT. Oligonucleotide Synthesis: A Practical Ap-

proach. IRL Press, 1984 [0058]
• NELSON ; COX ; LEHNINGER, A. Principles of Bi-

ochemistry. W. H. Freeman Pub, 2000 [0058]

• BERG et al. Biochemistry. W. H. Freeman Pub, 2002
[0058]

• TURCATTI et al. Nucleic Acids Res., 2008, vol. 36,
e25 [0065]

• LEDERGERBER et al. Brief Bioinform., 2011, vol.
12, 489-497 [0068]

• WHITEFORD et al. Bioinformatics, 2009, vol. 25,
2194-2199 [0068]

• ERLICH. Nat. Methods., 2008, vol. 5, 679-682 [0068]
• KAO et al. Genome Res., 2009, vol. 19, 1884-95

[0068]
• METZKER et al. Genome Res., 2005, vol. 15,

1767-1776 [0073]
• BENTLEY. Curr. Opin. Genet. Dev., 2006, vol. 16,

545-55 [0073]
• FEDURCO et al. Nucleic Acids Res., 2006, vol. 34,

e22 [0073]
• GRUNENWALD H ; BAAS B ; GORYSHIN I ;

ZHANG B ; ADEY A ; HU S ; SHENDURE J ;
CARUCCIO N ; MAFFITT M. Nextera PCR-free DNA
library preparation for next-generation sequencing.
Poster presentation, AGBT 2011, 2011 [0081]

• GERTZ J ; VARLEY KE ; DAVIS NS ; BAAS BJ ;
GORYSHIN IY ; VAIDYANATHAN R ; KUERSTEN
S ; MYERS RM. Transposase mediated construction
of RNA-seq libraries. Genome Res, 2012, vol. 22,
134-141 [0081]

• CHIAL. Proto-oncogenes to oncogenes to cancer.
Nature Education, 2008, vol. 1, 1 [0089]

• VOGELSTEIN ; KINZLER. Cancer genes and the
pathways they control. Nature Medicine, 2004, vol.
10, 789-799 [0089]

• VELTMAN ; BRUNNER. De novo mutations in hu-
man genetic disease. Nature Reviews Genetics,
2012, vol. 13, 565-575 [0090]

• KU et al. A new paradigm emerges from study of de
novo mutations in the context of neurodevelopmental
disease. Molecular Psychiatry, 2012, vol. 18,
141-153 [0091]



EP 3 938 541 B9

25

• PODURI et al. Somatic mutation, genetic variation,
and neurological disease. Science, 2014, vol. 341
(6141), 1237758 [0091]


	bibliography
	description
	claims
	drawings
	cited references

