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SYSTEMS AND METHODS FOR VALIDATION OF SEQUENCING RESULTS

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] This application claims the benefit of priority to U.S. Provisional Application
Nos. 61/992,306, filed May 13, 2014, the disclosures of which isincorporated herein by

reference in its entirety.

[0002] Throughout this application various publications, patents, and/or patent
applications are referenced. The disclosures of these publications, patents, and/or patent
applications in their entireties are hereby incorporated by reference into this application

in order to more fully describe the state of the art to which this invention pertains.

FIELD
[0003] The present disclosure generally relates to the field of nucleic acid sequencing

including systems and methods for validation of sequencing results.

INTRODUCTION
[0004] Upon completion of the Human Genome Project, one focus of the sequencing
industry has shifted to finding higher throughput and/or lower cost nucleic acid
sequencing technologies, sometimes referred to as "next generation” sequencing (NGS)
technologies. In making sequencing higher throughput and/or less expensive, the goal is
to make the technology more accessible. These goals can be reached through the use of
sequencing platforms and methods that provide sample preparation for samples of
significant complexity, sequencing larger numbers of samples in parallel (for example
through use of barcodes and multiplex analysis) , and/or processing high volumes of
information efficiently and completing the analysis in atimely manner. Various
methods, such as, for example, sequencing by synthesis, sequencing by hybridization,

and sequencing by ligation are evolving to meet these challenges.

[0005] Ultra-high throughput nucleic acid sequencing systems incorporating NGS
technologies typically produce alarge number of short sequence reads. Sequence

processing methods should desirably assemble and/or map alarge number of reads
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quickly and efficiently, such asto minimize use of computational resources. For
example, data arising from sequencing of amammalian genome can result in tens or
hundreds of millions of reads that typically need to be assembled before they can be
further analyzed to determine their biological, diagnostic and/or therapeutic relevance.

[0006] Exemplary applications of NGS technologies include, but are not limited to:
genomic variant detection, such asinsertions/deletions, copy number variations, single
nucleotide polymorphisms, etc., genomic resequencing, gene expression analysis and

genomic profiling.

[0007] From the foregoing it will be appreciated that aneed exists for systems and
methods that can validate sequencing results.

DRAWINGS
[0008] For amore complete understanding of the principles disclosed herein, and the
advantages thereof, reference is now made to the following descriptions taken in

conjunction with the accompanying drawings, in which:

[0009] Figure lisablock diagram that illustrates an exemplary computer system, in
accordance with various embodiments.

[0010] Figure 2 is a schematic diagram of an exemplary system for reconstructing a

nucleic acid sequence, in accordance with various embodiments.

[0011] Figure 3 is aschematic diagram of illustrating amplification products, in
accordance with various embodiments.

[0012] Figure 4 is a schematic diagram of an exemplary genetic analysis system, in
accordance with various embodiments.

[0013] Figure 5isaflow diagram illustrating an exemplary method of validating

sequencing results, in accordance with various embodiments.
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[0014] Figure 6 is a summary and a schematic diagram illustrating an exemplary
method of validating homopolymer sequencing results, in accordance with various

embodiments.

[0015] It isto be understood that the figures are not necessarily drawn to scale, nor
are the objects in the figures necessarily drawn to scale in relationship to one ancther.
The figures are depictions that are intended to bring clarity and understanding to various
embodiments of apparatuses, systems, and methods disclosed herein. Wherever possible,
the same reference numbers will be used throughout the drawings to refer to the same or
like parts. Moreover, it should be appreciated that the drawings are not intended to limit

the scope of the present teachings in any way.

DESCRIPTION OF VARIOUS EMBODIMENTS
[0016] Embodiments of systems and methods for detecting low frequency variants

are described herein, which includes the accompanying Figures.

[0017] The section headings used herein are for organizational purposes only and are

not to be construed as limiting the described subject matter in any way.

[0018] In this detailed description of the various embodiments, for purposes of
explanation, numerous specific details are set forth to provide athorough understanding
of the embodiments disclosed. One skilled in the art will appreciate, however, that these
various embodiments may be practiced with or without these specific details. In other
instances, structures and devices are shown in block diagram form. Furthermore, one
skilled in the art can readily appreciate that the specific sequences in which methods are
presented and performed are illustrative and it i s contemplated that the sequences can be
varied and still remain within the spirit and scope of the various embodiments disclosed

herein.

[0019] All literature and similar materials cited in this application, including but not
limited to, patents, patent applications, articles, books, treatises, and internet web pages
are expressly incorporated by reference in their entirety for any purpose. Unless

described otherwise, al technical and scientific terms used herein have ameaning asis
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commonly understood by one of ordinary skill in the art to which the various

embodiments described herein belongs.

[0020] It will be appreciated that there is an implied "about" prior to the
temperatures, concentrations, times, number of bases, coverage, etc. discussed in the
present teachings, such that slight and insubstantial deviations are within the scope of the
present teachings. In this application, the use of the singular includes the plural unless

specifically stated otherwise. Also, the use of "comprise”,

comprises’, "comprising”,

"contain", "contains',

containing”, "include”, "includes’, and "including” are not
intended to be limiting. It isto be understood that both the foregoing general description
and the following detailed description are exemplary and explanatory only and are not

restrictive of the present teachings.

[0021] Asused herein, "a' or "an" also may refer to "at least one" or "one or more."
Also, the use of "or" isinclusive, such that the phrase "A or B" istrue when "A" istrue,

"B" istrue, or both "A" and "B" aretrue.

[0022] Further, unless otherwise required by context, singular terms shall include
pluralities and plural terms shall include the singular. Generally, nomenclatures utilized
in connection with, and techniques of, cell and tissue culture, molecular biology, and
protein and oligo- or polynucleotide chemistry and hybridization described herein are
those well-known and commonly used in the art. Standard techniques are used, for
example, for nucleic acid purification and preparation, chemical analysis, recombinant
nucleic acid, and oligonucleotide synthesis. Enzymatic reactions and purification
techniques are performed according to manufacturer' s specifications or as commonly
accomplished in the art or as described herein. The techniques and procedures described
herein are generally performed according to conventional methods well known in the art
and as described in various general and more specific references that are cited and
discussed throughout the instant specification. See, e.g., Sambrook et ah, Molecular
Cloning: A Laboratory Manual (Third ed., Cold Spring Harbor Laboratory Press, Cold

Spring Harbor, N.Y. 2000). The nomenclatures utilized in connection with, and the
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laboratory procedures and techniques described herein are those well-known and

commonly used in the art.

[0023] In various embodiments, a"system" sets forth a set of components, real or
abstract, comprising awhole where each component interacts with or isrelated to at least

one other component within the whole.

[0024] In various embodiments, a"biomolecule” may refer to any molecule that is
produced by abiological organism, including large polymeric molecules such as proteins,
polysaccharides, lipids, and nucleic acids (DNA and RNA) aswell as small molecules

such as primary metabolites, secondary metabolites, and other natural products.

[0025] In various embodiments, the phrase "next generation sequencing” or NGS
refers to sequencing technologies having increased throughput as compared to traditional
Sanger- and capillary electrophoresis-based approaches, for example with the ability to
generate hundreds of thousands of relatively small sequence reads at atime. Some
examples of next generation sequencing techniques include, but are not limited to,
sequencing by synthesis, sequencing by ligation, and sequencing by hybridization. More
specifically, the Personal Genome Machine (PGM) and Proton of Life Technologies
Corp. provide massively paralel sequencing with enhanced accuracy. The PGM and
Proton Systems and associated workflows, protocols, chemistries, etc. are described in
more detail in U.S. Patent Application Publication No. 2009/0127589 and No.
2009/0026082, the entirety of each of these applications being incorporated herein by

reference.

[0026] In various embodiments, the phrase "sequencing run” refers to any step or
portion of a sequencing experiment performed to determine some information relating to

at least one biomolecule (e.g., nucleic acid molecule).

[0027] In various embodiments, the phase "base space” refers to arepresentation of
the sequence of nucleotides. The phase "flow space” refers to arepresentation of the
incorporation event or non-incorporation event for aparticular nucleotide flow. For

example, flow space can be a series of values representing a nucleotide incorporation
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event (such asaone, "1") or anon-incorporation event (such as azero, "0") for that
particular nucleotide flow. Nucleotide flows having anon-incorporation event can be
referred to as empty flows, and nucleotide flows having a nucleotide incorporation event
can be referred to as positive flows. It should be understood that zeros and ones are
convenient representations of a non-incorporation event and a nucleotide incorporation
event; however, any other symbol or designation could be used alternatively to represent
and/or identify these events and non-events. In particular, when multiple nucleotides are
incorporated at a given position, such as for ahomopolymer stretch, the value can be
proportional to the number of nucleotide incorporation events and thus the length of the
homopolymer stretch.

[0028] In various embodiments, DNA (deoxyribonucleic acid) may bereferred to as
achain of nucleotides consisting of 4 types of nucleotides, A (adenine), T (thymine), C
(cytosine), and G (guanine), and that RNA (ribonucleic acid) is comprised of 4 types of
nucleotides; A, U (uracil), G, and C. Certain pairs of nucleotides specifically bind to one
another in acomplementary fashion (called complementary base pairing). That is,
adenine (A) pairs with thymine (T) (in the case of RNA, however, adenine (A) pairs with
uracil (U)), and cytosine (C) pairs with guanine (G). When afirst nucleic acid strand
binds to a second nucleic acid strand made up of nucleotides that are complementary to
those in the first strand, the two strands bind to form adouble strand. In various

embodiments, "nucleic acid sequencing data,” "nucleic acid sequencing information,”

"nucleic acid sequence,” "genomic sequence,” "genetic sequence,” or "fragment
sequence,” or "nucleic acid sequencing read" denotes any information or datathat is
indicative of the order of the nucleotide bases (e.g., adenine, guanine, cytosine, and
thymine/uracil) in amolecule (e.g., whole genome, whole transcriptome, exome,
oligonucleotide, polynucleotide, fragment, etc.) of DNA or RNA. It should be
understood that the present teachings contemplate sequence information obtained using
all available varieties of techniques, platforms or technologies, including, but not limited
to: capillary electrophoresis, microarrays, ligation-based systems, polymerase-based
systems (such as Illumina HiSeq, MiSeq, and Genome Analyzer), hybridization-based
systems, direct or indirect nucleotide identification systems, pyrosequencing (such as 454

Life Science GS FLX and GS Junior), ion- or pH-based detection systems (such as lon
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Torrent), electronic signature-based systems (such as Oxford Nanopore GridlON and
MinlON), etc.

[0029] In various embodiments, a"polynucleotide”, "nucleic acid", or
"oligonucleotide" refers to alinear polymer of nucleosides (including
deoxyribonucleosides, ribonucleosides, or analogs thereof) joined by internucleosidic
linkages. Typically, apolynucleotide comprises at least three nucleosides. Usually
oligonucleotides range in size from afew monomeric units, e.g. 3-4, to several hundreds
of monomeric units. Whenever apolynucleotide such as an oligonucleotide is
represented by a sequence of letters, such as"ATGCCTG," it will be understood that the
nucleotides arein 5'->3' order from left to right and that "A" denotes deoxyadenosine,
"C" denotes deoxycytidine, "G" denotes deoxyguanosine, and "T" denotes thymidine,
unless otherwise noted. The letters A, C, G, and T may be used to refer to the bases
themselves, to nucleosides, or to nucleotides comprising the bases, asis standard in the

art.

[0030] In various embodiments, a"structural variant" refers to avariation in the
structure of achromosome. Structural variants can include deletions, duplications, copy-
number variants, insertions, gene fusions, inversions and translocations. Many of

structural variants are associated with genetic diseases, however more are not.

MULTIPLEX AMPLIFICATION METHODS:

[0031] In various embodiments, target nucleic acids generated by the amplification of

multiple target- specific sequences from apopulation of nucleic acid molecules can be
sequenced. In some embodiments, the amplification can include hybridizing one or more
target- specific primer pairs to the target sequence, extending afirst primer of the primer
pair, denaturing the extended first primer product from the population of nucleic acid
molecules, hybridizing to the extended first primer product the second primer of the
primer pair, extending the second primer to form a double stranded product, and
digesting the target- specific primer pair away from the double stranded product to
generate aplurality of amplified target sequences. In some embodiments, the amplified

target sequences can be ligated to one or more adapters. In some embodiments, the
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adapters can include one or more nucleotide barcodes or tagging sequences. In some
embodiments, the amplified target sequences once ligated to an adapter can undergo a
nick trangdation reaction and/or further amplification to generate alibrary of adapter-
ligated amplified target sequences. Exemplary methods of multiplex amplification are
described in U.S. Application No. 13/458,739 filed November 12, 2012 and titled
"Methods and Compositions for Multiplex PCR",

[0032] In various embodiments, the method of performing multiplex PCR
amplification includes contacting aplurality of target-specific primer pairs having a
forward and reverse primer, with apopulation of target sequences to form aplurality of
template/primer duplexes; adding a DNA polymerase and amixture of dNTPs to the
plurality of template/primer duplexes for sufficient time and at sufficient temperature to
extend either (or both) the forward or reverse primer in each target- specific primer pair
via template-dependent synthesis thereby generating aplurality of extended primer
product/template duplexes; denaturing the extended primer product/template duplexes,
annealing to the extended primer product the complementary primer from the target-
specific primer pair; and extending the annealed primer in the presence of a DNA
polymerase and dNTPs to form aplurality of target- specific double-stranded nucleic acid

molecules.

Adaptor-Joining Methods:

[0033] In some embodiments, the present teachings are directed to methods for
preparing alibrary of polynucleotide constructs which can include an adaptor-joining
step. In some embodiments, aplurality of polynucleotide fragments can include at least
two polynucleotide fragments that arejoined to one or more nucleic acid adaptors by
hybridization (e.g., with or without aprimer extension reaction) or enzymatic ligation
(e.g., aligase reaction) to generate adaptor-fragment constructs. In some embodiments,
one end or both ends of polynucleotide fragments can bejoined to at least one type of
adaptor. One or both ends of apolynuclectide fragment can bejoined to at least one
nucleic acid adaptor, including barcoded adaptors, sequencing primer adaptors,
amplification primer adaptors, universal adaptors, blocking oligonucleotide adaptors

and/or others.
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[0034] In some embodiments, an adaptor can include nucleotide sequences that are
complementary to sequencing primers (e.g., Pl, P2 and/or A), amplification primers,
universal sequences and/or barcode sequences. For example, released mate pair
constructs can bejoined at each end to adifferent sequencing adaptor to prepare anucleic
acid library for sequencing with SOLiD™ sequencing reactions (WO 2006/084131) or
sequencing with ion-sensitive sequencing reactions (e.g., lon Torrent PGM™ and
Proton™ sequencers from Life Technologies Corporation, see for example U.S. Patent
Publication Nos. 2010/0301398, 2010/0300895, 2010/0300559, 2010/0197507,
2010/0137143, 2009/0127589; and 2009/0026082, which are incorporated by reference

in their entireties).

Barcoded Adaptor Sequences

[0035] In some embodiments, the present teachings are directed to methods for

preparing alibrary of polynucleotide constructs which can include joining at least one
end of aplurality of polynucleotide fragments to an adaptor having abarcode sequence.
A barcode sequence can be a selected sequence of nucleotide bases (e.g. adenine,
guanine, cytosine, thymine, uracil, inosine, or analogs thereof) in the polynucleotide
strand that serves to identify the polynucleotide strand and/or distinguish it from other
polynuclectide strands (e.g. those containing a different target sequence of interest). In
some embodiments, abarcode adaptor can include aunique identification sequence (e.g.,
barcode sequence). A barcode sequence can be used for various purposes, such as

tracking, sorting, and/or identifying the samples.

[0036] Because different barcode segquences can be associated with different
polynuclectide strands, these barcode sequences may be useful in multiplexed sequencing
of different samples. In some embodiments, abarcode adaptor can be used for
constructing multiplex nucleic acid libraries. In some embodiments, one or more barcode
sequences can alow identification of aparticular adaptor among a mixture of different
adaptors having different barcodes sequences. For example, amixture can include 2, 3,
4,5, 6, 7-10, 10-50, 50-100, 100-200, 200-500, 500-1000, or more different adaptors

having unique barcode sequences. Examples of various adaptors having barcode
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sequences can be found in PCT/US201 1/054053 which isincorporated by reference in its
entirety.

[0037] In various high throughput DNA sequencing technologies (such as
sequencing-by-synthesis) it isdesirable to permit sequencing of different samples that are
pooled together for simultaneous anaysis (sometimes referred to as multiplexed

sequencing).

[0038] When carrying out multiplexed sequencing, it is generally desirable to identify
the origin of each sample, and this may require that the sequencing data be deconvolved
for each sample. In particular, it can be desirable to uniquely identify the source of the
sequence data derived from amultiplex sample (for example, to identify a particular
nucleic acid species associated with different sample populations). One approach to
facilitate sample identification isthe use of unique nucleic acid identifier sequences
(barcode adaptors) that are embedded within the sample construct so that sequencing data

can be correctly identified or associated with its source sample.

COMPUTER-IMPLEMENTED SYSTEM

[0039] Figure 1lisablock diagram that illustrates an exemplary computer system
100, upon which embodiments of the present teachings may be implemented. In various
embodiments, computer system 100 can include abus 102 or other communication
mechanism for communicating information, and aprocessor 104 coupled with bus 102
for processing information. In various embodiments, computer system 100 can also
include amemory 106, which can be arandom access memory (RAM) or other dynamic
storage device, coupled to bus 102 for determining base calls, and instructions to be
executed by processor 104. Memory 106 also can be used for storing temporary
variables or other intermediate information during execution of instructions to be
executed by processor 104. In various embodiments, computer system 100 can further
include aread only memory (ROM) 108 or other static storage device coupled to bus 102
for storing static information and instructions for processor 104. A storage device 110,
such as amagnetic disk or optical disk, can be provided and coupled to bus 102 for

storing information and instructions.
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[0040] In various embodiments, computer system 100 can be coupled via bus 102 to
adisplay 112, such as acathode ray tube (CRT) or liquid crystal display (LCD), for
displaying information to acomputer user. An input device 114, including aphanumeric
and other keys, can be coupled to bus 102 for communicating information and command
selections to processor 104. Another type of user input device isacursor control 116,
such as amouse, atrackball or cursor direction keys for communicating direction
information and command selections to processor 104 and for controlling cursor
movement on display 112. This input device typically has two degrees of freedom in two
axes, afirst axis (i.e., x) and a second axis (i.e., y), that allows the device to specify

positions in aplane.

[0041] A computer system 100 can perform the present teachings. Consistent with
certain implementations of the present teachings, results can be provided by computer
system 100 in response to processor 104 executing one or more sequences of one or more
instructions contained in memory 106. Such instructions can beread into memory 106
from another computer-readable medium, such as storage device 110. Execution of the
seguences of instructions contained in memory 106 can cause processor 104 to perform
the processes described herein. Alternatively hard-wired circuitry can be used in place of
or in combination with software instructions to implement the present teachings. Thus
implementations of the present teachings are not limited to any specific combination of

hardware circuitry and software.

[0042] In various embodiments, the term "computer-readable medium" asused herein
refers to any media that participates in providing instructions to processor 104 for
execution. Such amedium can take many forms, including but not limited to, non-
volatile media, volatile media, and transmission media. Examples of non-volatile media
can include, but are not limited to, optical or magnetic disks, such as storage device 110.
Examples of volatile media can include, but are not limited to, dynamic memory, such as
memory 106. Examples of transmission media can include, but are not limited to, coaxial

cables, copper wire, and fiber optics, including the wires that comprise bus 102.
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[0043] Common forms of non-transitory computer-readable media include, for
example, afloppy disk, aflexible disk, hard disk, magnetic tape, or any other magnetic
medium, a CD-ROM, any other optical medium, punch cards, paper tape, any other
physical medium with patterns of holes, aRAM, PROM, and EPROM, a FLASH-
EPROM, any other memory chip or cartridge, or any other tangible medium from which

acomputer can read.

[0044] In accordance with various embodiments, instructions configured to be
executed by aprocessor to perform amethod are stored on a computer-readable medium.
The computer-readable medium can be adevice that stores digital information. For
example, a computer-readable medium includes a compact disc read-only memory (CD-
ROM) asisknown in the art for storing software. The computer-readable medium is

accessed by aprocessor suitable for executing instructions configured to be executed.

NUCLEIC ACID SEQUENCING PLATFORMS
[0045] Nucleic acid sequence data can be generated using various techniques,

platforms or technologies, including, but not limited to: capillary electrophoresis,
microarrays, ligation-based systems, polymerase-based systems, hybridization-based
systems, direct or indirect nucleotide identification systems, pyrosequencing, ion- or pH-
based detection systems, electronic signature-based systems, etc.

[0046] Various embodiments of nucleic acid sequencing platforms, such as anucleic
acid sequencer, can include components as displayed in the block diagram of Figure 2.
According to various embodiments, sequencing instrument 200 can include afluidic
delivery and control unit 202, a sample processing unit 204, asignal detection unit 206,
and adata acquisition, analysis and control unit 208. Various embodiments of
instrumentation, reagents, libraries and methods used for next generation sequencing are
described in U.S. Patent Application Publication No. 2009/0127589 and No.
2009/0026082 are incorporated herein by reference. Various embodiments of instrument
200 can provide for automated sequencing that can be used to gather sequence
information from aplurality of sequences in paralel, such as substantially

simultaneously.
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[0047] In various embodiments, the fluidics delivery and control unit 202 can include
reagent delivery system. The reagent delivery system can include areagent reservoir for
the storage of various reagents. The reagents can include RNA-based primers,
forward/reverse DNA primers, oligonucleotide mixtures for ligation sequencing,
nucleotide mixtures for sequencing-by-synthesis, optional ECC oligonucleotide mixtures,
buffers, wash reagents, blocking reagent, stripping reagents, and the like. Additionally,
the reagent delivery system can include apipetting system or acontinuous flow system

which connects the sample processing unit with the reagent reservoir.

[0048] In various embodiments, the sample processing unit 204 can include a sample
chamber, such asflow cell, a substrate, amicro-array, a multi-well tray, or the like. The
sample processing unit 204 can include multiple lanes, multiple channels, multiple wells,
or other means of processing multiple sample sets substantially simultaneously.
Additionally, the sample processing unit can include multiple sample chambers to enable
processing of multiple runs simultaneously. In particular embodiments, the system can
perform signal detection on one sample chamber while substantially simultaneously
processing another sample chamber. Additionally, the sample processing unit can

include an automation system for moving or manipulating the sample chamber.

[0049] In various embodiments, the signal detection unit 206 can include an imaging
or detection sensor. For example, the imaging or detection sensor can include aCCD, a
CMOS, anion or chemical sensor, such as an ion sensitive layer overlying aCMOS or
FET, acurrent or voltage detector, or the like. The signal detection unit 206 can include
an excitation system to cause aprobe, such as afluorescent dye, to emit asignal. The
excitation system can include an illumination source, such as arc lamp, alaser, alight
emitting diode (LED), or the like. In particular embodiments, the signal detection unit
206 can include optics for the transmission of light from an illumination source to the
sample or from the sample to the imaging or detection sensor. Alternatively, the signal
detection unit 206 may provide for electronic or non-photon based methods for detection
and consequently not include an illumination source. In various embodiments,
electronic-based signal detection may occur when a detectable signal or speciesis

produced during a sequencing reaction. For example, a signal can be produced by the
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interaction of areleased byproduct or moiety, such as areleased ion, such as ahydrogen
ion, interacting with an ion or chemical sensitive layer. In other embodiments a
detectable signal may arise as aresult of an enzymatic cascade such asused in
pyrosequencing (see, for example, U.S. Patent Application Publication No.
2009/0325145, the entirety of which being incorporated herein by reference) where
pyrophosphate is generated through base incorporation by apolymerase which further
reacts with ATP sulfurylase to generate ATP in the presence of adenosine 5'
phosphosulfate wherein the ATP generated may be consumed in aluciferase mediated
reaction to generate a chemiluminescent signal. In another example, changes in an
electrical current can be detected as a nucleic acid passes through ananopore without the

need for an illumination source.

[0050] In various embodiments, adata acquisition analysis and control unit 208 can
monitor various system parameters. The system parameters can include temperature of

various portions of instrument 200, such as sample processing unit or reagent reservoirs,
volumes of various reagents, the status of various system subcomponents, such as a

manipulator, a stepper motor, apump, or the like, or any combination thereof.

[0051] It will be appreciated by one skilled in the art that various embodiments of
instrument 200 can be used to practice variety of sequencing methods including ligation-
based methods, sequencing by synthesis, single molecule methods, nanopore sequencing,

and other sequencing techniques.

[0052] In various embodiments, the sequencing instrument 200 can determine the
sequence of anucleic acid, such as a polynucleotide or an oligonucleotide. The nucleic
acid can include DNA or RNA, and can be single stranded, such as ssDNA and RNA, or
double stranded, such as dsDNA or aRNA/cDNA pair. In various embodiments, the
nucleic acid can include or be derived from afragment library, a mate pair library, a ChlP
fragment, or the like. In particular embodiments, the sequencing instrument 200 can
obtain the sequence information from a single nucleic acid molecule or from a group of

substantially identical nucleic acid molecules.
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[0053] In various embodiments, sequencing instrument 200 can output nucleic acid
sequencing read data in avariety of different output data file types/formats, including, but
not limited to: *.fasta, *.csfasta, * seqg.txt, *qgseq.txt, *.fastq, *.sff, *prb.txt, *.sms, *srs

and/or *.qv.

SYSTEM AND METHODS FOR IDENTIFYING SEQUENCE VARIATION
[0054] Figure 3isadiagram showing exemplary amplification products. Target

region 302 can be amplified using target specific primer 304, target specific primer 306
and variant specific primer 308. Variant specific primer 308 can include avariant
specific barcode region 310 and avariant sequence region 312. Amplification of the
target region can produce amplicons 314. Specifically, amplification by target specific
primers 304 and 306 can produce full length target amplicons 316 while amplification by
variant specific primer 308 and target specific primer 306 can produce variant specific

amplicons 318.

[0055] In various embodiments, aprimer pool using aplurality of variant specific
primers could be used. For example, to verify the length of a homopolymer region,
variant specific primers having multiple lengths of homopolymers could be used, with
different variant specific barcode region corresponding to each different length. An
exemplary variant specific primer for verifying ahomopolymer region is shownin Fig. 6

and described in further detail herein.

[0056] By way of another example, to verify a SNP, variant specific primers
corresponding to reference sequence and the SNP could be used. Additional sequence
specific primers corresponding to the other alternative bases at the position could aso be
used.

[0057] In various embodiments, the sequence differences between the variant specific
barcodes can provide a greater differentiation in the raw data from the sequencing
instrument than for the variant, such that the distinguishing power is greater for the
barcode than for the variant. For example, achange in the length of ahomopolymer may
produce only a small change in the raw data that may be the result of a sequencing error,

but a change of multiple bases in the barcode could produce a change in the raw data that
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would require multiple sequencing errors to occur in a specific order to happen by

chance.

[0058] In various embodiments, full length target amplicons can be produced by
amplifying the target sequence in afirst PCR reaction without the variant specific primers
and variant specific amplicons can be produced by amplifying the target sequence, or the
full length amplicons, in a second PCR reaction with the variant specific primers.
Alternatively, full length target amplicons and variant specific amplicons can be
produced substantially simultaneously by performing a multiplex PCR reaction with both
the target specific primers and the variant specific primers present. A large excess of
target specific primers, relative to the variant specific primers, may be used to ensure a
sufficient quantity of full length target amplicons is produced.

[0059] Figure 6 shows a summary and schematic diagram illustrating a method for

identifying or verifying homopolymer variants, in accordance with various embodi ments.

[0060] The accurate sequencing of homopolymer regions can pose difficultiesin
sequencing systems, particularly when sequencing longer homopolymer stretches, such
as those around or longer than hexa-(6)-mers. Asaresult, sequencing systems can yield
false positives (FP), or false negatives (FN) when identifying or verifying a
homopolymer region.

[0061] In various embodiments, as exemplified in Fig. 6, a set of homopolymer-
specific variant primers can be used to identify and/or verify ahomopolymer region. In
various embodiments, the variant primers include, without limitation, abarcode region, a
left (upstream) anchor region, aquery (e.g., homopolymer) region, and aright
(downstream) anchor region. In the example depicted, the barcode isformed by two (2)
base-pairs, the left anchor isformed by two (2) base-pairs, the query region isformed
from (5) base pairs, and the right anchor isformed by one (1) base-pair. Other sequence
lengths and compositions are envisioned in various embodiments, and the length or
sequence of any given region in the variant specific primer are not necessarily correlated
to or dependent on the length or sequence of any other region. In various embodiments,
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the length or sequence of the barcode region in agiven variant specific primer is

correlated to or dependent on the length or sequence of one or more given query regions.

[0062] In various embodiments, a set of variant specific primers includes multiple
permutations of the various regions. For example, as shown in Fig. 6, a set of variant
specific primers of the type depicted would include a specific barcode sequence that is
indicative of a specific homopolymer length. In this example, the barcode sequence of
"CG" corresponds to the set of variant specific primers that would verify or identify a
hexameric homopolymer region of any of the four natural bases. Thus, for such a set, the
set of variant specific primers would include (a) all possible dinucleotide left anchor
sequences that do not contain a second base that matches the downstream query sequence
homopolymer (i.e, 12 possible sequences), (b) all possible homo-hexameric sequencesin
the query region (i.e, 4 possible sequences. hexa-A, hexa-G, hexaT and hexa-C), (c) all
possible mononucleotide right anchor sequences that do not contain a base that matches
the upstream query sequence homopolymer (i.e, 3 possible sequences), thereby giving a

total of 144 possible primers for this exemplary set.

[0063] In various embodiments, to form avariant specific primer set that can identify
or verify any homopolymer ranging from 6 to 12-mer, a set of 144 permutations can

generated in an analogous manner.

[0064] In various embodiments, the barcode region can be lengthened to allow for a
larger number of query sequences to be verified or identified. In various embodiments,
the barcode can be varied such that homopolymers of differing sequences can be

identified with different barcodes.

[0065] As schematically depicted in Fig. 6 and described herein, the variant specific
primers can be amplified, either concurrently or sequentially, with each other and one or
more target specific primers. In this manner, the variant specific primers will, in
conjunction with an opposing target specific primer will generate a set of amplicons that
correspond to the homopolymer region. In this manner, sequencing of the set of
amplicons generated will result in an identification of abarcode sequence in conjunction

with its corresponding homopolymer query region.
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[0066] Figure 4 is a schematic diagram of a system for identifying variants, in

accordance with various embodiments.

[0067] Asdepicted herein, variant analysis system 400 can include anucleic acid
sequence analysis device 404 (e.g., nucleic acid sequencer, real-time/digital/quantitative
PCR instrument, microarray scanner, etc.), an analytics computing server/node/device

402, and adisplay 410 and/or aclient device terminal 408.

[0068] In various embodiments, the analytics computing sever/node/device 402 can
be communicatively connected to the nucleic acid sequence analysis device 404, and
client device terminal 408 via a network connection 424 that can be either a"hardwired"
physical network connection (e.g., Internet, LAN, WAN, VPN, etc.) or awireless
network connection (e.g., Wi-Fi, WLAN, etc.).

[0069] In various embodiments, the analytics computing device/server/node 402 can
be aworkstation, mainframe computer, distributed computing node (such as, part of a
"cloud computing" or distributed networking system), personal computer, mobile device,
etc. Invarious embodiments, the nucleic acid sequence analysis device 404 can be a
nucleic acid sequencer, real-time/digital/quantitative PCR instrument, microarray
scanner, etc. It should be understood, however, that the nucleic acid sequence analysis
device 404 can essentially be any type of instrument that can generate nucleic acid

sequence data from samples obtained from an individual.

[0070] The analytics computing server/node/device 402 can be configured to host an
optional pre-processing module 412, a mapping module 414, and a sequencing module
416.

[0071] Pre-processing module 412 can be configured to receive from the nucleic acid
sequence analysis device 404 and perform processing steps, such as conversion from f
space to base space, color space to base space, or from flow space to base space,
determining call quality values, preparing the read data for use by the mapping module
414, and the like.
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[0072] The mapping module 414 can be configured to align (i.e., map) anucleic acid
sequence read to areference sequence. Generally, the length of the sequenceread is
substantially less than the length of the reference sequence. In reference sequence
mapping/alignment, sequence reads are assembled against an existing backbone sequence
(e.g., reference sequence, etc.) to build a sequence that is similar but not necessarily
identical to the backbone sequence. Once abackbone sequenceisfound for an organism,
comparative sequencing or re-sequencing can be used to characterize the genetic
diversity within the organism's species or between closely related species. In various
embodiments, the reference sequence can be awhole/partial genome, whole/partial

exome, etc.

[0073] In various embodiments, the sequence read and reference sequence can be
represented as a sequence of nucleotide base symbols in base space. In various
embodiments, the sequence read and reference sequence can be represented as one or
more colors in color space. In various embodiments, the sequence read and reference
sequence can be represented as nucleotide base symbols with signal or numerical

quantitation components in flow space.

[0074] In various embodiments, the alignment of the sequence fragment and
reference sequence can include alimited number of mismatches between the bases that
comprise the sequence fragment and the bases that comprise the reference sequence.
Generdly, the sequence fragment can be aligned to aportion of the reference sequence in
order to minimize the number of mismatches between the sequence fragment and the

reference sequence.

[0075] The sequencing module 416 can include avariant calling engine 418, avariant
verification engine 420, and an optional post processing engine 422. In various
embodiments, sequencing module 416 can be in communications with the mapping
module 414. That is, sequencing module 416 can request and receive data and
information (through, e.g., data streams, data files, text files, etc.) from mapping module
414.
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[0076] The variant calling engine 418 can be configured to receive mapped reads
from the mapping module 414, and identify differences between the aligned reads and the
reference sequence. Exemplary methods of identifying variations are described in U.S.
Application No. 13/890,923, filed May 9, 2013 and titled "SYSTEMS AND METHODS
FOR IDENTIFYING SEQUENCE VARIATION".

[0077] Variant verification engine 420 can be configured to receive mapped reads
from the mapping module 414. The variant verification engine 420 can identify the
variant specific barcodes associated with variant specific reads mapped to candidate
variant locations. The variant verification engine 420 can use the barcodes to verify
candidate variants identified by the variant calling engine 418.

[0078] Post processing engine 422 can be configured to receive the variants identified
by the variant calling engine 418 and the variant verification engine 420 and perform
additional processing steps, such asfiltering deletions, and formatting the read data for
display on display 410 or use by client device 408.

[0079] Client device 408 can be athin client or thick client computing device. In
various embodiments, client terminal 408 can have aweb browser (e.g., INTERNET
EXPLORER™, FIREFOX™, SAFARI™, etc) that can be used to communicate
information to and/or control the operation of the pre-processing module 412, mapping
module 414, breakpoint detection engine 418, copy number analyzer 420, evaluation
engine 422, and post processing engine 424 using abrowser to control their function. For
example, the client terminal 408 can be used to configure the operating parameters (e.g.,
match scoring parameters, annotations parameters, filtering parameters, data security and
retention parameters, etc.) of the various modules, depending on the requirements of the
particular application. Similarly, client terminal 408 can also be configure to display the
results of the analysis performed by the structural variant module 416 and the nucleic
acid sequencer 404.

[0080] It should be understood that the various data stores disclosed as part of system
400 can represent hardware-based storage devices (e.g., hard drive, flash memory, RAM,
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ROM, network attached storage, etc.) or instantiations of a database stored on a

standalone or networked computing device(s).

[0081] It should aso be appreciated that the various data stores and modules/engines
shown as being part of the system 400 can be combined or collapsed into asingle
module/engine/data store, depending on the requirements of the particular application or
system architecture. Moreover, in various embodiments, the system 400 can comprise
additional modules, engines, components or data stores as needed by the particular

application or system architecture.

[0082] In various embodiments, the system 400 can be configured to process the
nucleic acid reads in color space. In various embodiments, system 400 can be
configured to process the nucleic acid reads in base space. In various embodiments,
system 400 can be configured to process the nucleic acid sequence reads in flow space. It
should be understood, however, that the system 400 disclosed herein can process or
analyze nucleic acid sequence data in any schema or format as long as the schema or

format can convey the base identity and position of the nucleic acid sequence.

[0083] Figure 5isaflow diagram illustrating an exemplary method 500 of
identifying and verifying variants in anucleic acid sample. At 502, atarget region of the
nucleic acid sample can be amplified using target specific primers to produce full length
target amplicons. The target specific primers can flank the target region allowing
amplification of the nucleic acid sequence between the target specific primers. In various
embodiments, target specific primer pairs for multiple targets can be combined in a

multiplex PCR reaction.

[0084] At 504, variant specific amplicons can be produced by the amplification of the
target region using a combination of target specific primers and variant specific primers.
The variant specific primers can include avariant specific barcode region and avariant
sequence region. The variant specific barcode region can be used to uniquely identify the
variant. Furthermore, the variant specific barcode regions can be assigned to provide a
greater difference in the signal or series of signals detected by the sequencing instrument

than the variant alone. For example, the variant specific primers can include a set of
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primers that cover arange of homopolymer lengths, such as avariant specific primer for
each length between 6 and 12. In various embodiments, each variant specific primer can
include abarcode region that contains abarcode sequence that corresponds to the length
of the homopolymer in the same primer. In various embodiments, the variant sequence
region can include left and right anchor regions corresponding to sequence on either side
of the variant.

[0085] In various embodiments, the variant specific primers can be produced
substantially simultaneously to the full length target amplicons, such as by combining the
target specific primers and the variant specific primers in the PCR reaction mix.
Generally, when combining to produce both full length target amplicons and variant
specific amplicons in the same reaction, the amount of target specific primers should be
in an excess relative to the variant specific primers to create a sufficient amount of full
length target amplicons. Alternatively, sufficient full length target amplicons can be
generated by amplification using target specific primers separate from the reaction to
produce the variant specific amplicons, either by performing the different amplifications
sequentialy or at substantially the same time in different reaction vessels.

[0086] At 506, adaptor sequences can bejoined to the amplicons. In various
embodiments, the adaptor sequences can include sample specific barcode sequences.
When sample specific barcode sequences are used, amplicons from multiple samples can
be pooled and sequenced together, relying on the sample specific barcode sequences to
differentiate the sequencing data during later analysis.

[0087] At 508, the full length target amplicons and the variant specific amplicons can
be sequenced, and at 510, the sequencing reads can be mapped or aligned to areference

sequence.

[0088] At 512, the aligned reads of the full length target amplicons can be used to
determine the sequence of the target region. Candidate variants can be identified where
the sequences of the reads differ from the reference sequence. Additionally, the
candidate variants can be scored based on various factors such as number of reads

supporting the candidate variant, the difference in the fit of the sequencing data to the
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candidate variant versus the reference sequence, the probability the data supporting the

candidate variant could be the result of a sequencing error, and the like.

[0089] At 514, variant specific amplicons corresponding to the position of the
candidate variant can be identified. The variant specific amplicons can be shorter than
the full length target amplicons and have alength corresponding to the distance between
the position of the candidate variant and one of the target specific primers. Variant
specific amplicons that correspond to the candidate variant can beidentified based on an
alignment of the variant specific amplicon to the region of between the candidate variant
and the target specific primer. Additionally, the variant specific barcode sequence of the
variant specific amplicon can be determined, and the identity of the variant specific

seguence can be determined based on the variant specific barcode sequence.

[0090] At 516, the candidate variant can be confirmed based on the presence of
variant specific amplicons that correspond to the position of the candidate variant that
include avariant specific sequence matching the candidate variant. For example, a
candidate variant that includes ahomopolymer ‘A" of length 8 can be confirmed when
variant specific amplicons containing the variant specific barcode corresponding to a
homopolymer 'A' of length 8is present and mapped to the location of the homopolymer
‘A" of length 8. Alternatively, if the full length target amplicons fail to distinguish
between ahomopolymer of length 8 and ahomopolymer of length 9, the presence of
variant specific amplicons corresponding to the homopolymer of length 8 and the absence
of variant specific amplicons corresponding to the homopolymer of length 9 can be used
to confirm that the homopolymer length for the nucleic acid sampleis 8 rather than 9.

[0091] In various embodiments, the sequence of clinically significant positions can
be confirmed based on the presence and absence of corresponding variant specific
amplicons. For example, when adrug isindicated for individuals with an 'A" at a
particular genomic position and contraindicated for individuals without an 'A" aat the
position, variant specific primers corresponding to A ', 'C, 'G', and ‘T" and the position
can beused. The presence of the ‘A’ variant specific amplicons could be used to verify
sequencing results that indicate thereisan 'A’ at the position and that the individual may
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be a candidate for the drug. Alternatively, the presence of 'C, 'G', or T ' variant specific
amplicons and the absence of ‘A" variant specific amplicons could be used to verify
sequences results that indicate thereisnot an 'A" at the position and that the individual

may not be a candidate for the drug.

[0092] In various embodiments, the methods of the present teachings may be
implemented in a software program and applications written in conventional

programming languages such as C, C++, etc.

[0093] While the present teachings are described in conjunction with various
embodiments, it isnot intended that the present teachings be limited to such
embodiments. On the contrary, the present teachings encompass various alternatives,

modifications, and equivalents, aswill be appreciated by those of skill in the art.

[0094] Further, in describing various embodiments, the specification may have
presented amethod and/or process as a particular sequence of steps. However, to the
extent that the method or process does not rely on the particular order of steps set forth
herein, the method or process should not be limited to the particular sequence of steps
described. Asone of ordinary skill inthe art would appreciate, other sequences of steps
may be possible. Therefore, the particular order of the steps set forth in the specification
should not be construed aslimitations on the claims. In addition, the claims directed to
the method and/or process should not be limited to the performance of their steps in the
order written, and one skilled in the art can readily appreciate that the sequences may be

varied and still remain within the spirit and scope of the various embodiments.

[0095] The embodiments described herein, can be practiced with other computer
system configurations including hand-held devices, microprocessor systems,
microprocessor-based or programmable consumer electronics, minicomputers, mainframe
computers and the like. The embodiments can also be practiced in distributing computing
environments where tasks are performed by remote processing devices that are linked

through a network.
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[0096] It should also be understood that the embodiments described herein can
employ various computer-implemented operations involving data stored in computer
systems. These operations are those requiring physical manipulation of physical
quantities. Usually, though not necessarily, these quantities take the form of electrical or
magnetic signals capable of being stored, transferred, combined, compared, and
otherwise manipulated. Further, the manipulations performed are often referred toin

terms, such as producing, identifying, determining, or comparing.

[0097] Any of the operations that form part of the embodiments described herein are
useful machine operations. The embodiments, described herein, also relate to adevice or
an apparatus for performing these operations. The systems and methods described herein
can be specialy constructed for the required purposes or it may be a general purpose
computer selectively activated or configured by a computer program stored in the
computer. In particular, various general purpose machines may be used with computer
programs written in accordance with the teachings herein, or it may be more convenient

to construct amore specialized apparatus to perform the required operations.

[0098] Certain embodiments can also be embodied as computer readable code on a
computer readable medium. The computer readable medium is any data storage device
that can store data, which can thereafter be read by a computer system. Examples of the
computer readable medium include hard drives, network attached storage (NAS), read-
only memory, random-access memory, CD-ROMs, CD-Rs, CD-RWSs, magnetic tapes,
and other optical and non-optical data storage devices. The computer readable medium
can also be distributed over anetwork coupled computer systems so that the computer
readable code is stored and executed in adistributed fashion.
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WHAT IS CLAIMED IS

1. A method comprising:

amplifying atarget region of anucleic acid sample in the presence of aprimer
pool to produce aplurality of amplicons, the primer pool including afirst
and second target specific primers and avariant specific primer, the
variant specific primer including avariant specific barcode sequence and a
variant sequence;

sequencing the amplicons to generate aplurality of reads,

aligning the reads to areference sequence; and

verifying the presence of avariant at alocation based on identifying reads

containing the variant specific barcode sequence that map to the location.

2. The method of claim 1, wherein the variant includes ahomopolymer.

3. The method of claim 1, wherein the variant includes a single nucleotide
polymorphism.

4. The method of claim 1, further comprising amplifying the target region of

anucleic acid sample in the presence of the first and second target specific primers to

produce the full length target amplicons.

5. The method of claim 4, further comprising determining the sequence of
the target region of the nucleic acid sample based on the sequence of the reads from

the full length target amplicons.

6. The method of claim 1, further comprising joining an adapter to amplicons

prior to sequencing.

7. The method of claim 6, wherein the adaptor includes a sample specific

barcode sequence

8. The method of claim 7, further comprising identifying that aread
corresponds to the nucleic acid sample based on the presence of the sample specific

barcode sequence.
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9. A method comprising:

amplifying atarget region anucleic acid sample in the presence of first and
second target specific primers to produce aplurality of full length target
amplicons,

amplifying the target region anucleic acid sample in the presence of first and
second target specific primers and avariant specific primer to produce a
plurality of variant specific amplicons;

sequencing the full length target amplicons to generate aplurality of full
length target reads;

sequencing the variant specific amplicons to generate aplurality of variant
specific reads;

aligning the full length target reads and variant specific reads to areference
sequence;

determining a sequence of the target region based on the sequence of the full
length target reads; and

verifying the presence of avariant at alocation in the target region based on
identifying reads containing the variant specific barcode sequence that

map to the location.
10. The method of claim 9, wherein the variant includes ahomopolymer.

11. The method of claim 9, wherein the variant includes a single nucleotide

polymorphism.

12. The method of claim 9, the variant specific primer including avariant

specific barcode sequence and avariant sequence.

13. The method of claim 9, wherein amplifying to produce full length target
amplicons and amplifying to produce variant specific amplicons occurs in the same

multiplex PCR reaction.

14. The method of claim 13, wherein there is an excess of the first and second
target specific primers relative to the variant specific primer.
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15. The method of claim 9, further comprising joining an adapter to the full
length target amplicons and variant specific amplicons prior to sequencing.

16. The method of claim 15, wherein the adapter includes a sample specific

barcode sequence.

17. The method of claim 16, further comprising identifying that aread
corresponds to the nucleic acid sample based on the presence of the sample specific

barcode sequence.

18. A system comprising:
a storage device configured to store aplurality of reads;
amapping module configured to map the plurality of reads to areference
sequence;
avariant calling engine configured to identify a difference between the reads
and the reference sequence at alocation as a candidate variant;
avariant verification engine configured to:
identify variant specific reads of the plurality of reads, the variant specific
reads including aread specific barcode sequence and at least a
portion of atarget region;
verify the candidate variant based on the presence of avariant specific
read corresponding to the variant that are mapped to the location.

19. The method of claim 18, wherein the variant includes a homopolymer.

20. The method of claim 18, wherein the variant includes a single nucleotide

polymorphism.
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