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Provided are methods and compositions for preparing
nucleic acid fragments for sequencing by synthesis on a flow
cell. The methods and compositions described herein intro-
duce nucleotide diversity into a sample preparation that
would otherwise lack nucleotide diversity due to homoge-
neity of the sequencing target.
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OPTIMIZING HIGH-THROUGHPUT
SEQUENCING CAPACITY

RELATED CASES

[0001] The present application claims priority to U.S. Ser.
No. 62/888,945, filed 19 Aug. 2019.

FIELD OF THE INVENTION

[0002] This invention relates to methods and compositions
of matter for optimizing sample library preparation and
throughput capacity for massively parallel next-generation
nucleic acid sequencing platforms.

BACKGROUND OF THE INVENTION

[0003] In recent years, advances in next-generation
sequencing (NGS) platforms have resulted in dramatically
increased throughput capacity and significantly reduced
sequencing costs. This progress has allowed for rapid and
affordable resequencing of large numbers of genomes; de
novo genome sequencing of many diverse microbial, plant,
and animal species; targeted resequencing studies, e.g.,
exome sequencing; and increasingly sensitive variant detec-
tion in human disease contexts such as cancer.

[0004] One NGS method, reversible terminator sequenc-
ing by synthesis (SBS), relies on fluorescent detection of the
sequential addition of modified dNTPs complementary to a
template fragment, i.e., the sample to be sequenced, immo-
bilized on a solid support in the context of a flow cell.
Millions of synthesis reactions proceed in parallel through a
cycle of nucleotide incorporation, fluorescent imaging, and
cleavage, yielding hundreds of megabases to gigabases of
sequencing read data per run. During these first ~25 cycles,
analysis software is trained to recognize the fluorescent
signal specific to each nucleotide, and phasing/pre-phasing,
color matrix corrections, and pass filter calculations also
occur. These training and correction steps are critical to
accurate base calling and quality score calculations; how-
ever, nucleotide diversity within the template library is
critical to the training and correction steps.

[0005] One solution for technical challenges resulting
from low nucleotide diversity in, e.g., samples of homog-
enous template fragments, is to spike-in a whole-genome
sample with high nucleotide diversity to ensure that all four
bases are represented in every cycle. The PhiX genomic
library—derived from the bacteriophage PhiX genome—is
commonly used for this purpose. A spike-in of 5-50% PhiX
genomic library may be required depending on the homo-
geneity of the sequencing sample. As a result, 5-50% of
reads will correspond to PhiX DNA, decreasing the reads
corresponding to the target sample by 5-50%.

[0006] There is thus a need in the art of SBS sample
preparation for improved methods and compositions for
introducing nucleotide diversity to address the necessary
training and correction steps associated with SBS without
decreasing useful reads corresponding to the target sample
rather than devoting sequencing capacity to unproductive
control sequences. The present disclosure addresses this
need.

SUMMARY OF THE INVENTION

[0007] This Summary is provided to introduce a selection
of concepts in a simplified form that are further described
below in the Detailed Description. This Summary is not
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intended to identify key or essential features of the claimed
subject matter, nor is it intended to be used to limit the scope
of the claimed subject matter. Other features, details, utili-
ties, and advantages of the claimed subject matter will be
apparent from the following written Detailed Description
including those aspects illustrated in the accompanying
drawings and defined in the appended claims.

[0008] Provided herein are compositions of matter and
methods for introducing nucleotide diversity to one or more
sequencing samples that inherently lack nucleotide diversity
due to having identical or nearly identical nucleotide bases
at their ends. For SBS applications, low nucleotide diversity
of the template sequencing sample results in poor quality
data. Homogenous nucleic acid template ends result in
biased base composition in each SBS cycle and prevents
data analysis software from accurately identifying DNA
clusters and performing accurate base calling. Thus, in
instances of SBS where the sequencing template fragments
are identical or nearly identical and inherently lack nucleo-
tide diversity, heterogeneity must be introduced by some
other means. Compared to previous solutions to this prob-
lem, the methods and compositions disclosed herein intro-
duce nucleotide diversity to the sample using “shifty prim-
ers” or “shifty oligonucleotide primers” without sacrificing
sequencing capacity or necessitating the pooling of four or
more unique samples in a sequencing run.

[0009] The present disclosure provides in one embodi-
ment a “two-step” configuration for preparing samples for
SBS, where the first step employs forward-priming and
backward-priming oligonucleotides, referred to herein as
SP1 shifty primers, comprising: user-designed homology
regions directed to amplify a nucleic acid template; a
phase-shift region of variable length which may include 1,
2,3,4,5, 6,7, 8 9, or more nucleotides (a “shifty
sequence”); a primer binding site for subsequent amplifica-
tion by additional oligonucleotide primers disclosed herein;
a target sequence for annealing by a first SBS primer; a
target sequence for annealing by a second SBS primer; a
target sequence for annealing by a first indexing primer; or
a target sequence for annealing by a second indexing primer.
The second step employs two additional forward-priming
and backward-priming oligonucleotides, referred to herein
as SP2 primers, which include regions configured to bind to
the primer binding sites of the SP1 shifty primers described
above, user-defined indexing sequences for differentiating
between multiplexed samples, and adapter sequences P5 and
P7 that mediate annealing to the oligonucleotides bonded to
the solid support surface of the flow cell.

[0010] In an alternative embodiment, the present disclo-
sure provides a “one-step” configuration where the forward-
priming and backward-priming shifty oligos comprise: user-
designed homology regions directed to amplify a nucleic
acid template; a phase-shift region of variable length which
may include 1, 2, 3, 4, 5, 6, 7, 8, 9, or more nucleotides (the
“shifty sequence™); user-defined indexing sequences for
differentiating between multiplexed samples; adapter
sequences P5 and P7 that mediate annealing to the oligo-
nucleotides bonded to the solid support surface of the flow
cell; a target sequence for annealing of a first SBS primer;
a target sequence for annealing of a second SBS primer; a
target sequence for annealing by a first indexing primer; and
a target sequence for annealing of a second indexing primer.
After amplification with the shifty oligonucleotides pro-
vided herein according to the methods disclosed herein, the
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target sequencing sample fragment will comprise all the
required sequence features and nucleotide diversity at its
ends to yield high-quality SBS data.

[0011] The present disclosure also provides methods
employing the SP1 and SP2 oligonucleotide primers
described above to prepare nucleic acid fragments for
sequencing by synthesis on a flow cell. In particular, the
methods disclosed herein are useful for introducing nucleo-
tide diversity to a sample preparation that would otherwise
lack nucleotide diversity due to homogeneity of the sequenc-
ing target.

[0012] During amplification of a target DNA sequence
with the shifty oligonucleotide primers disclosed herein, the
reaction mixture includes a heterogeneous mix of SP1 shifty
primers comprising phase-shift sequences of varying length.
In the resulting amplicons, therefore, there is varying dis-
tance or shift between the target sequence for annealing of
the SBS primer and the first nucleotide of target sequence,
from molecule to molecule. When sequencing by synthesis
proceeds from the target sequence for annealing of the SBS
primer within the adapter sequence, each cycle of nucleotide
incorporation includes sufficient nucleotide diversity for
successful cluster identification, color training, and base-
calling.

[0013] Amplification of a target DNA sequence with the
oligonucleotide primers disclosed herein accomplishes the
dual purposes of adding the necessary adapter sequences,
including all the sequence features required for SBS on a
flow cell, to the ends of the DNA fragments while also
introducing nucleotide diversity to what would otherwise be
a homogenous sequencing sample via a “phase shift” of
nucleotides (e.g., a “shifty sequence” component of a “shifty
primter”). As described above, homogenous sequencing
samples present problems to sequencing by synthesis,
namely cluster identification, color training, and accurate
base calling.

[0014] Thus, one embodiment presents a set of oligonucle-
otides configured to introduce nucleotide diversity into
sample DNA to be sequenced comprising: a first primer
comprising from 5' to 3', a first SP2 binding site, a first
variable-length phase-shift sequence n nucleotides in length,
and a region homologous to a 5' region of the sample DNA;
a second primer comprising from 5' to 3', the first SP2
binding site, a second variable-length phase-shift sequence
n+1 nucleotides in length, and the region homologous to a
5' region of the sample DNA; a third primer comprising from
5' to 3, the first SP2 binding site, a third variable-length
phase-shift sequence n+2 nucleotides in length, and the
region homologous to a 5' region of the sample DNA; a
fourth primer comprising from 5' to 3', the first SP2 binding
site, a fourth variable-length phase-shift sequence n+3
nucleotides in length, and the region homologous to a &'
region the sample DNA,; a fifth primer comprising from 5' to
3', a second SP2 binding site, a fifth variable-length phase-
shift sequence n nucleotides in length, and a region homolo-
gous to a 3' region of the sample DNA; a sixth primer
comprising from 5'to 3', the second SP2 binding site, a sixth
variable-length phase-shift sequence n+1 nucleotides in
length, and the region homologous to a 3' region of the
sample DNA; a seventh primer comprising from 5' to 3', the
second SP2 binding site, a seventh variable-length phase-
shift sequence n+2 nucleotides in length, and the region
homologous to a 3' region of the sample DNA; and an eighth
primer comprising from 5' to 3', the second SP2 binding site,
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an eighth variable-length phase-shift sequence n+3 nucleo-
tides in length, and the region homologous to a 3' region of
the sample DNA; wherein the first, second, third and fourth
primers have different nucleotides at a 5' position of their
variable-length phase-shift sequences, and wherein the fifth,
sixth, seventh and eighth primers have different nucleotides
at a 5' position of their variable-length phase-shift
sequences.

[0015] In some aspects of this 8-primer embodiment,
except for the 5' position, the first, second, third, fourth, fifth,
sixth, seventh and eighth variable-length phase-shift
sequences are a same sequence of nucleotides and in alter-
native aspects, the first, second, third, fourth, fifth, sixth,
seventh and eighth variable-length phase-shift sequences are
different sequences.

[0016] In some aspects of the 8-primer embodiment, the
first, second, third and fourth primers further comprise: a
first SP1 binding site configured to hybridize to the first SP2
binding site, an indexing sequence, and a PS5 sequence if
fifth, sixth, seventh, and eighth primers comprise a P7
sequence and the P7 sequence if the fifth, sixth, seventh, and
eighth primers comprise the PS5 sequence; and the fifth,
sixth, seventh, and eighth primers further comprise: a second
SP1 binding site configured to hybridize to the second SP2
binding site, an indexing sequence, and the P7 sequence if
the first, second, third and fourth primers comprise the P5
sequence and the PS5 sequence if the first, second, third and
fourth primers comprise the P7 sequence. In some aspects,
the P5 sequence is 5-AATGATACGGCGACCACCCA-3'
[SEQ ID NO. 16] and the P7 sequence is 5'-CAAGCAGAA-
GACGGCATACGAGAT-3' [SEQ ID NO. 17].

[0017] In other aspects of the 8-primer embodiment, the
set of oligonucleotides further comprises a ninth primer
comprising: a first SP1 binding site configured to hybridize
to the first SP2 binding site, an indexing sequence, and a P5
sequence if a tenth primer comprises a P7 sequence and the
P7 sequence if the tenth primer comprises the P5 sequence;
and the tenth primer comprising: a second SP1 binding site
configured to hybridize to the second SP2 binding site, an
indexing sequence, and the P7 sequence if the ninth primer
comprises the P5 sequence and the P5 sequence if the ninth
primer comprises the P7 sequence.

[0018] In some aspects of the 8-primer embodiment, the
first, second, third, fourth, fifth, sixth, seventh, and eighth
primers are represented at about equimolar ratios.

[0019] In some aspects of the 8-primer embodiment, the
first, second, third, fourth, fifth, sixth, seventh, and eighth
variable-length phase-shift sequences have a sequence motif
A.

[0020] In alternative aspects of the 8-primer embodiment,
the set of oligonucleotides further comprises a ninth primer
comprising from 5' to 3, the first SP2 binding site, a ninth
variable-length phase-shift sequence n nucleotides in length,
and the region homologous to a 5' region of the sample
DNA; a tenth primer comprising from 5' to 3', the first SP2
binding site, a tenth variable-length phase-shift sequence
n+1 nucleotides in length, and the region homologous to a
5'region of the sample DNA; an eleventh primer comprising
from 5' to 3', the first SP2 binding site, a eleventh variable-
length phase-shift sequence n+2 nucleotides in length, and
the region homologous to a 5' region of the sample DNA; a
twelfth primer comprising from 5' to 3', the first SP2 binding
site, a twelfth variable-length phase-shift sequence n+3
nucleotides in length, and the region homologous to a &'
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region the sample DNA; a thirteenth primer comprising
from 5' to 3', a second SP2 binding site, a thirteenth
variable-length phase-shift sequence n nucleotides in length,
and a region homologous to a 3' region of the sample DNA;
a fourteenth primer comprising from 5' to 3', the second SP2
binding site, a fourteenth variable-length phase-shift
sequence n+1 nucleotides in length, and the region homolo-
gous to a 3' region of the sample DNA; a fifteenth primer
comprising from 5' to 3' the second SP2 binding site, a
fifteenth variable-length phase-shift sequence n+2 nucleo-
tides in length, and the region homologous to a 3' region of
the sample DNA; and a sixteenth primer comprising from 5'
to 3', the second SP2 binding site, a sixteenth variable-length
phase-shift sequence n+3 nucleotides in length, and the
region homologous to a 3' region of the sample DNA;
wherein the ninth, tenth, eleventh and twelfth primers have
different nucleotides at a 5' position of their variable-length
phase-shift sequences, wherein the thirteenth, fourteenth,
fifteenth and sixteenth primers have different nucleotides at
a 5' position of their variable-length phase-shift sequences,
and wherein the variable-length phase-shift sequence of
each of the ninth, tenth, eleventh and twelfth primers is a
different sequence than the variable-length phase-shift
sequence of the first, second, third, fourth, fifth, sixth,
seventh and eighth primers. In some aspects, the ninth, tenth,
eleventh and twelfth variable-length phase-shift sequences
are different sequences than the thirteenth, fourteenth, fif-
teenth and sixteenth variable-length phase-shift sequences.

[0021] In some aspects of the 16-primer embodiment, the
first, second, third and fourth primers further comprise: a
first SP1 binding site configured to hybridize to the first SP2
binding site, an indexing sequence, and a P5 sequence if the
fifth, sixth, seventh, and eighth primers comprise a P7
sequence and the P7 sequence if the fifth, sixth, seventh, and
eighth primers comprise the PS5 sequence; the fifth, sixth,
seventh, and eighth primers further comprise: a second SP1
binding site configured to hybridize to the second SP2
binding site, an indexing sequence, and the P7 sequence if
the first, second, third and fourth primers comprise the P5
sequence and the P5 sequence if the first, second, third and
fourth primers comprise the P7 sequence; the ninth, tenth,
eleventh and twelfth primers further comprise: the first SP1
binding site configured to hybridize to the first SP2 binding
site, an indexing sequence, and the P5 sequence if the
thirteenth, fourteenth, fifteenth and sixteenth primers com-
prise the P7 sequence and the P7 sequence if the thirteenth,
fourteenth, fifteenth and sixteenth primers comprise the P5
sequence; and the thirteenth, fourteenth, fifteenth and six-
teenth primers further comprise: the second SP1 binding site
configured to hybridize to the second SP2 binding site, an
indexing sequence, and the P7 sequence if the ninth, tenth,
eleventh and twelfth primers comprise the P5 sequence and
the PS5 sequence if the ninth, tenth, eleventh and twelfth
primers comprise the P7 sequence.

[0022] In other aspects of the 16-primer embodiment,
except for the 5' position, the first, second, third, fourth, fifth,
sixth, seventh and eight variable-length phase-shift
sequences have a sequence motif A and the ninth, tenth,
eleventh, twelfth, thirteenth, fourteenth, fifteenth and six-
teenth variable-length phase-shift sequences have a
sequence motif B, and wherein sequence motif A and
sequence motif B are different.

[0023] In alternative aspects of the 16-primer embodi-
ment, the set of shifty oligonucleotide primers further com-
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prises a seventeenth primer comprising: a first SP1 binding
site configured to hybridize to the first SP2 binding site, an
indexing sequence, and a PS5 sequence if a tenth primer
comprises a P7 sequence and the P7 sequence if the tenth
primer comprises the P5 sequence; and an eighteenth primer
comprising: a second SP1 binding site configured to hybrid-
ize to the second SP2 binding site, an indexing sequence,
and the P7 sequence if the ninth primer comprises the P5
sequence and the P5 sequence if the ninth primer comprises
the P7 sequence.

[0024] In yet other aspects of the 16-primer embodiment,
the set of oligonucleotides further comprises a seventeenth
primer comprising from 5' to 3', the first SP2 binding site, a
seventeenth variable-length phase-shift sequence n nucleo-
tides in length, and the region homologous to a 5' region of
the sample DNA; an eighteenth primer comprising from 5'
to 3', the first SP2 binding site, an eighteenth variable-length
phase-shift sequence n+1 nucleotides in length, and the
region homologous to a 5' region of the sample DNA; a
nineteenth primer comprising from 5' to 3', the first SP2
binding site, a nineteenth variable-length phase-shift
sequence n+2 nucleotides in length, and the region homolo-
gous to a 5' region of the sample DNA; a twentieth primer
comprising from 5' to 3', the first SP2 binding site, a
twentieth variable-length phase-shift sequence n+3 nucleo-
tides in length, and the region homologous to a 5' region the
sample DNA; a twenty-first primer comprising from 5' to 3',
a second SP2 binding site, a twenty-first variable-length
phase-shift sequence n nucleotides in length, and a region
homologous to a 3' region of the sample DNA; a twenty-
second primer comprising from 5' to 3', the second SP2
binding site, a twenty-second variable-length phase-shift
sequence n+1 nucleotides in length, and the region homolo-
gous to a 3' region of the sample DNA; a twenty-third primer
comprising from 5' to 3' the second SP2 binding site, a
twenty-third variable-length phase-shift sequence n+2
nucleotides in length, and the region homologous to a 3'
region of the sample DNA; and a twenty-fourth primer
comprising from 5' to 3', the second SP2 binding site, a
twenty-fourth variable-length phase-shift sequence n+3
nucleotides in length, and the region homologous to a 3'
region of the sample DNA; wherein the seventeenth, eigh-
teenth, nineteenth and twentieth primers have different
nucleotides at a 5' position of their variable-length phase-
shift sequences, wherein the twenty-first, twenty-second,
twenty-third and twenty-fourth primers have different
nucleotides at a 5' position of their variable-length phase-
shift sequences, and wherein the seventeenth, eighteenth,
nineteenth, twentieth, twenty-first, twenty-second, twenty-
third and twenty-fourth variable-length phase-shift
sequences are different sequences than the first, second,
third, fourth, fifth, sixth, seventh, eighth, ninth, tenth, elev-
enth, twelfth, thirteenth, fourteenth, fifteenth and sixteenth
variable-length phase-shift sequences.

[0025] In some aspects of the 24-primer embodiment,
except for the 5' position, the first, second, third, fourth, fifth,
sixth, seventh and eighth variable-length phase-shift
sequences have a sequence motif A, the ninth, tenth, elev-
enth, twelfth, thirteenth, fourteenth, fifteenth and sixteenth
variable-length phase-shift sequences have a sequence motif
B, and the seventeenth, eighteenth, nineteenth, twentieth,
twenty-first, twenty-second, twenty-third and twenty-fourth
variable-length phase-shift sequences have a sequence motif
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C, and wherein sequence motif A, sequence motif B and
sequence motif C are different.

[0026] Other embodiments provide a set of oligonucle-
otides configured to introduce nucleotide diversity into
sample DNA to be sequenced comprising: a first primer
comprising from 5' to 3', a P5 or P7 sequence, an indexing
sequence, a first SP2 binding site, a first variable-length
phase-shift sequence n nucleotides in length, and a region
homologous to a 5' region of the sample DNA; a second
primer comprising from 5' to 3', the P5 or P7 sequence, the
indexing sequence, the first SP2 binding site, a second
variable-length phase-shift sequence n+1 nucleotides in
length, and the region homologous to a 5' region of the
sample DNA; a third primer comprising from 5' to 3', the P5
or P7 sequence, the indexing sequence, the first SP2 binding
site, a third variable-length phase-shift sequence n+2
nucleotides in length, and the region homologous to a &'
region of the sample DNA; a fourth primer comprising from
5'to 3', the P5 or P7 sequence, the indexing sequence, the
first SP2 binding site, a fourth variable-length phase-shift
sequence n+3 nucleotides in length, and the region homolo-
gous to a 5' region the sample DNA; a fifth primer com-
prising from 5' to 3', the P5 or P7 sequence, the indexing
sequence, a second SP2 binding site, a fifth variable-length
phase-shift sequence n nucleotides in length, and a region
homologous to a 3' region of the sample DNA; a sixth primer
comprising from 5' to 3', the P5 or P7 sequence, the indexing
sequence, the second SP2 binding site, a sixth variable-
length phase-shift sequence n+1 nucleotides in length, and
the region homologous to a 3' region of the sample DNA; a
seventh primer comprising from 5' to 3', the P5 or P7
sequence, the indexing sequence, the second SP2 binding
site, a seventh variable-length phase-shift sequence n+2
nucleotides in length, and the region homologous to a 3'
region of the sample DNA; and an eighth primer comprising
from 5' to 3', the PS5 or P7 sequence, the indexing sequence,
the second SP2 binding site, an eighth variable-length
phase-shift sequence n+3 nucleotides in length, and the
region homologous to a 3' region of the sample DNA;
wherein the first, second, third and fourth primers have
different nucleotides at a 5' position of their variable-length
phase-shift sequences, and wherein the fifth, sixth, seventh
and eighth primers have different nucleotides at a 5' position
of their variable-length phase-shift sequences and wherein if
the first, second, third and fourth primers comprise the P5
sequences, the sixth, seventh, eighth and ninth primers
comprise the P7 sequences and wherein if the first, second,
third and fourth primers comprise the P7 sequences, the
sixth, seventh, eighth and ninth primers comprise the PS5
sequences.

[0027] In some aspects of this embodiment, except for the
5' position, the first, second, third, fourth, fifth, sixth, seventh
and eighth variable-length phase-shift sequences are a same
sequence of nucleotides. In other aspects of this embodi-
ment, the first, second, third, fourth, fifth, sixth, seventh and
eighth variable-length phase-shift sequences are different
sequences.

[0028] Yet another embodiment presents a set of oligo-
nucleotides configured to introduce nucleotide diversity into
sample DNA to be sequenced comprising: a first primer
comprising from 5' to 3', a first SP2 binding site, a first
variable-length phase-shift sequence n nucleotides in length,
and a region homologous to a 5' region of the sample DNA;
a second primer comprising from 5' to 3', the first SP2
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binding site, a second variable-length phase-shift sequence
n+1 nucleotides in length, and the region homologous to a
5' region of the sample DNA; a third primer comprising from
5' to 3, the first SP2 binding site, a third variable-length
phase-shift sequence n+2 nucleotides in length, and the
region homologous to a 5' region of the sample DNA; a
fourth primer comprising from 5' to 3', the first SP2 binding
site, a fourth variable-length phase-shift sequence n+3
nucleotides in length, and the region homologous to a &'
region the sample DNA,; a fifth primer comprising from 5' to
3', a first SP2 binding site, a fifth variable-length phase-shift
sequence n+4 nucleotides in length, and a region homolo-
gous to a 5' region of the sample DNA; a sixth primer
comprising from 5' to 3', the first SP2 binding site, a sixth
variable-length phase-shift sequence n+5 nucleotides in
length, and the region homologous to a 5' region of the
sample DNA; a seventh primer comprising from 5' to 3', the
first SP2 binding site, a seventh variable-length phase-shift
sequence n+6 nucleotides in length, and the region homolo-
gous to a 5' region of the sample DNA; an eighth primer
comprising from 5' to 3', the first SP2 binding site, a eighth
variable-length phase-shift sequence n+7 nucleotides in
length, and the region homologous to a 5' region the sample
DNA; a ninth primer comprising from 5' to 3', a second SP2
binding site, a ninth variable-length phase-shift sequence n
nucleotides in length, and a region homologous to a 3' region
of'the sample DNA; a tenth primer comprising from 5' to 3,
the second SP2 binding site, a tenth variable-length phase-
shift sequence n+1 nucleotides in length, and the region
homologous to a 3' region of the sample DNA; an eleventh
primer comprising from 5' to 3' the second SP2 binding site,
an eleventh variable-length phase-shift sequence n+2
nucleotides in length, and the region homologous to a 3'
region of the sample DNA; a twelfth primer comprising
from 5' to 3', the second SP2 binding site, a twelfth variable-
length phase-shift sequence n+3 nucleotides in length, and
the region homologous to a 3' region of the sample DNA; a
thirteenth primer comprising from 5' to 3', the second SP2
binding site, a thirteenth variable-length phase-shift
sequence n+4 nucleotides in length, and a region homolo-
gous to a 3' region of the sample DNA; a fourteenth primer
comprising from 5' to 3', the second SP2 binding site, a
fourteenth variable-length phase-shift sequence n+5 nucleo-
tides in length, and the region homologous to a 3' region of
the sample DNA; a fifteenth primer comprising from 5' to 3'
the second SP2 binding site, a fifteenth variable-length
phase-shift sequence n+6 nucleotides in length, and the
region homologous to a 3' region of the sample DNA; and
a sixteenth primer comprising from 5' to 3', the second SP2
binding site, a sixteenth variable-length phase-shift
sequence n+7 nucleotides in length, and the region homolo-
gous to a 3' region; wherein the first, second, third, fourth,
fifth, sixth, seventh and eighth primers have different
nucleotides at a 5' position of their variable-length phase-
shift sequences, and wherein the ninth, tenth, eleventh,
twelfth, thirteenth, fourteenth, fifteenth and sixteenth prim-
ers have different nucleotides at a 5' position of their
variable-length phase-shift sequences.

[0029] Other embodiments provide a method for introduc-
ing nucleotide diversity into one or more sequencing
samples, the method comprising providing a fragment of
DNA to be sequenced; providing a set of “shifty” oligo-
nucleotide primers; and amplifying the fragment of DNA by
PCT using the shifty oligonucleotides.
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[0030] These aspects and other features and advantages of
the invention are described below in more detail.

BRIEF DESCRIPTION OF THE FIGURES

[0031] FIGS. 1A, 1B, and 1C are three schematics depict-
ing an exemplary target amplicon, a pair of SP1 shifty
oligonucleotide primers, a pair of SP2 oligonucleotide prim-
ers, and a final PCR product that is the template for
subsequent sequencing by synthesis and indexing. The three
schematics illustrate successive rounds of amplification, first
by SP1 shifty primers to introduce the phase-shift regions
and SBS sequencing primer binding sites, second by SP2
primers to introduce unique indexing sequences, and the
final amplification product which is the target for sequencing
by synthesis on the flow cell.

[0032] FIGS. 2A and 2B are two schematics depicting an
exemplary target amplicon, a pair of shifty oligonucleotide
primers, and a final PCR product that is the template for
subsequent sequencing by synthesis and indexing. The two
schematics represent PCR amplification to introduce the
phase-shift regions; SBS sequencing primer binding sites,
unique indexing sequences, and yield a final amplification
product which is the target for sequencing by synthesis on
the flow cell.

[0033] FIG. 3A shows the nucleotide sequences of an
ILLUMINA™ sequencing primer 5' of an exemplary set of
four shifty sequences. FIG. 3B shows an exemplary set of
shifty primers where the set comprises sixteen different
shifty sequences and sixteen different lengths. FIG. 3C
shows an exemplary set of shifty primers where the set
comprises sixteen different shifty sequences having four
different lengths. FIG. 3D shows an exemplary set of shifty
primers where the set comprises four different shifty
sequences (four motifs) and four lengths. (Note, FIGS.
3A-3D show shifty sequences and shifty primers for forward
primers only.)

DETAILED DESCRIPTION

[0034] All of the functionalities described in connection
with one embodiment are intended to be applicable to the
additional embodiments described herein except where
expressly stated or where the feature or function is incom-
patible with the additional embodiments. For example,
where a given feature or function is expressly described in
connection with one embodiment but not expressly men-
tioned in connection with an alternative embodiment, it
should be understood that the feature or function may be
deployed, utilized, or implemented in connection with the
alternative embodiment unless the feature or function is
incompatible with the alternative embodiment.

[0035] The practice of the techniques described herein
may employ, unless otherwise indicated, conventional tech-
niques and descriptions of organic chemistry, polymer tech-
nology, molecular biology (including recombinant tech-
niques), cell biology, biochemistry, biological emulsion
generation, and sequencing technology, which are within the
skill of those who practice in the art. Such conventional
techniques include polymer array synthesis, hybridization
and ligation of polynucleotides, and detection of hybridiza-
tion using a label. Specific illustrations of suitable tech-
niques can be had by reference to the examples herein.
However, other equivalent conventional procedures can, of
course, also be used. Such conventional techniques and
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descriptions can be found in standard laboratory manuals
such as Green, et al., Eds. (1999), Genome Analysis: A
Laboratory Manual Series (Vols. 1-1V); Weiner, Gabriel,
Stephens, Eds. (2007), Genetic Variation: A Laboratory
Manual; Dieffenbach, Dveksler, Eds. (2003), PCR Primer:
A Laboratory Manual; Bowtell and Sambrook (2003), DNA
Microarrays: A Molecular Cloning Manual,; Mount (2004),
Bioinformatics: Sequence and Genome Analysis; Sambrook
and Russell (2006), Condensed Protocols from Molecular
Cloning: A Laboratory Manual; and Sambrook and Russell
(2002), Molecular Cloning: A Laboratory Manual (all from
Cold Spring Harbor Laboratory Press); Stryer, L. (1995)
Biochemistry (4th Ed.) W.H. Freeman, New York N.Y.; Gait,
“Oligonucleotide Synthesis: A Practical Approach” 1984,
IRL Press, London; Nelson and Cox (2000), Lehninger,
Principles of Biochemistry 3" Ed., W. H. Freeman Pub.,
New York, N.Y.; Berg et al. (2002) Biochemistry, 5* Ed.,
W.H. Freeman Pub., New York, N.Y.; all of which are herein
incorporated in their entirety by reference for all purposes.
CRISPR-specific techniques can be found in, e.g., Genome
Editing and Engineering from TALENs and CRISPRs to
Molecular Surgery, Appasani and Church (2018); and
CRISPR: Methods and Protocols, Lindgren and Charpentier
(2015); both of which are herein incorporated in their

entirety by reference for all purposes.

[0036] Note 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 “an oligonucleotide” refers to one
or more oligonucleotides, and reference to “an automated
system” includes reference to equivalent steps and methods
for use with the system known to those skilled in the art, and
so forth. Additionally, it is to be understood that terms such
as “left,” “right,” “top,” “bottom,” “front,” “rear,” “side,”
“height,” “length,” “width,” “upper,” “lower,” “interior,”
“exterior,” “inner,” “outer” that may be used herein merely
describe points of reference and do not necessarily limit
embodiments of the present disclosure to any particular
orientation or configuration. Furthermore, terms such as
“first,” “second,” “third,” etc., merely identify one of a
number of portions, components, steps, operations, func-
tions, and/or points of reference as disclosed herein, and
likewise do not necessarily limit embodiments of the present

disclosure to any particular configuration or orientation.

[0037] Unless defined otherwise, all technical and scien-
tific terms used herein have the same meaning as commonly
understood by one of ordinary skill in the art to which this
invention belongs. All publications mentioned herein are
incorporated by reference for the purpose of describing and
disclosing devices, methods and cell populations that may
be used in connection with the presently described inven-
tion.

[0038] Where a range of values is provided, it is under-
stood that each intervening value, between the upper and
lower limit of that range and any other stated or intervening
value in that stated range is encompassed within the inven-
tion. The upper and lower limits of these smaller ranges may
independently be included in the smaller ranges, and are also
encompassed within the invention, subject to any specifi-
cally excluded limit in the stated range. Where the stated
range includes one or both of the limits, ranges excluding
either both of those included limits are also included in the
invention.
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[0039] In the following description, numerous specific
details are set forth to provide a more thorough understand-
ing of the present invention. However, it will be apparent to
one of ordinary skill in the art that the present invention may
be practiced without one or more of these specific details. In
other instances, well-known features and procedures well
known to those skilled in the art have not been described in
order to avoid obscuring the invention.

[0040] The term “complementary” as used herein refers to
Watson-Crick base pairing between nucleotides and specifi-
cally refers to nucleotides hydrogen bonded to one another
with thymine or uracil residues linked to adenine residues by
two hydrogen bonds and cytosine and guanine residues
linked by three hydrogen bonds. In general, a nucleic acid
includes a nucleotide sequence described as having a “per-
cent complementarity” or “percent homology” to a specified
second nucleotide sequence. For example, a nucleotide
sequence may have 80%, 90%, or 100% complementarity to
a specified second nucleotide sequence, indicating that 8 of
10, 9 of 10 or 10 of 10 nucleotides of a sequence are
complementary to the specified second nucleotide sequence.
For instance, the nucleotide sequence 3'-TCGA-5' is 100%
complementary to the nucleotide sequence 5-AGCT-3"; and
the nucleotide sequence 3'-TCGA-5' is 100% complemen-
tary to a region of the nucleotide sequence 5'-TTAGCTGG-
3.

[0041] The term DNA “control sequences” refers collec-
tively to promoter sequences, polyadenylation signals, tran-
scription termination sequences, upstream regulatory
domains, origins of replication, internal ribosome entry
sites, nuclear localization sequences, enhancers, and the like,
which collectively provide for the replication, transcription
and translation of a coding sequence in a recipient cell. Not
all of these types of control sequences need to be present so
long as a selected coding sequence is capable of being
replicated, transcribed and—for some components—trans-
lated in an appropriate host cell.

[0042] “Homology” or “identity” or “similarity” refers to
sequence similarity between two peptides or, more often in
the context of the present disclosure, between two nucleic
acid molecules. The term “homologous region” or “homol-
ogy arm” refers to a region on the donor DNA with a certain
degree of homology with the target genomic DNA sequence.
Homology can be determined by comparing a position in
each sequence which may be aligned for purposes of com-
parison. When a position in the compared sequence is
occupied by the same base or amino acid, then the molecules
are homologous at that position. A degree of homology
between sequences is a function of the number of matching
or homologous positions shared by the sequences.

[0043] “Operably linked” refers to an arrangement of
elements where the components so described are configured
so as to perform their usual function. Thus, control
sequences operably linked to a coding sequence are capable
of effecting the transcription, and in some cases, the trans-
lation, of a coding sequence. The control sequences need not
be contiguous with the coding sequence so long as they
function to direct the expression of the coding sequence.
Thus, for example, intervening untranslated yet transcribed
sequences can be present between a promoter sequence and
the coding sequence and the promoter sequence can still be
considered “operably linked” to the coding sequence. In
fact, such sequences need not be located on the same
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contiguous DNA molecule (i.e. chromosome) and may still
have interactions resulting in altered regulation.

[0044] A “promoter” or “promoter sequence” is a DNA
regulatory region capable of binding RNA polymerase and
initiating transcription of a polynucleotide or polypeptide
coding sequence such as messenger RNA, ribosomal RNA,
small nuclear or nucleolar RNA, guide RNA, or any kind of
RNA. Promoters may be constitutive or inducible. A “pol II
promoter” is a regulatory sequence that is bound by RNA
polymerase II to catalyze the transcription of DNA.

[0045] As used herein the term “selectable marker” refers
to a gene introduced into a cell, which confers a trait suitable
for artificial selection. General use selectable markers are
well-known to those of ordinary skill in the art. Drug
selectable markers such as ampicillin/carbenicillin, kanamy-
cin, chloramphenicol, erythromycin, tetracycline, gentami-
cin, bleomycin, streptomycin, puromycin, hygromycin,
blasticidin, and G418 may be employed. In other embodi-
ments, selectable markers include, but are not limited to
human nerve growth factor receptor (detected with a MAb,
such as described in U.S. Pat. No. 6,365,373); truncated
human growth factor receptor (detected with MAb); mutant
human dihydrofolate reductase (DHFR; fluorescent MTX
substrate available); secreted alkaline phosphatase (SEAP;
fluorescent substrate available); human thymidylate syn-
thase (TS; confers resistance to anti-cancer agent fluorode-
oxyuridine); human glutathione S-transferase alpha
(GSTA1; conjugates glutathione to the stem cell selective
alkylator busulfan; chemoprotective selectable marker in
CD34+cells); CD24 cell surface antigen in hematopoietic
stem cells; human CAD gene to confer resistance to N-phos-
phonacetyl-L-aspartate (PALA); human multi-drug resis-
tance-1 (MDR-1; P-glycoprotein surface protein selectable
by increased drug resistance or enriched by FACS); human
CD25 (IL-2a; detectable by Mab-FITC); Methylguanine-
DNA methyltransterase (MGMT; selectable by carmustine);
rhamnose; and Cytidine deaminase (CD; selectable by Ara-
C). “Selective medium” as used herein refers to cell growth
medium to which has been added a chemical compound or
biological moiety that selects for or against selectable mark-
ers.

[0046] The terms “target genomic DNA sequence”, “target
sequence”, or “genomic target locus™ refer to any locus in
vitro or in vivo, or in a nucleic acid (e.g., genome or
episome) of a cell or population of cells, in which sequenc-
ing is desired. The target sequence can be a genomic locus
or extrachromosomal locus.

[0047] A “vector” is any of a variety of nucleic acids that
comprise a desired sequence or sequences to be delivered to
and/or expressed in a cell. Vectors are typically composed of
DNA, although RNA vectors are also available. Vectors
include, but are not limited to, plasmids, fosmids, phag-
emids, virus genomes, BACs, YACs, PACs, synthetic chro-
mosomes, and the like.

[0048] The present disclosure describes methods and com-
positions for introducing nucleotide diversity into one or
more sequencing samples that may inherently lack nucleo-
tide diversity due to having identical or nearly identical
ends. Reversible terminator sequencing by synthesis (SBS)
relies on fluorescent detection of the sequential addition of
modified dNTPs complementary to a template fragment, i.e.,
the sample to be sequenced, immobilized on a solid support.
Millions of synthesis reactions proceed in parallel through a
cycle of nucleotide incorporation, fluorescent imaging, and
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cleavage, yielding hundreds of megabases to gigabases of
sequencing read data per run. These parallel reactions take
place in a flow cell, which is a plate a glass comprising
several lanes, the surfaces of which are covered in an array
of oligonucleotides covalently bonded to the glass surface.
There may be two species of oligos coating the glass surface,
each complementary to adapters ligated to one or the other
end of the template nucleic acid to be sequenced. The SBS
workflow from sample to data interpretations includes
sample preparation, cluster generation on the solid support,
sequencing by synthesis, and software-based data analysis.
[0049] Sample preparation typically involves ligating
adapters to the ends of the DNA fragments to be sequenced.
The adapters may include barcoding or indexing sequences,
sequencing primer binding sites, regions complementary to
the oligos that are covalently bonded to the solid surface of
the flow cell, among other features. Target nucleic acids may
also be amplified by PCR prior to ligating adaptor
sequences.

[0050] During cluster generation, nucleic acid fragments
anneal to the oligonucleotides coating the surface of the flow
cell, mediated by complementarity between one of the two
species of oligonucleotides and the ligated adapter sequence.
The second adapter sequence anneals to the second species
of oligonucleotides coating the surface of the flow cell and
fragments are clonally amplified by repeated cycles of
bridge amplification. One end of each bridge is liberated
from the flow-cell surface resulting in single stranded tem-
plates for the first sequencing read.

[0051] Sequencing by synthesis begins with the sequenc-
ing primer annealing to the adapter sequence of the free end
of the immobilized template fragment. A polymerase pro-
ceeds by incorporating fluorescently tagged nucleotides that
include a reversible terminator. Only one nucleotide is
incorporated in each round, determined by the sequence of
the template. Based on unique emission from each of the
four bases, incorporation of each nucleotide is detected and
read. Terminators are removed and the next nucleotide is
incorporated, detected, and read. This cycle is repeated for
the desired read length. This sequencing by synthesis pro-
cess is repeated for the reverse strand to generate pair-end
reads in the forward and reverse directions.

[0052] During the first four to seven cycles of SBS, images
of fluorescent signals emitted from nucleotide incorporation
are used by analysis software to locate each cluster in the
flow cell in a process called template generation. During the
first 25 cycles or so, analysis software is also trained to
recognize the fluorescent signal specific to each nucleotide
and phasing/pre-phasing, color matrix corrections, and pass
filter calculations occur. These training and correction steps
are critical to accurate base calling and quality score calcu-
lations.

[0053] Nucleotide diversity within the template library is
important for these training and correction steps during early
cycles of SBS. Diverse and balanced libraries contain all
four bases at similar percentages for each cycle and allow for
accurate template generation and color-training. However,
for homogenous samples where the ends of each fragment
are identical and nucleotide diversity is extremely low or
zero—such as amplicon-based library preparations—tem-
plate generation and color-training may fail leading to
low-quality data and many fewer reads per sequencing run.
[0054] One solution to the technical challenges presented
is to spike-in a whole-genome sample with high nucleotide
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diversity to ensure that all four bases are represented in
every cycle. The PhiX genomic library, derived from the
bacteriophage PhiX genome, is commonly used for this
purpose. Depending on the homogeneity of the sequencing
sample, a spike-in of 5-50% PhiX genomic library may be
required. As a result, 5-50% of reads will correspond to PhiX
DNA, decreasing the useful reads corresponding to the
target sample by 5-50%.

[0055] One prior art solution to the problem with lack of
nucleotide diversity was to ligate specialized sequencing
adapters to nucleic acid fragments that have homogenous
ends. The adapters are of four different lengths, i.e. n, n+1,
n+2, n+3, thereby staggering the base of the homogenous
end read during a particular SBS cycle. This approach
requires pooling at least four separate samples in an SBS
run, where each sequencing sample receives a unique
adapter length. In isolation each single unique adapter does
not solve the low nucleotide diversity problem; however
when four or more samples are pooled, each sample has a
different adapter length and the first base of the homogenous
ends will be read during different cycles, thereby conferring
high nucleotide diversity to each cycle.

[0056] A major disadvantage to this staggered-length
adapter approach is that at least four samples need to be
pooled very carefully to ensure that all four adapter lengths
are represented in the SBS run. If less than four samples are
pooled, then effective staggering is not achieved resulting in
the nucleotide diversity problem and accompanying low-
quality data.

[0057] The methods and compositions disclosed herein
include PCR reactions with user-designed “shifty” oligo-
nucleotide primers to prepare target DNA sequence for SBS
applications. In one embodiment—a “two-step” embodi-
ment—a first sequencing PCR reaction referred to as the
SP1 “shifty” reaction, schematized in FIG. 1A, and a second
sequencing PCR reaction referred to as the SP2 reaction,
schematized in FIG. 1B, are performed. The final product of
these two PCR reactions, the target DNA fragment that is
prepared for SBS on a flow cell, is represented in FIG. 1C.
User-defined target DNA 107 is the template for the SP1
reaction and SP1 reaction products 120 are the template for
the SP2 reaction. User-designed oligonucleotide primers are
used in these reactions, with SP1 primers 101, 102 directed
to target DNA 107 in the SP1 reaction, and SP2 primers 112,
113 directed to SP1 reaction products 120 in the SP2
reaction.

[0058] SP1 primers 101, 102 contain three key features:
target DNA binding sites 106, 108, phase-shift sequences
104, 110, and SP2 primer binding sites 103, 111. The target
DNA binding sites 106, 108 include the 3' terminal end of
the SP1 primers 101, 102. The target DNA binding sites 106,
108 are user-defined and designed to be complementary to
regions 105, 109 flanking the target DNA 107 that is to be
amplified and prepared for downstream SBS. An SP1 for-
ward primer 101 and SP1 reverse primer 102 will together
amplify the intervening sequence 107 between their binding
sites 105, 109 in the SP1 PCR reaction of FIG. 1A. The
target DNA binding sites may be between 10 and 100
nucleotides in length.

[0059] The phase-shift sequences 104, 110 are 5' adjacent
to the target DNA binding sites 106, 108 and may be 1, 2,
3,4,5,6,7,8,9, or more nucleotides in length. An important
feature of the present disclosure is that the SP1 reaction is
performed with an equimolar mix of eight distinct SP1
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oligonucleotide primers: four forward and four reverse oli-
gonucleotide primer species. For example, the SP1 forward
primers 101 may include phase-shift regions 104 of 6, 7, 8,
and 9 nucleotides in length. The four SP1 reverse primers
102 may also include phase-shift regions 110 of 6, 7, 8, and
9 nucleotides in length. The four species of SP1 forward
primers 101 are identical to each other except for the
phase-shift region 104, and the four species of SP1 reverse
primers 102 are identical to each other except for the
phase-shift region 110. Because of the equimolar mix of
primer species in the SP1 reaction of FIG. 1A, the products
of the SP1 reaction will be of incrementally varying lengths
according to the particular SP1 primer pairs 101, 102 that
amplified any particular amplicon.

[0060] The SP2 primer binding sites 103, 111 within the
SP1 primers 101, 102 are positioned at the 5' terminal ends
of the oligonucleotide primers. The SP2 primer binding sites
103, 111 are user-defined to be targeted by the SP2 primers
112, 113 in the SP2 reaction of FIG. 1B. The SP2 primer
binding sites 103, 111 may be between 10 and 100 nucleo-
tides in length.

[0061] SP2 primers 112, 113 contain three key features:
SP1 amplicon target binding sites 117, 123, indexing
sequences (i.e. sample tag or barcode) 115, 125, and PS5 or
P7 sequences 114, 126 for annealing to oligonucleotides
immobilized on the surface of the flow cell. P5 and P7
priming sequences are well-known primers for sequencing
by synthesis, where P5 is 5-AATGATACGGCGAC-
CACCCA-3' [SEQ ID NO. 16] and 5-CAAGCAGAA-
GACGGCATACGAGAT-3' [SEQ ID NO. 17].

[0062] The SP1 amplicon target binding sites 117, 123
include the 3' terminal end of the SP2 oligonucleotide
primers 112, 113. The SP1 amplicon target binding sites 117,
123 are user-defined and designed to be complementary to
the SP2 primer binding sites 116, 124 that flank the amplicon
products 120 of the SP1 reaction of FIG. 1A, including
phase-shift region 118, target DNA binding sites 119, target
DNA binding site 121, phase-shift region 122. The SP2
forward primer 112 and SP2 reverse primer 113 together
amplify in the SP2 reaction of FIG. 1B the amplicon
products 120 of the SP1 reaction which are located between
the SP2 forward primer binding site 116 and reverse primer
binding site 124. The SP1 amplicon target binding site may
be between 10 and 100 nucleotides in length.

[0063] The indexing sequences (i.e. sample tag or bar-
code) 115, 125 are unique user-defined identifying
sequences that may be used to identify and distinguish
samples during pooled SBS. Unique indexing sequences are
assigned to each sample in the pool and resulting reads can
be sorted and assigned to the sample from which they were
read. Indexing sequences may be between 5 and 50 nucleo-
tides in length.

[0064] The P5 and P7 sequences 114, 126 are positioned
at the 5' terminal ends of the SP2 oligonucleotide primers
112, 113. The PS5 sequence 114 typically is located at the 5'
terminal end of the forward SP2 primer 112 and the P7
sequence 126 typically is located at the 5' terminal end of the
reverse SP2 primer 113. The P5 and P7 sequences 114, 126
allow the library fragment 137 to attach to a flow cell surface
by annealing to complementary oligos immobilized to the
glass. Before attachment to the flow cell, the target DNA
fragments 137 are denatured, and thus a single-stranded
copy of the target DNA is sequenced.
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[0065] The amplicon products 137 of the SP2 reaction of
FIG. 1B, illustrated in FIG. 1C, include the cumulative
features of the SP1 reaction of FIG. 1A and the SP2 reaction
of FIG. 1B, namely: P5 sequence 127, indexing sequence
(i.e. sample tag or barcode) 128, SP1 amplicon target
binding sites 129, phase-shift region 130, target DNA bind-
ing sites 131, target DNA binding site 132, phase-shift
region 133, SP2 primer binding site 134, indexing sequence
(i.e. sample tag or barcode) 135, and P7 sequence 136.
Amplicon products 137 may be purified and used as input
material for downstream SBS applications. Phase-shift
regions 130, 133 introduce nucleotide diversity to what
would otherwise have been homogenous DNA ends with
identical or nearly identical nucleotide sequence.

[0066] The target DNA 107 for amplification by SP1
phase-shift primers 101, 102 may be DNA amplicons gen-
erated by PCR, and may be amplified from any number of
DNA or cDNA sources including plasmids, BACs, YACs,
cosmids, phosmids, genomic DNA, c¢cDNA reverse tran-
scribed from total RNA extracts, cDNA reverse transcribed
from ribosomal RNA, synthetic oligos, PCR products, and
the like.

[0067] Alternatively, the target DNA 107 for amplification
by SP1 phase-shift primers 101, 102 may be a circular
plasmid. SP1 phase-shift primers are designed to amplify
any segment of the circular plasmid DNA and capture the
intervening sequence, resulting in amplicons flanked by
phase-shift adapters described above. The target DNA for
amplification by the SP1 phase-shift primers also may be a
circular plasmid that has been edited by a nucleic acid-
guided nuclease system. SP1 phase-shift primers are
designed to flank the region of the circular plasmid DNA that
has been edited and capture the edit and surrounding
sequence, resulting in amplicons flanked by phase-shift
adapters described above.

[0068] Alternatively, the target DNA 107 for amplification
by SP1 phase-shift primers 101, 102 may be commercially
synthesized DNA fragments. SP1 phase-shift primers are
designed to amplify any segment of the commercially syn-
thesized DNA fragments and capture the intervening
sequence, resulting in amplicons flanked by phase-shift
adapters described above. The target DNA for amplification
by the SP1 phase-shift primers also may be commercially
synthesized DNA fragments that have been edited by a
nucleic acid-guided nuclease system. SP1 phase-shift prim-
ers are designed to flank the region of the commercially
synthesized DNA that has been edited and capture the edit
and surrounding sequence, resulting in amplicons flanked by
phase-shift adapters described above.

[0069] Additionally, the target DNA 107 for amplification
by SP1 phase-shift primers 101, 102 may be a linear or
circular DNA molecule that is the product of isothermal
assembly. It may be desirable to sequence the junctions of
the fragments that comprise the assembled mixture, in which
case a user may design SP1 phase-shift primers to flank the
junctions and sequence across them. The junctions are thus
captured by amplification with SP1 phase-shift primers,
resulting in amplicons flanked by phase-shift adapters
described above.

[0070] In an alternative embodiment, the sequence fea-
tures of the SP1 primer pairs and the SP2 primer pairs may
be combined such that a single PCR reaction is performed
with a single pair of oligonucleotide primers, schematized in
FIG. 2A. Oligonucleotide primer 201 combines the
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sequence features of forward SP1 primer 101 and forward
SP2 primer 112, and oligonucleotide primer 202 combines
the sequence features of reverse SP1 primer 102 and reverse
SP2 primer 113. A single PCR reaction can be performed to
yield amplicon 222, the target DNA fragment that is pre-
pared for SBS on a flow cell, represented in FIG. 2B.
[0071] User-defined target DNA 208 is the template for
PCR reaction with user-designed oligonucleotide primers
201 and 202. Primers 201 and 202 contain four key features:
target DNA binding sites 207, 209, phase-shift sequences
205, 211, indexing sequences (i.e. sample tag or barcode)
204, 212, and P5 or P7 sequences 203, 213 for annealing to
oligonucleotides immobilized on the surface of the flow cell.
[0072] The target DNA binding sites 207, 209 are located
at the 3' terminal end of the PCR primers 201, 202. The
target DNA binding sites 207, 209 are user-defined and
designed to be complementary to regions 206, 210 flanking
the target DNA 208 that is to be amplified and prepared for
downstream SBS. Forward primer 201 and reverse primer
202 will together amplify the intervening sequence 207
between binding sites 206, 210 in the PCR reaction of FIG.
2A. The target DNA binding sites 206, 210 may be between
10 and 100 nucleotides in length.

[0073] The phase-shift sequences 205, 211 are located 5'
of'and adjacent to the target DNA binding sites 207, 209 and
may be 1,2,3,4,5,6,7, 8,9, or more nucleotides in length.
The PCR reaction is performed with an equimolar mix of
eight distinct oligonucleotide primers: four forward and four
reverse oligonucleotide primer species. For example, the
forward primers 201 may include phase-shift regions 205 of
6,7, 8, and 9 nucleotides in length. The four reverse primers
202 may also include phase-shift regions 211 of 6, 7, 8, and
9 nucleotides in length. The four species of forward primer
201 are identical to each other except for the phase-shift
region 205, and the four species of reverse primers 202 are
identical to each other except for the phase-shift region 211.
Because of the equimolar mix of primer species in the PCR
reaction of FIG. 2A, the products of the PCR reaction will
be of incrementally varying lengths according to the par-
ticular SP1 primer pairs 201, 202 that amplified any par-
ticular amplicon.

[0074] The indexing sequences (i.e. sample tag or bar-
code) 204, 212 are unique user-defined identifying
sequences that may be used to identify and distinguish
samples during pooled SBS. Unique indexing sequences are
assigned to each sample in the pool and resulting reads can
be sorted and assigned to the sample from which they were
read. Indexing sequences may be between 5 and 50 nucleo-
tides in length.

[0075] The P5 and P7 sequences 203, 213 are located at
the 5' terminal ends of the oligonucleotide primers 201, 202.
The PS5 sequence 203 typically is located at the 5' terminal
end of the forward PCR primer 201 and the P7 sequence 213
typically is located at the 5' terminal end of the reverse PCR
primer 202. The P5 and P7 sequences 203, 213 allow the
library fragment 222 to attach to a flow cell surface by
annealing to complementary oligos immobilized to the
glass. Before attachment to the flow cell, the target DNA
fragments 222 are denatured, and thus a single-stranded
copy of the target DNA is sequenced.

[0076] The amplicon products 222 of the PCR reaction of
FIG. 2A, illustrated in FIG. 2B, include the following
features: P5 sequence 214, indexing sequence (i.e. sample
tag or barcode) 215, phase-shift region 216, target DNA
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binding sites 217, target DNA binding site 218, phase-shift
region 219, indexing sequence (i.e. sample tag or barcode)
220, and P7 sequence 221. Amplicon products 222 may be
purified and used as input material for downstream SBS
applications. Phase-shift regions 216, 219 introduce nucleo-
tide diversity to what would otherwise have been homog-
enous DNA ends with identical or nearly identical nucleo-
tide sequence.

[0077] In yet another embodiment—a “four-oligo, one-
step” embodiment—referring again to FIG. 1, a single PCR
reaction may be performed using the four oligonucleotide
primers 101, 102, 112, and 113. Forward primer 101 and
reverse primer 102 target and amplify DNA fragment 107,
yielding PCR product 120 . As product 120 accumulates in
the reaction mixture, it is targeted and amplified by forward
primer 112 and reverse primer 113, yielding PCR product
137.

[0078] The final amplicon product 137 of the single PCR
reaction mediated by primers 101, 102, 112, and 113,
include the cumulative features of the SP1 reaction of FIG.
1A and the SP2 reaction of FIG. 1B, namely: P5 sequence
127, indexing sequence (i.e. sample tag or barcode) 128,
SP1 amplicon target binding sites 129, phase-shift region
130, target DNA binding sites 131, target DNA binding site
132, phase-shift region 133, SP2 primer binding site 134,
indexing sequence (i.e. sample tag or barcode) 135, and P7
sequence 136. Amplicon products 137 may be purified and
used as input material for downstream SBS applications.
Phase-shift regions 130, 133 introduce nucleotide diversity
to what would otherwise have been homogenous DNA ends
with identical or nearly identical nucleotide sequence.

[0079] FIG. 3A shows the nucleotide sequences of an
ILLUMINA™ sequencing primer in an exemplary set of
four shifty forward primers (e.g., only the forward primers
are shown in this FIG. 3A). In FIG. 3A, there is an
ILLUMINA™ sequencing primer 5' of a linker sequence
“CGATCT”, which is 5' of a “shifty” sequence. The first
shifty sequence begins with a cytosine residue at the 5' end;
namely “CGTAAGTACGTGTGAT” [SEQ ID NO. 11;
which is a portion of SEQ ID NO.1], where the sequence
common to all shifty primers is “AGTACGTGTGAT” [SEQ
ID NO. 12]. The second shifty sequence begins with a
guanine  residue  at  the 5! end; namely
“GTCAAGTACGTGTGAT” [SEQ ID NO. 13; which is a
portion of SEQ ID NO.1], again containing the common
sequence “AGTACGTGTGAT” [SEQ ID NO. 12]. The third
shift sequence begins with a thymine residue at the 5' end;
namely “TAAGTACGTGTGAT” [SEQ ID NO. 14; which is
a portion of SEQ ID NO.1], again containing the common
sequence “AGTACGTGTGAT” [SEQ ID NO. 12]. The
fourth shifty sequence begins with an adenine residue at the
5' end; namely “AAGTACGTGTGATI™ [SEQ ID NO. 15;
which also is a portion of SEQ ID NO.1], again containing
the common sequence “AGTACGTGTGAT” [SEQ ID NO.
12]. A “.” represents a missing nucleotide; thus the second
shifty sequence is one nucleotide shorter than the first shifty
sequence, the third shifty sequence is one nucleotide shorter
than the second shifty sequence and two nucleotides shorter
than the first shifty sequence, and the fourth shifty sequence
is one nucleotide shorter than the third shifty sequence, two
nucleotides shorter than the second shifty sequence and
three nucleotides shorter than the first shifty sequence. Each
nucleotide A, T, G and C is represented as a 5' residue for
training purposes. In this example, there are four shifty
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sequences, all with the same common sequence, for a set of
four shifty sequences and four lengths. As described above,
the shifty sequences are but one portion or component of a
shifty primer.

[0080] FIG. 3B shows an alternative exemplary set of
forward shifty primers where the set of forward primers
comprises sixteen different shifty sequences and sixteen
different shifty sequence lengths with each nucleotide A, T,
G and C represented as a 5' residue four times for training
purposes. In this case, each forward shifty primer comprises
an SBS primer site, a read primer site (e.g., [ILLUMINA™
sequencing primer site), a shifty sequence and a common
region 3' of the shifty sequence. The first shifty sequence
begins with a cytosine residue at the 5' end, namely
“CGTTCGAATACGCTA” [SEQ ID NO. 5]; the second
shifty sequence begins with a guanine at the 5' end, namely
“GCACCATACGTAGG” [SEQ ID NO. 6]; the third shifty
sequence begins with an adenine residue at the 5' end,
namely “ACGTCAGTAGATC” [SEQ ID NO. 7]; the fourth
shifty sequence begins with a thymine residue at the 5' end,
namely “TAGCATAGATAG” [SEQ ID NO. 8] and so on. In
this embodiment there are 16 different shifty sequences and
lengths for the forward primer set, all having a common
region; however, it should be noted that there could be 8
different sequences and lengths, 8 different lengths where
some nucleotides or all nucleotides except the 5' nucleotide
are the same; 12 different sequences and lengths, 12 different
lengths where some nucleotides or all nucleotides except the
5' nucleotide are the same; 20 different sequences and
lengths, 20 different lengths where some nucleotides or all
nucleotides except the 5' nucleotide are the same. That is, the
sets of shifty sequences must comprise at least four shifty
sequences where each nucleotide A, T, G and C is repre-
sented as a 5' residue for training purposes for the forward
primers and for the reverse primers; however, there may be
more than four shifty sequences, but preferably there are
multiples of four shifty sequences so that each nucleotide A,
T, G and C is represented as a 5' residue on an equal number
of shifty sequences for training purposes. Again, only the
forward primers are shown in this FIG. 3B; thus, the set of
shifty oligo primers would be twice 16 or 32. Note also that
in this particular example, the common region preferably
has an adenine at its 5' end to provide the fourth adenine for
training.

[0081] FIG. 3C shows yet another exemplary set of shifty
sequences where the set comprises sixteen sequence strings
having four different lengths. Only the shifty sequences for
the forward primers are shown. The first shifty sequence
begins with a guanine residue at the 5' end, namely
“GACGTAGG” and is eight nucleotides in length; the
second shifty sequence begins with a thymine at the 5' end,
namely “TGTTCGA” and is seven nucleotides in length; the
third shifty sequence begins with an adenine residue at the
5" end, namely “ACACCA” and is six nucleotides in length;
the fourth shifty sequence begins with a cytosine residue at
the 5' end, namely “CCGTC” and is five nucleotides in
length and so on. Note that each shifty sequence in the set
of sixteen shifty sequences has a common region; however
the shifty portion of the shifty sequences are all different.
Also—in contrast to FIG. 3B—instead of the sixteen shifty
sequences being sixteen different lengths, the sixteen shifty
sequences are one of four different lengths (e.g., five to eight
nucleotides in length) with each nucleotide A, T, G and C is
represented as a 5' residue at each length.
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[0082] FIG. 3D shows an exemplary set of sixteen forward
shifty primers where the set comprises four different shifty
sequence motifs and four lengths (again, only forward
primers are shown). The first shifty sequence begins with a
guanine residue at the 5' end, namely “GACGTAGC”; the
second shifty sequence begins with an adenine at the 5' end,
namely “ACGTAGC”; the third shifty sequence begins with
a cytosine residue at the 5' end, namely “CGTAGC”; the
fourth shifty sequence begins with a thymine residue at the
5" end, namely “TTAGC” and so on. Note that each shifty
sequence in the set of sixteen shifty sequences (e.g., shifty
forward primers) has a common region and the shifty
portion of the shifty sequences are the same for a four-
member set of ATCG shifty sequences. That is, there are four
shifty sequence motifs. One member of each set is 8
nucleotides in length, one member is 7 nucleotides in length,
one member is 6 nucleotides in length and one member is 5
nucleotides in length.

EXAMPLES

[0083] The following examples are put forth so as to
provide those of ordinary skill in the art with a complete
disclosure and description of how to make and use the
present invention, and are not intended to limit the scope of
what the inventors regard as their invention nor are they
intended to represent that the experiments below are all or
the only experiments performed. Other equivalent methods,
steps and compositions are intended to be included in the
scope of the invention. Efforts have been made to ensure
accuracy with respect to numbers used (e.g. amounts, tem-
perature, etc.) but some experimental errors and deviations
should be accounted for. Unless indicated otherwise, parts
are parts by weight, molecular weight is weight average
molecular weight, temperature is in degrees Celsius, and
pressure is at or near atmospheric.

Example 1: Introducing Nucleotide Diversity to
Homogenous DNA Ends by Successive PCR
Reactions During Sample Preparation for
Sequencing by Synthesis (SBS)

Capture Primer Stock:

[0084] SP1 primers were ordered and commercially syn-
thesized by Integrated DNA Technologies, Inc. (Coralville,
Iowa). Four “forward” and four “reverse” oligonucleotide
primers were ordered, each containing identical target bind-
ing sequences and identical SP2 primer binding sequences,
with four classes of phase-shift regions of varying length, for
example, 6, 7 8, or 9 nucleotides. Each oligonucleotide
primer was ordered at a concentration of 50 uM. The eight
unique oligonucleotide primers, i.e. four forward each with
a phase-shift region of unique length and four reverse each
with a phase-shift region of unique length, were pooled in
the following proportions to make a 10 uM Capture Primer
Stock (CPS): 10 puL each of eight unique oligonucleotide
primers at a stock concentration of 50 uM and 320 uL of
1xTE buffer.

Sample for Sequencing:

[0085] DNA target fragments for sequencing were purified
and concentrated by using the AMPure® PCR purification
kit (Beckman Coulter Life Science, Indianapolis, Ind.). 5 pl,
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of eluate was diluted in 45 plL of 1xTE buffer to yield 50 pl.
of ten-fold diluted target sample for sequencing.

Sequencing PCR Amplification (SPA) Mix:

[0086] A PCR mix excluding oligonucleotide primers and
target DNA was prepared in the following proportions: 1425
uL PCR-grade water; 500 pL. 5x Phusion HF buffer (Thermo
Fisher Scientific, Waltham, Mass.); 50 pl. dNTPs at a
concentration of 10 mM (New England Biolabs, Ipswich,
Mass.); 25 ul. Phusion Hot Start II DNA Polymerase at a
concentration of 2 U/ul. (Thermo Fisher Scientific,
Waltham, Mass.). 2000 pL of this SPA mix was sufficient for
50 individual 50 pLL SP1 reactions.

Sequencing PCR Reaction #1 (SP1):

[0087] The first sequencing PCR reaction, to amplify
target DNA and introduce phase-shift sequences and SP2
primer binding sites, was prepared as follows for a single
reaction: 40 ulL sequencing PCR amplification (SPA) mix; 5
uL capture primer stock (CPS); 5 ul ten-fold diluted target
DNA. The 40 ulL. SPA mix was aliquoted into each well, CPS
stock was added, then ten-fold diluted target DNA was
added. The 50 uL reaction was thermocycled according to
the following program: (step #1) 2 minutes at 98° C.; (step
#2) 10 seconds at 98° C.; (step #3) 2 minutes 30 seconds at
72° C.; (step #4) cyclically repeat step #2 and step #3 seven
additional times; (step #5) 5 minutes at 72° C.; (step #6) hold
at 4° C. indefinitely.

[0088] The resulting amplicons from SP1 reactions were
81 to 87 basepairs longer than the target captured sequence,
resulting from the addition of the varying phase-shift
sequences and the SP2 primer-binding sites. 5 pl. of the
product of each SP1 reaction was diluted in 495 pl of
PCR-grade water to yield 100-fold diluted SP1 reaction
products.

Index/SampleTag Primer Stock (IPS):

[0089] SP2 primers were ordered and commercially syn-
thesized by Integrated DNA Technologies, Inc. (Coralville,
Iowa). One SP2 “forward” and one SP2 “reverse” oligo-
nucleotide primers were ordered, each containing unique
indexing or “barcode” sequences specific to each target
sample, and P5 or P7 sequences (Illumina, Inc., San Diego,
Calif.). Each oligonucleotide primer was ordered at a con-
centration of 50 uM. An index primer stock (IPS) mix was
made by combining 10 pL. of SP2 forward primer, 10 uL. of
SP2 reverse primer, and 80 ul. of 1xTE buffer.

Sequencing PCR Reaction #2 (SP2):

[0090] The second sequencing PCR reaction, to introduce
indexing sequences and P5 or P7 sequences to fragment
ends, was prepared as follows for a single reaction: 40 ul.
sequencing PCR amplification (SPA) mix; 5 pl. indexing
primer stock (IPS); 5 pl. 100-fold diluted SP1 reaction
products. The 40 ul, SPA mix was aliquoted into each well,
IPS stock was added, then 100-fold diluted SP1 reaction
products were added. The 50 ul. reactions were thermo-
cycled according to the following program: (step #1) 2
minutes at 98° C.; (step #2) 10 seconds at 98° C.; (step #3)
2 minutes 30 seconds at 72° C.; (step #4) cyclically repeat
step #2 and step #3 nine additional times; (step #5) 5 minutes
at 72° C.; (step #6) hold at 4° C. indefinitely.
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[0091] The resulting amplicons from SP2 reactions were
71 basepairs longer than the SP1 reaction products, resulting
from the addition of the indexing sequences and P5 or P7
sequences. SP2 reaction products were purified using the
AMPure® PCR purification kit (Beckman Coulter Life
Science, Indianapolis, Ind.) and were then ready for SBS on
a flow cell as described above.

Example 2: Introducing Nucleotide Diversity to
Homogenous DNA Ends by a Single PCR Reaction
During Sample Preparation for Sequencing by
Synthesis (SBS)

Capture Primer Stock:

[0092] Oligonucleotide primers were ordered and com-
mercially synthesized by Integrated DNA Technologies, Inc.
(Coralville, lowa). Four “forward” and four “reverse” oli-
gonucleotide primers were ordered, each containing identi-
cal target binding sequences, but with four classes of phase-
shift regions of varying length, for example, 6, 7 8, or 9
nucleotides. Each oligonucleotide primer was ordered at a
concentration of 50 uM. The eight unique oligonucleotide
primers, i.e. four forward each with a phase-shift region of
unique length and four reverse each with a phase-shift
region of unique length, were pooled in the following
proportions to make a 10 uM Capture Primer Stock (CPS):
10 uL. each of eight unique oligonucleotide primers at a
stock concentration of 50 pM and 320 pL of 1xTE buffer.

Sample for Sequencing:

[0093] DNA target fragments for sequencing were purified
and concentrated by using the AMPure® PCR purification
kit (Beckman Coulter Life Science, Indianapolis, Ind.). 5 pl,
of eluate was diluted in 45 plL of 1xTE buffer to yield 50 uLl.
of ten-fold diluted target sample for sequencing.

Sequencing PCR Amplification (SPA) Mix:

[0094] A PCR mix excluding oligonucleotide primers and
target DNA was prepared in the following proportions: 1425
pL PCR-grade water; 500 pL. 5x Phusion HF buffer (Thermo
Fisher Scientific, Waltham, Mass.); 50 pl. dNTPs at a
concentration of 10 mM (New England Biolabs, Ipswich,
Mass.); 25 ul. Phusion Hot Start II DNA Polymerase at a
concentration of 2 U/ul. (Thermo Fisher Scientific,
Waltham, Mass.). 2000 pL of this SPA mix was sufficient for
50 individual 50 plL SP1 reactions.

Library Preparation PCR Reaction:

[0095] The library preparation PCR reaction, to amplify
target DNA and introduce phase-shift sequences, indexing
sequences, and P5 and P7 sequences (Illumina, Inc., San
Diego, Calif.), was prepared as follows for a single reaction:
40 uL. sequencing PCR amplification (SPA) mix; 5 L
capture primer stock (CPS); 5 uL ten-fold diluted target
DNA. The 40 ulL. SPA mix was aliquoted into each well, CPS
stock was added, then ten-fold diluted target DNA was
added. The 50 uL reaction was thermocycled according to
the following program: (step #1) 2 minutes at 98° C.; (step
#2) 10 seconds at 98° C.; (step #3) 2 minutes 30 seconds at
72° C.; (step #4) cyclically repeat step #2 and step #3 seven
additional times; (step #5) 5 minutes at 72° C.; (step #6) hold
at 4° C. indefinitely.
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[0096] The resulting amplicons from the library prepara-
tion PCR reactions were 152 to 158 basepairs longer than the
target captured sequence, resulting from the addition of the
varying phase-shift sequences, the indexing sequences, and
the P5 and P7 sequences. Library preparation PCR reaction
products were purified using the AMPure® PCR purification
kit (Beckman Coulter Life Science, Indianapolis, Ind.) and
were then ready for SBS on a flow cell as described above.
[0097] While this invention is satisfied by embodiments in
many different forms, as described in detail in connection
with preferred embodiments of the invention, it is under-
stood that the present disclosure is to be considered as
exemplary of the principles of the invention and is not

12
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intended to limit the invention to the specific embodiments
illustrated and described herein. Numerous variations may
be made by persons skilled in the art without departure from
the spirit of the invention. The scope of the invention will be
measured by the appended claims and their equivalents. The
abstract and the title are not to be construed as limiting the
scope of the present invention, as their purpose is to enable
the appropriate authorities, as well as the general public, to
quickly determine the general nature of the invention. In the
claims that follow, unless the term “means” is used, none of
the features or elements recited therein should be construed
as means-plus-function limitations pursuant to 35 U.S.C. §
112, 96.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 17
<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 1

LENGTH: 48

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: SHIFTY SEQUENCE
<400>

SEQUENCE: 1

acactcttte cctacacgac getcttcgat ctegtaagta cgtgtgat

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 2

LENGTH: 47

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: SHIFTY SEQUENCE
<400>

SEQUENCE: 2

acactcttte cctacacgac getettcegat ctgtaagtac gtgtgat

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 3

LENGTH: 46

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: SHIFTY SEQUENCE
<400>

SEQUENCE: 3

acactcttte cctacacgac getcttcecgat cttaagtacg tgtgat

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 4

LENGTH: 45

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: SHIFTY SEQUENCE
<400>

SEQUENCE: 4

acactcttte cctacacgac getettcecgat ctaagtacgt gtgat

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 5

LENGTH: 15

TYPE: DNA

ORGANISM: Artificial Sequence
FEATURE:

OTHER INFORMATION: SHIFTY SEQUENCE
<400>

SEQUENCE: 5

48

47

46

45
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-continued

cgttcgaata cgeta

<210> SEQ ID NO 6

<211> LENGTH: 14

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: SHIFTY SEQUENCE

<400> SEQUENCE: 6

gcaccatacg tagg

<210> SEQ ID NO 7

<211> LENGTH: 13

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: SHIFTY SEQUENCE

<400> SEQUENCE: 7

acgtcagtag atc

<210> SEQ ID NO 8

<211> LENGTH: 12

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: SHIFTY SEQUENCE

<400> SEQUENCE: 8

tagcatagat ag

<210> SEQ ID NO 9

<211> LENGTH: 11

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: SHIFTY SEQUENCE

<400> SEQUENCE: 9

cgacatgate a

<210> SEQ ID NO 10

<211> LENGTH: 10

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: SHIFTY SEQENCE

<400> SEQUENCE: 10

ggatagccat

<210> SEQ ID NO 11

<211> LENGTH: 16

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: SHIFTY SEQUENCE

<400> SEQUENCE: 11

cgtaagtacyg tgtgat

15

14

13

12

11

10

16
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-continued

<210> SEQ ID NO 12

<211> LENGTH: 12

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: SHIFTY SEQUENCE

<400> SEQUENCE: 12

agtacgtgtg at 12

<210> SEQ ID NO 13

<211> LENGTH: 16

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: SHIFTY SEQUENCE

<400> SEQUENCE: 13

gtcaagtacg tgtgat 16

<210> SEQ ID NO 14

<211> LENGTH: 14

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: SHIFTY SEQUENCE

<400> SEQUENCE: 14

taagtacgtg tgat 14

<210> SEQ ID NO 15

<211> LENGTH: 13

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence
<220> FEATURE:

<223> OTHER INFORMATION: SHIFTY SEQUENCE

<400> SEQUENCE: 15

aagtacgtgt gat 13

<210> SEQ ID NO 16

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: SEQUENCING PRIMER

<400> SEQUENCE: 16

aatgatacgg cgaccaccca 20
<210> SEQ ID NO 17

<211> LENGTH: 24

<212> TYPE: DNA

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: SEQUENCING PRIMER

<400> SEQUENCE: 17

caagcagaag acggcatacg agat 24

I claim: a first primer comprising from 5' to 3', a first SP2 binding
1. A set of oligonucleotides configured to introduce site, a first variable-length phase-shift sequence n

nucleotide diversity into sample DNA to be sequenced nucleotides in length, and a region homologous to a 5'
comprising: region of the sample DNA;
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a second primer comprising from 5' to 3', the first SP2
binding site, a second variable-length phase-shift
sequence n+1 nucleotides in length, and the region
homologous to a 5' region of the sample DNA;

a third primer comprising from 5' to 3', the first SP2
binding site, a third variable-length phase-shift
sequence n+2 nucleotides in length, and the region
homologous to a 5' region of the sample DNA;

a fourth primer comprising from 5' to 3', the first SP2
binding site, a fourth variable-length phase-shift
sequence n+3 nucleotides in length, and the region
homologous to a 5' region the sample DNA;

a fifth primer comprising from 5' to 3', a second SP2
binding site, a fifth variable-length phase-shift
sequence n nucleotides in length, and a region homolo-
gous to a 3' region of the sample DNA;

a sixth primer comprising from 5' to 3', the second SP2
binding site, a sixth variable-length phase-shift
sequence n+1 nucleotides in length, and the region
homologous to a 3' region of the sample DNA;

a seventh primer comprising from 5' to 3' the second SP2
binding site, a seventh variable-length phase-shift
sequence n+2 nucleotides in length, and the region
homologous to a 3' region of the sample DNA; and

an eighth primer comprising from 5' to 3', the second SP2
binding site, an eighth variable-length phase-shift
sequence n+3 nucleotides in length, and the region
homologous to a 3' region of the sample DNA; wherein
the first, second, third and fourth primers have different
nucleotides at a 5' position of their variable-length
phase-shift sequences, and wherein the fifth, sixth,
seventh and eighth primers have different nucleotides at
a 5' position of their variable-length phase-shift
sequences.

2. The set of oligonucleotides of claim 1, wherein, except
for the 5' position, the first, second, third, fourth, fifth, sixth,
seventh and eighth variable-length phase-shift sequences are
a same sequence of nucleotides.

3. The set of oligonucleotides of claim 1, wherein the first,
second, third, fourth, fifth, sixth, seventh and eighth vari-
able-length phase-shift sequences are different sequences.

4. The set of oligonucleotides of claim 1, wherein the first,
second, third and fourth primers further comprise: a first SP1
binding site configured to hybridize to the first SP2 binding
site, an indexing sequence, and a P5 sequence if fifth, sixth,
seventh, and eighth primers comprise a P7 sequence and the
P7 sequence if the fifth, sixth, seventh, and eighth primers
comprise the P5 sequence; and wherein the fifth, sixth,
seventh, and eighth primers further comprise: a second SP1
binding site configured to hybridize to the second SP2
binding site, the indexing sequence, and the P7 sequence if
the first, second, third and fourth primers comprise the P5
sequence and the P5 sequence if the first, second, third and
fourth primers comprise the P7 sequence.

5. The set of oligonucleotides of claim 2, wherein the P5
sequence is 5'-AATGATACGGCGACCACCCA-3' [SEQ ID
NO. 16] and the P7 sequence is 5'-CAAGCAGAAGACGG-
CATACGAGAT-3' [SEQ ID NO. 17].

6. The set of oligonucleotides of claim 1 further compris-
ing a ninth primer comprising: a first SP1 binding site
configured to hybridize to the first SP2 binding site, an
indexing sequence, and a PS5 sequence if a tenth primer
comprises a P7 sequence and the P7 sequence if the tenth
primer comprises the P5 sequence; and the tenth primer
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comprising: a second SP1 binding site configured to hybrid-
ize to the second SP2 binding site, the indexing sequence,
and the P7 sequence if the ninth primer comprises the P5
sequence and the P5 sequence if the ninth primer comprises
the P7 sequence.

7. The set of oligonucleotides of claim 4, wherein the P5
sequence is 5'-AATGATACGGCGACCACCCA-3' [SEQ ID
NO. 16] and the P7 sequence is 5'-CAAGCAGAAGACGG-
CATACGAGAT-3' [SEQ ID NO. 17].

8. The set of oligonucleotides of claim 1, wherein the first,
second, third, fourth, fifth, sixth, seventh, and eighth primers
are represented at about equimolar ratios.

9. The set of oligonucleotides of claim 1, wherein the first,
second, third, fourth, fifth, sixth, seventh, and eighth vari-
able-length phase-shift sequences have a sequence motif A.

10. The set of oligonucleotides of claim 1, further com-
prising:

a ninth primer comprising from 5' to 3', the first SP2
binding site, a ninth variable-length phase-shift
sequence n nucleotides in length, and the region
homologous to a 5' region of the sample DNA;

a tenth primer comprising from 5' to 3', the first SP2
binding site, a tenth variable-length phase-shift
sequence n+1 nucleotides in length, and the region
homologous to a 5' region of the sample DNA;

an eleventh primer comprising from 5' to 3', the first SP2
binding site, an eleventh variable-length phase-shift
sequence n+2 nucleotides in length, and the region
homologous to a 5' region of the sample DNA;

a twelfth primer comprising from 5' to 3', the first SP2
binding site, a twelfth variable-length phase-shift
sequence n+3 nucleotides in length, and the region
homologous to a 5' region the sample DNA;

a thirteenth primer comprising from 5' to 3', a second SP2
binding site, a thirteenth variable-length phase-shift
sequence n nucleotides in length, and a region homolo-
gous to a 3' region of the sample DNA;

a fourteenth primer comprising from 5' to 3', the second
SP2 binding site, a fourteenth variable-length phase-
shift sequence n+1 nucleotides in length, and the region
homologous to a 3' region of the sample DNA;

a fifteenth primer comprising from 5' to 3' the second SP2
binding site, a fifteenth variable-length phase-shift
sequence n+2 nucleotides in length, and the region
homologous to a 3' region of the sample DNA; and

a sixteenth primer comprising from 5' to 3', the second
SP2 binding site, a sixteenth variable-length phase-shift
sequence n+3 nucleotides in length, and the region
homologous to a 3' region of the sample DNA; wherein
the ninth, tenth, eleventh and twelfth primers have
different nucleotides at a 5' position of their variable-
length phase-shift sequences, wherein the thirteenth,
fourteenth, fifteenth and sixteenth primers have differ-
ent nucleotides at a 5' position of their variable-length
phase-shift sequences, and wherein the variable-length
phase-shift sequence of each of the ninth, tenth, elev-
enth and twelfth primers is a different sequence than the
variable-length phase-shift sequence of the first, sec-
ond, third, fourth, fifth, sixth, seventh and eighth prim-
ers.

11. The set of oligonucleotides of claim 10, wherein the

ninth, tenth, eleventh and twelfth variable-length phase-shift
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sequences are different sequences than the thirteenth, four-
teenth, fifteenth and sixteenth variable-length phase-shift
sequences.

12. The set of oligonucleotides of claim 10, wherein the
first, second, third and fourth primers further comprise: a
first SP1 binding site configured to hybridize to the first SP2
binding site, an indexing sequence, and a P5 sequence if the
fifth, sixth, seventh, and eighth primers comprise a P7
sequence and the P7 sequence if the fifth, sixth, seventh, and
eighth primers comprise the P5 sequence; wherein the fifth,
sixth, seventh, and eighth primers further comprise: a second
SP1 binding site configured to hybridize to the second SP2
binding site, the indexing sequence, and the P7 sequence if
the first, second, third and fourth primers comprise the P5
sequence and the P5 sequence if the first, second, third and
fourth primers comprise the P7 sequence; the ninth, tenth,
eleventh and twelfth primers further comprise: the first SP1
binding site configured to hybridize to the first SP2 binding
site, the indexing sequence; and the P5 sequence if the
thirteenth, fourteenth, fifteenth and sixteenth primers com-
prise the P7 sequence and the P7 sequence if the thirteenth,
fourteenth, fifteenth and sixteenth primers comprise the P5
sequence; and the thirteenth, fourteenth, fifteenth and six-
teenth primers further comprise: the second SP1 binding site
configured to hybridize to the second SP2 binding site, the
indexing sequence, and the P7 sequence if the ninth, tenth,
eleventh and twelfth primers comprise the P5 sequence and
the PS5 sequence if the ninth, tenth, eleventh and twelfth
primers comprise the P7 sequence.

13. The set of oligonucleotides of claim 10, wherein,
except for the 5' position, the first, second, third, fourth, fifth,
sixth, seventh and eight variable-length phase-shift
sequences have a sequence motif A and the ninth, tenth,
eleventh, twelfth, thirteenth, fourteenth, fifteenth and six-
teenth variable-length phase-shift sequences have a
sequence motif B, and wherein sequence motif A and
sequence motif B are different.

14. The set of oligonucleotides of claim 10, wherein the
P35 sequence is 5'-AATGATACGGCGACCACCCA-3'[SEQ
ID NO. 16] and the P7 sequence is 5'-CAAGCAGAA-
GACGGCATACGAGAT-3' [SEQ ID NO. 17].

15. The set of oligonucleotides of claim 10 further com-
prising a seventeenth primer comprising: a first SP1 binding
site configured to hybridize to the first SP2 binding site, an
indexing sequence, and a PS5 sequence if a tenth primer
comprises a P7 sequence and the P7 sequence if the tenth
primer comprises the P5 sequence; and an eighteenth primer
comprising: a second SP1 binding site configured to hybrid-
ize to the second SP2 binding site, the indexing sequence,
and the P7 sequence if the ninth primer comprises the P5
sequence and the PS5 sequence if the ninth primer comprises
the P7 sequence.

16. The set of oligonucleotides of claim 10, further
comprising:

a seventeenth primer comprising from 5' to 3', the first
SP2 binding site, a seventeenth variable-length phase-
shift sequence n nucleotides in length, and the region
homologous to a 5' region of the sample DNA;

an eighteenth primer comprising from 5' to 3', the first SP2
binding site, an eighteenth variable-length phase-shift
sequence n+1 nucleotides in length, and the region
homologous to a 5' region of the sample DNA;

a nineteenth primer comprising from 5' to 3', the first SP2
binding site, a nineteenth variable-length phase-shift
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sequence n+2 nucleotides in length, and the region
homologous to a 5' region of the sample DNA;

a twentieth primer comprising from 5' to 3', the first SP2
binding site, a twentieth variable-length phase-shift
sequence n+3 nucleotides in length, and the region
homologous to a 5' region the sample DNA;

a twenty-first primer comprising from 5' to 3', a second
SP2 binding site, a twenty-first variable-length phase-
shift sequence n nucleotides in length, and a region
homologous to a 3' region of the sample DNA;

a twenty-second primer comprising from 5' to 3', the
second SP2 binding site, a twenty-second variable-
length phase-shift sequence n+1 nucleotides in length,
and the region homologous to a 3' region of the sample
DNA,;

a twenty-third primer comprising from 5' to 3' the second
SP2 binding site, a twenty-third variable-length phase-
shift sequence n+2 nucleotides in length, and the region
homologous to a 3' region of the sample DNA; and

a twenty-fourth primer comprising from 5' to 3', the
second SP2 binding site, a twenty-fourth variable-
length phase-shift sequence n+3 nucleotides in length,
and the region homologous to a 3' region of the sample
DNA; wherein the seventeenth, eighteenth, nineteenth
and twentieth primers have different nucleotides at a 5'
position of their variable-length phase-shift sequences,
wherein the twenty-first, twenty-second, twenty-third
and twenty-fourth primers have different nucleotides at
a 5 position of their variable-length phase-shift
sequences, and wherein the seventeenth, eighteenth,
nineteenth, twentieth, twenty-first, twenty-second,
twenty-third and twenty-fourth variable-length phase-
shift sequences are different sequences than the first,
second, third, fourth, fifth, sixth, seventh, eighth, ninth,
tenth, eleventh, twelfth, thirteenth, fourteenth, fifteenth
and sixteenth variable-length phase-shift sequences.

17. The set of oligonucleotides of claim 16, wherein,
except for the 5' position, the first, second, third, fourth, fifth,
sixth, seventh and eighth variable-length phase-shift
sequences have a sequence motif A, the ninth, tenth, elev-
enth, twelfth, thirteenth, fourteenth, fifteenth and sixteenth
variable-length phase-shift sequences have a sequence motif
B, and the seventeenth, eighteenth, nineteenth, twentieth,
twenty-first, twenty-second, twenty-third and twenty-fourth
variable-length phase-shift sequences have a sequence motif
C, and wherein sequence motif A, sequence motif B and
sequence motif C are different.

18. A set of oligonucleotides configured to introduce
nucleotide diversity into sample DNA to be sequenced
comprising:

a first primer comprising from 5' to 3', a P5 or P7
sequence, an indexing sequence, a first SP2 binding
site, a first variable-length phase-shift sequence n
nucleotides in length, and a region homologous to a 5'
region of the sample DNA;

a second primer comprising from 5' to 3', the P5 or P7
sequence, the indexing sequence, the first SP2 binding
site, a second variable-length phase-shift sequence n+1
nucleotides in length, and the region homologous to a
5' region of the sample DNA;

a third primer comprising from 5' to 3', the P5 or P7
sequence, the indexing sequence, the first SP2 binding
site, a third variable-length phase-shift sequence n+2
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nucleotides in length, and the region homologous to a
5' region of the sample DNA;

a fourth primer comprising from 5' to 3', the P5 or P7
sequence, the indexing sequence, the first SP2 binding
site, a fourth variable-length phase-shift sequence n+3
nucleotides in length, and the region homologous to a
5' region the sample DNA;

a fifth primer comprising from 5' to 3', the P5 or P7
sequence, the indexing sequence, a second SP2 binding
site; a fifth variable-length phase-shift sequence n
nucleotides in length, and a region homologous to a 3'
region of the sample DNA;

a sixth primer comprising from 5' to 3', the P5 or P7
sequence, the indexing sequence, the second SP2 bind-
ing site, a sixth variable-length phase-shift sequence
n+1 nucleotides in length, and the region homologous
to a 3' region of the sample DNA;

a seventh primer comprising from 5' to 3', the P5 or P7
sequence, the indexing sequence, the second SP2 bind-
ing site, a seventh variable-length phase-shift sequence
n+2 nucleotides, and the region homologous to a 3'
region of the sample DNA; and

an eighth primer comprising from 5' to 3', the P5 or P7
sequence, the indexing sequence, the second SP2 bind-
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ing site, an eighth variable-length phase-shift sequence
n+3 nucleotides in length, and the region homologous
to a 3' region of the sample DNA;

wherein the first, second, third and fourth primers have
different nucleotides at a 5' position of their variable-
length phase-shift sequences, and wherein the fifth,
sixth, seventh and eighth primers have different nucleo-
tides at a 5' position of their variable-length phase-shift
sequences and wherein if the first, second, third and
fourth primers comprise P5 sequences, the sixth, sev-
enth, eighth and ninth primers comprise P7 sequences
and wherein if the first, second, third and fourth primers
comprise P7 sequences, the sixth, seventh, eighth and
ninth primers comprise PS sequences.

19. The set of oligonucleotides of claim 18, wherein,
except for the 5' position, the first, second, third, fourth, fifth,
sixth, seventh and eighth variable-length phase-shift
sequences are a same sequence of nucleotides.

20. The set of oligonucleotides of claim 18, wherein the
first, second, third, fourth, fifth, sixth, seventh and eighth
variable-length  phase-shift sequences are different
sequences.



