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(57) Abstract: Compositions and methods for nucleic acid sequencing include template constructs that comprise double stranded
portions in a partially or completely contiguous constructs, to provide for redundant sequence determination through one or both
of sequencing sense and antisense strands, and iteratively sequencing the entire construct multiple times. Additional sequence
components are also optionally included within such template constructs. Methods are also provided for the use and preparation of
these constructs as well as sequencing compositions for their application.
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COMPOSITIONS AND METHODS FOR NUCLEIC ACID SEQUENCING
CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This application claims the benefit of Provisional U.S. Patent Application No.
61/072,160, filed March 28, 2008, and Provisional U.S. Patent Application No. 61/099,696, filed
September 24, 2008, the full disclosures of which are incorporated herein by reference in their
entirety for all purposes.

[0002] This application is also related to Provisional U.S. Patent Application No.
61/139,402, filed December 19, 2008, U.S. Patent Application No. [unassigned], filed March 27,
2009 (Attorney Docket No. 01-007701) and U.S. Patent Application No. [unassigned], filed March
27, 2009 (Attorney Docket No. 01-005902), the full disclosures of which are hereby incorporated

herein by reference in their entirety for all purposes.

STATEMENT REGARDING FEDERALLY SPONSORED RESEARCH

[0003] Not Applicable.

BACKGROUND OF THE INVENTION

[0004] The ability to understand the genetic code that serves as the blueprint for the
framework of all life has yielded countless advances in countless areas. From the ability to
diagnose disease to the ability to identify evolutionary connections and/or diversity, to the ability to
manipulate the genetic framework in the development of new materials and compositions, this
understanding has opened doors to innumerable advances that have benefitted and will continue to
benefit the human race. .

[0005] Integral to these advances have been the advances in technology directed to the
reading and/or characterization of the genetic code. For example, development of nucleic acid
sequencing technologies has allowed for the base by base identification of the nucleic acid
sequences that make up the genetic code to the point that entire human genomes have been
elucidated. Other advances include rapid array based technologies that allow reasonably facile
identification of genetic patterns from patients or other biological samples.

[0006] With each technological advance, there exist opportunities to further improve the

state of the art through advances in related or ancillary technologies associated with those advanced
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areas. For example, advances in fluorescent dye chemistries have fueled many advances in genetic
technologies by permitting simple optical analyses of biological reactions and their products.
Likewise, development of microfluidic technologies have provided for advances in fluid and
reagent handling to yield a reproducibility that had not been previously achievable through more
conventional means.

[0007] The present invention is directed to improved processes, systems and compositions

used in genetic analysis that can yield enhanced accuracy and ease of use in such analyses.

BRIEF SUMMARY OF THE INVENTION

[0008] The present invention provides improved nucleic acid template constructs,
compositions, kits and systems incorporating such constructs, and methods for preparing and using
such constructs.

[0009] In a first aspect, the invention provides a method of determining a consensus
sequence of nucleotides in a template nucleic acid segment. The method comprises providing a
sense and an antisense strand of the template nucleic acid segment in a contiguous nucleic acid
molecule. Both the sense and antisense strands are then sequenced in a polymerase mediated,
template dependent sequencing process. The consensus sequence of the target nucleic acid segment
is then determined from a sequence of the sense and antisense strands.

[0010] In a related aspect, the invention provides methods of sequencing a nucleic acid
sequence, that comprise providing a template nucleic acid that comprises a double stranded nucleic
acid segment having a first and second end. A first hairpin oligonucleotide connects each strand of
the template nucleic acid at the first end, and a second hairpin oligonucleotide connects each strand
of the template nucleic acid at the second end. The nucleotide sequence of at least one strand of the
template nucleic acid is then determined using a template directed, polymerase mediated nucleic
acid sequencing process.

[0011] In still another aspect, the invention provides methods of sequencing a nucleic acid
sequence, that comprise providing a template nucleic acid that comprises a double stranded
segment having a first and second end, where a first hairpin oligonucleotide connects each strand of
the template nucleic acid at the first end. The nucleotide sequence of the template nucleic acid is

then determined using a template directed, polymerase mediated nucleic acid sequencing process.
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[0012] In further aspects are provided methods of sequencing a nucleic acid segment, that
comprise providing a template nucleic acid segment. The segment comprises first and second
complementary nucleic acid strands, a first connecting nucleic acid linking a 3° end of the first
nucleic acid segment with a 5° end of the second nucleic acid segment, and a second connecting
nucleic acid linking the 5 end of the first nucleic acid strand to the 3’ end of the second nucleic
acid strand. The template nucleic acid sequence is then contacted with a primer sequence
complementary to at least a portion of the template nucleic acid. A template dependent primer
extension reaction is then monitored to determine a sequence of nucleotides in the template nucleic
acid.

[0013] In still a further aspect, the invention provides a method of sequencing a nucleic
acid, comprising providing a template nucleic acid comprising a double stranded segment
comprising first and second complementary strands and at least a first single stranded
oligonucleotide segment linking a 3’ end of the first strand to the 5’ end of the second strand; and
monitoring nucleotides incorporated in a template dependent synthesis reaction to identify a
sequence of nucleotides in the first strand, the linking oligonucleotide segment and the second
strand.

[0014] In other preferred aspects, control sequences are provided within one or more of the
liking oligonucleotides or hairpin oligonucleotides described above, such as primer recognition
sequences and the like.

[0015] In related aspects, the invention provides methods of determining a consensus
nucleic acid sequence for a template nucleic acid segment where the sense and an antisense strand
of the template nucleic acid segment are provided within a contiguous nucleic acid molecule. The
contiguous nucleic acid molecule is contacted and/or complexed with a primer sequence
complementary to at least a portion of the contiguous nucleic acid molecule and a polymerase
enzyme to provide a nucleic acid synthesis complex, in the presence of a plurality of types of
nucleotides or nucleotide analogs, wherein individual nucleic acid synthesis complexes are disposed
upon a substrate such that individual complexes are optically resolvable. The sequence of
nucleotides or nucleotide analogs incorporated into a nucleic acid synthesis reaction by the
individual complexes in a template dependent manner is then monitored and/or detected to
determine a nucleic acid sequence of the sense and antisense strands. The nucleic acid sequence of
the sense and antisense strands are then used or compared to determine a consensus nucleic acid

sequence of the template nucleic acid.
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[0016] Pooled sample methods are also envisioned by the present invention. For example,
in some aspects, the methods of the invention comprise preparing template nucleic acid segments
from each of a plurality of discrete nucleic acid samples, wherein the template nucleic acid
segments comprise double stranded segments of the nucleic acid samples, a first strand of the
double stranded segment being linked to a second strand of the double stranded segment by a
linking oligonucleotide, wherein the linking oligonucleotide in each discrete nucleic acid sample
comprises a unique, identifiable sequence characteristic. The template nucleic acid segments from
the plurality of discrete nucleic acid samples are then pooled, and the pooled template nucleic acid
segments are then sequenced to identify the identifiable sequence characteristic, and the nucleic
acid sequences deriving from the discrete nucleic acid samples are identified based at least in part
on the unique identifiable sequence characteristic identified in the sequencing step.

[0017] The invention is also directed to compositions useful in the foregoing methods. In
one aspect, the invention provides compositions that comprise a template nucleic acid having a
double stranded nucleic acid segment comprising a first strand segment and a second strand
segment substantially complementary to the first strand segment, and at least a first linking
oligonucleotide segment joining a 3’ end of the first strand segment to the 5’ end of the second
strand segment. The compositions also typically include one or more of a primer sequence capable
of hybridizing to at least a portion of the template nucleic acid and initiating polymerase mediated
nucleic acid synthesis, and a polymerase enzyme.

[0018] The invention also provides template preparation kits useful in practicing the
methods of the invention. Such kits typically comprise a first linking oligonucleotide, a primer
sequence complementary to at least a portion of the first linking oligonucleotide, and one or more
ligation reagents for coupling the first linking oligonucleotide to a 3’ end of a first strand of a
double stranded template and a 5’ end of a second strand of the double stranded template nucleic
acid. In addition, such kits will also typically include instruction protocols, and optionally reagents,
for coupling the linking oligonucleotide(s) to double stranded target nucleic acid segments derived
from samples for analysis.

[0019] The invention also includes systems for sequencing nucleic acid templates. The
systems typically comprise a reaction mixture comprising a complex comprising a template nucleic
acid, a polymerase enzyme and a primer sequence complementary to at least a portion of the
template sequence, wherein the template sequence comprises a double stranded segment having a

sense strand and an antisense strand, and at least a first linking oligonucleotide linking a 5’ end of
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the sense strand to the 3’ end of the antisense strand, at least a first nucleotide or nucleotide analog
bearing a detectable labeling group, and a detection system configured to detect incorporation of the
first nucleotide or nucleotide analog into a primer extension product by the polymerase.

[0020] Although described in significant detail for purposes of illustration, it will be
appreciated that a variety of variations to the invention may be practiced within the scope of the

invention.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] Figure 1A schematically illustrates a single molecule real time sequencing process.
Figure 1B illustrates an exemplary short segment of a sequence read using the process
schematically illustrated in Figure 1A.

[0022] Figure 2 illustrates two exemplary embodiments of template constructs used in the
present invention.

[0023] Figure 3 schematically illustrates redundant or consensus sequencing using the

constructs shown in Figure 2.

[0024] Figure 4 illustrates alternate template constructs and their application in sequencing
processes.
[0025] Figure 5 schematically illustrates an overall consensus sequencing process using a

template construct of the invention.

[0026] Figure 6 schematically illustrates an alternative approach to a sequencing process
using template constructs of the invention.

[0027] Figure 7 schematically illustrates an exemplary assembly process of the template

constructs used in the invention.

[0028] Figure 8 schematically illustrates an alternate assembly process for template
constructs.

[0029] Figure 9 schematically illustrates another template preparation process of the
invention.

[0030] Figure 10 schematically illustrates an alternate template preparation process

according to the invention.

[0031] Figure 11 provides sequence readout from a template construct of the invention.
[0032] Figure 12 shows a schematic illustration of single nucleotide variant template
constructs.
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[0033] Figure 13 shows a plot of the percentage of variant template in a reaction mixture vs.
the percent of variants called experimentally.

[0034] Figure 14 shows a plot of sequence coverage over the entire E. coli genome, using
the template constructs of the invention

[0035] Figure 15 shows a plot of the number of bases vs. depth of coverage from E.coli
genomic sequencing both uncorrected (Panel A) and corrected (Panel B) for the reduced replication
of E. coli genome away from the origin of replication.

[0036] Figure 16 shows a schematic illustration of a large repeat insert from E. coli,

sequenced in a single contiguous template construct.

DETAILED DESCRIPTION OF THE INVENTION

L. General

[0037] The present invention is generally directed to improved methods, systems and
compositions for carrying out nucleic acid sequence analysis, and particularly sequence analysis
that employs template dependent synthesis in identifying the nucleotide sequence of target nucleic
acids. Nucleic acid sequence analysis that employs template dependent synthesis identifies
individual bases, or groups of bases as they are added during a template mediated synthesis
reaction, such as a primer extension reaction, where the identity of the base is required to be
complementary to the template sequence to which the primer sequence is hybridized during
synthesis. Other such processes include ligation driven processes, where oligo- or polynucleotides
are complexed with an underlying template sequence, in order to identify the sequence of
nucleotides in that sequence. Typically, such processes are enzymatically mediated using nucleic
acid polymerases, such as DNA polymerases, RNA polymerases, reverse transcriptases, and the
like, or other enzymes such as in the case of ligation driven processes, €.g., ligases.

[0038] Sequence analysis using template dependent synthesis can include a number of
different processes. For example, in the ubiquitously practiced four-color Sanger sequencing
methods, a population of template molecules is used to create a population of complementary
fragment sequences. Primer extension is carried out in the presence of the four naturally occurring
nucleotides, and with a sub-population of dye labeled terminator nucleotides, e.g.,
dideoxyribonucleotides, where each type of terminator (ddATP, ddGTP, ddTTP, ddCTP) includes a
different detectable label. As a result, a nested set of fragments is created where the fragments

terminate at each nucleotide in the sequence beyond the primer, and are labeled in a manner that
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permits identification of the terminating nucleotide. The nested fragment population is then
subjected to size based separation, e.g., using capillary electrophoresis, and the labels associated
with each different sized fragment are identified to identify the terminating nucleotide. As a result,
the sequence of labels moving past a detector in the separation system provides a direct readout of
the sequence information of the synthesized fragments, and by complementarity, the underlying
template (See, e.g., U.S. Patent No. 5,171,534, incorporated herein by reference in its entirety for all
purposes).

[0039] Other examples of template dependent sequencing methods include sequence by
synthesis processes, where individual nucleotides are identified iteratively, as they are added to the
growing primer extension product.

[0040] Pyrosequencing is a sequence by synthesis process that identifies the incorporation
of a nucleotide by assaying the resulting synthesis mixture for the presence of by-products of the
sequencing reaction, namely pyrophosphate. In particular, a primer//template/polymerase complex
is contacted with a single type of nucleotide. If that nucleotide is incorporated, the polymerization
reaction cleaves the nucleoside triphosphate between the o and B phosphates of the triphosphate
chain, releasing pyrophosphate. The presence of released pyrophosphate is then identified using a
chemiluminescent enzyme reporter system that converts the pyrophosphate, with AMP, into ATP,
then measures ATP using a luciferase enzyme to produce measurable light signals. Where light is
detected, the base is incorporated, where no light is detected, the base is not incorporated.
Following appropriate washing steps, the various bases are cyclically contacted with the complex to
sequentially identify subsequent bases in the template sequence. See, e.g., U.S. Patent No.
6,210,891, incorporated herein by reference in its entirety for all purposes).

[0041] In related processes, the primer/template/polymerase complex is immobilized upon a
substrate and the complex is contacted with labeled nucleotides. The immobilization of the
complex may be through the primer sequence, the template sequence and/or the polymerase
enzyme, and may be covalent or noncovalent. In general, preferred aspects, particularly in
accordance with the invention provide for immobilization of the complex via a linkage between the
polymerase or the primer and the substrate surface. A variety of types of linkages are useful for this
attachment, including, e.g., provision of biotinylated surface components, using e.g., biotin-PEG-
silane linkage chemistries, followed by biotinylation of the molecule to be immobilized, and
subsequent linkage through, e.g., a streptavidin bridge. Other synthetic coupling chemistries, as

well as non-specific protein adsorption can also be employed for immobilization. In alternate
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configurations, the nucleotides are provided with and without removable terminator groups. Upon
incorporation, the label is coupled with the complex and is thus detectable. In the case of terminator
bearing nucleotides, all four different nucleotides, bearing individually identifiable labels, are
contacted with the complex. Incorporation of the labeled nucleotide arrests extension, by virtue of
the presence of the terminator, and adds the label to the complex. The label and terminator are then
removed from the incorporated nucleotide, and following appropriate washing steps, the process is
repeated. In the case of non-terminated nucleotides, a single type of labeled nucleotide is added to
the complex to determine whether it will be incorporated, as with pyrosequencing. Following
removal of the label group on the nucleotide and appropriate washing steps, the various different
nucleotides are cycled through the reaction mixture in the same process. See, e.g., U.S. Patent No.
6,833,246, incorporated herein by reference in its entirety for all purposes).

[0042] In yet a further sequence by synthesis process, the incorporation of differently
labeled nucleotides is observed in real time as template dependent synthesis is carried out. In
particular, an individual immobilized primer/template/polymerase complex is observed as
fluorescently labeled nucleotides are incorporated, permitting real time identification of each added
base as it is added. In this process, label groups are attached to a portion of the nucleotide that is
cleaved during incorporation. For example, by attaching the label group to a portion of the
phosphate chain removed during incorporation, i.e., a f, vy, or other terminal phosphate group on a
nucleoside polyphosphate, the label is not incorporated into the nascent strand, and instead, natural
DNA is produced. Observation of individual molecules typically involves the optical confinement
of the complex within a very small illumination volume. By optically confining the complex, one
creates a monitored region in which randomly diffusing nucleotides are present for a very short
period of time, while incorporated nucleotides are retained within the observation volume for longer
as they are being incorporated. This results in a characteristic signal associated with the
incorporation event, which is also characterized by a signal profile that is characteristic of the base
being added. In related aspects, interacting label components, such as fluorescent resonant energy
transfer (FRET) dye pairs, are provided upon the polymerase or other portion of the complex and
the incorporating nucleotide, such that the incorporation event puts the labeling components in
interactive proximity, and a characteristic signal results, that is again, also characteristic of the base
being incorporated (See, e.g., U.S. Patent Nos. 6,056,661, 6,917,726, 7,033,764, 7,052,847,
7,056,676, 7,170,050, 7,361,466, 7,416,844 and Published U.S. Patent Application No. 2007-
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0134128, the full disclosures of which are hereby incorporated herein by reference in their entirety
for all purposes).

[0043] One exemplary sequencing process based upon such Single Molecule Real Time
(SMRT™) processes is schematically illustrated in Figure 1. As shown in Panel I of Figure 1A, a
nucleic acid synthesis complex comprising a polymerase enzyme 102, a template sequence 104 and
a primer sequence 106 complementary to a portion of the template sequence 104, is provided
immobilized within a confined illumination volume (indicated by the dashed line 108), e.g.,
resulting from the evanescent optical field resulting from illumination of a zero mode waveguide
100, or in a total internal reflectance fluorescence microscope system or other optical confinement
system, as described above.

[0044] The reaction mixture surrounding the complex contains the four different nucleotides
(A, G, T and C) each labeled with a spectrally distinguishable fluorescent label attached through its
terminal phosphate group. Because the illumination volume is so small, nucleotides and their
associated fluorescent labels diffuse in and out of the illumination volume very quickly, and thus
provide only very short fluorescent signals (shown as short pulses 110, in the underlying schematic
data plot). When a particular nucleotide is incorporated by the polymerase in a primer extension
reaction, the fluorescent label associated with the nucleotide is retained within the illumination
volume for a longer time (shown as longer pulses 112). Once incorporated, the fluorescent label is
cleaved from the base through the action of the polymerase, and the label diffuses away.

[0045] By identifying longer pulses of different spectral characteristics, one can detect, in
real time, the identity of each incorporated base as it is being incorporated. An example plot of a
short segment of a sequence read from such process is provided in Figure 1B, with the incorporated
nucleotides identified based upon their spectral characteristics, and listed above their respective
pulses. Shorter pulses not associated with incorporation tend to be so short that they are not
detected by the camera, while pulses from incorporation provide more pronounced and detectable
pulses, e.g., as shown in Figure 1B.

[0046] Although described in terms of the specific SMRT™ sequencing process, it will be
appreciated that in accordance with the sequencing compositions of the invention, the nucleotides or
nucleotide analogs may be detectable by any of a variety of different mechanisms including the
presence of fluorescent dye labels coupled to the nucleotide through a B, y or other more distal
phosphate group. For example, as alluded to previously, the nucleotides may bear interacting

components, such as one or both members of FRET pairs (dyes, semiconductor nanocrystals, or the
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like) that interact with their complements elsewhere in the system e.g., on the polymerase, primer,
the nucleotide itself, or the substrate. Similarly, these nucleotide analogs may bear other interactive
components, such as energy donors or quenchers that alter signal capability of other proximal
components. Likewise, non-optical labels may be employed, such as highly charged moieties,
magnetic particles or the like, that may be detected by electrochemical systems, e.g., ChemFET
sensors, nanopore sensors (see, e.g., Clarke et al., Nature Nanotechnology, Published online: 22
February 2009 | doi:10.1038/nnano.2009.12), and the like. In addition, the nucleoside
polyphosphates described herein may generally include tri, tetra, penta, hexa or other phosphate
chain lengths incorporatable by the polymerases used. Such compounds, including those bearing
detectable labeling groups are described in, e.g., U.S. Patent No. 7,041,812, the full disclosure of
which is incorporated herein by reference in its entirety for all purposes.

[0047] For a number of approaches, e.g., single molecule methods as described above, it
may be desirable to provide the nucleic acid synthesis complexes in individually optically
resolvable configurations, such that the synthesis reactions of a single complex can be monitored.
Providing such complexes in individually resolvable configuration can be accomplished through a
number of mechanisms. For example, by providing a dilute solution of complexes on a substrate
surface suited for immobilization, one will be able to provide individually optically resolvable
complexes (See, e.g., European Patent No.1105529 to Balasubramanian, et al., which is
incorporated herein by reference in its entirety for all purposes. Alternatively, one may provide a
low density activated surface to which complexes are coupled (See, e.g., Published International
Patent Application No. WO 2007/041394, the full disclosure of which is incorporated herein by
reference in its entirety for all purposes). Such individual complexes may be provided on planar
substrates or otherwise incorporated into other structures, e.g., zero mode waveguides or waveguide

arrays, to facilitate their observation.

II. Contiguous Double Stranded Templates

[0048] The present invention provides novel template configurations and methods for
exploiting these compositions in template directed sequencing processes. While these compositions
and methods have utility across all of the various template directed processes described herein, for
ease of discussion, they are being primarily discussed in terms of preferred single molecule, real-
time sequencing processes, in which they provide myriad benefits. In particular, the present

invention is generally directed to nucleic acid sequences that employ improved template sequences
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to improve the accuracy of sequencing processes. For example, in at least one aspect, the template
compositions of the invention are generally characterized by the presence of a double stranded
segment or a pair of sub-segments that are internally complementary, i.e., complementary to each
other. In particular contexts, the target nucleic acid segment that is included within a template
construct will typically be substantially comprised of a double stranded segment, e.g., greater than
75%, or even greater than 90% of the target segment will be double stranded or otherwise internally
complementary. For ease of discussion, these double stranded target segments, whether entirely
complementary or predominantly complementary, e.g., having overhang regions, or other non-
complementary portions such as secondary loop structures or the like, are referred to herein as
complementary or substantially complementary. Where complete complementarity between two
strands is intended and required from the context or explicitly, the phrase ‘completely
complementary’ or ‘entirely complementary’ will be used.

[0049] The strands that make up the double stranded segment, and/or the internally
complementary strands are, in the context of the invention, at least partially contiguous, and in
preferred aspects are completely contiguous. As used herein, two strands are partially contiguous if
they are joined at at least one end of each strand, and are completely contiguous if they are joined at
both ends, resulting in an overall circular strand configuration, where such joining may be direct
coupling of the ends of the sense and antisense strands, or through a linking oligonucleotide. As
will be appreciated, the term circular, when referring to the strand configuration, merely denotes a
strand of a nucleic acid that includes no terminal nucleotides, e.g., a loop, and does not necessarily
denote any geometric configuration.

[0050] Examples of template configurations of the invention that are partially and
completely contiguous are schematically illustrated in Figure 2A and 2B, respectively. In
particular, as shown in Figure 2A, a partially contiguous template sequence 200 is shown which
includes a double stranded portion, comprised of two complementary segments 202 and 204, which,
for example, represent a target sequence or portion thereof. As shown, the 3’ end of segment 202 is
linked to the 5° end of segment 204 by linking oligonucleotide 206, providing a single stranded
portion of the template, and yielding a partially contiguous sequence. By comparison, as shown in
Figure 2B, a completely contiguous template sequence 210 is shown. Sequence 210 includes a
double stranded portion again comprised of two complementary segments 212 and 214. As with the
partially contiguous sequence of Figure 2A, the 3’ end of segment 212 is joined to the 5’ end of

segment 214 via oligonucleotide 216 in a first single stranded portion. In addition, the 5’ end of
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segment 212 is joined to the 3’ end of segment 214 via linking oligonucleotide 218, providing a
second single stranded portion, and yielding a completely contiguous or circular template sequence.
[0051] In a typical sequencing process, a double stranded target nucleic acid, e.g., a nucleic
acid for which sequence information is desired, is converted to a template configuration of the
invention. Typically, this involves fragmentation of a population of a larger double stranded
nucleic acid, e.g., a genome, plasmid, or portion thereof, or the like, into pools of smaller,
overlapping double stranded target nucleic acids or nucleic acid fragments. The double stranded
fragments are then processed to provide the linking oligonucleotides described above and in greater
detail, below. A number of methods, as set forth herein, may be employed to provide the linking
oligonucleotides connecting the sense and antisense strand. In one simple example, exogenous
hairpin adapter sequences are used and simply ligated to the end(s) of the double stranded fragments
to form such linking oligonucleotides. Such exogenous hairpin adapters will typically include two
complementary nuclei acid sequence segments at opposing ends of a longer sequence, where they
are separated by another stretch of non-complementary nucleotides. The result is a structure that
includes a double stranded stem structure coupled to the single stranded loop. Examples of such
hairpin structures have been described previously (See, e.g., U.S. Patent Nos. 6,498,023, 6,451,563,
and 7,368,265, the full disclosures of which are incorporated herein by reference in their entirety for
all purposes). Generally, such structures are readily synthesized using conventional nucleic acid
synthesis techniques. A number of other methods employ alternate approaches to generating the
linking oligonucleotide structures, and are described below.

[0052] Following sequence determination of the various target nucleic acid fragments, the
sequence of the starting target nucleic acid is then determined by identifying and aligning overlap
between sequence data from the various different overlapping fragments.

[0053] The templates of the invention provide numerous advantages over simple linear
template sequences, and even other circular template sequences (See, e.g., U.S. Patent No.
7,302,146 for a discussion of circular templates for sequencing applications, the full disclosure of
which is incorporated herein by reference in its entirety for all purposes). In particular, as with
circular templates, the template configurations of the invention allow for single molecular
consensus sequence determination, where sequencing a given template provides duplicative or
replicate data of the sequence information obtained, and thereby improves accuracy over linear
templates by providing multiple reads for a given template sequence or sequence portion, that can

be used to derive consensus sequence data from a given template sequence and/or for specific base
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locations within such sequence. In these templates, the potential for consensus sequence
determination is provided, in one respect, by virtue of the circular nature of the overall template
structure, for a completely contiguous template, allowing repeated processing of the same molecule
to obtain consensus base calls and/or a consensus sequence. In addition or alternatively, the
templates of thé invention, by virtue of their inclusion of double stranded segments, provide
consensus sequence determination through the sequencing of both the sense and antisense strand of
such sequences (in both the partially and completely contiguous configurations). Although
described herein primarily as consensus sequence determination, it will be appreciated that the level
of consensus determination extends to the individual base level for a given base position within a
sequence, which, when placed in sequence context yields consensus sequence data for a particular
sequence. Thus, the invention also encompasses consensus base calling (nucleotide identification)
for individual positions within a template sequence.

[0054] By way of example, with respect to a partially contiguous template shown in Figure
2A, obtaining the entire sequence, e.g., that of segments 202, 204 and 206 provides a measure of
consensus sequence determination by virtue of having sequenced both the sense strand, e.g.,
segment 202, and the antisense strand, e.g., segment 204. In addition to providing sense and
antisense sequence reads from a single template molecule that can be sequenced in one integrated
process, the presence of linking segment 206 also provides an opportunity to provide a registration
sequence that permits the identification of when one segment, e.g., 202, is completed and the other
begins, e.g., 204. Such registration sequences provide a basis for alignment sequence data from
multiple sequence reads from the same template sequences, e.g., the same molecule, or identical
molecules in a template population. The progress of sequencing processes is schematically
illustrated in Figure 3A. In particular, as shown, a sequencing proce.ss that begins, e.g., is primed, at
the open end of the partially contiguous template, proceeds along the first or sense strand, providing
the nucleotide sequence (A) of that strand, as represented in the schematic sequence readout
provided. The process then proceeds around the linking oligonucleotide of the template, providing
the nucleotide sequence (B) of that segment. The process then continues along the antisense strand
to the A sequence, and provides the nucleotide sequence (A’), which sequence can be used to derive
or determine a consensus sequence for the sense strand, as its antisense counterpart. As noted,
because the B sequence may be exogenously provided, and thus known, it may also provide a

registration sequence indicating a point in the sequence determination at which the sequencing
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reaction, and thus, the sequence data being obtained from the overall template construct, transitions
from the sense to the antisense strands.

[0055] With respect to completely contiguous or circular template sequences configured in
accordance with the invention, the potential for obtaining replicate sequence read data from which
one may assemble consensus sequence information, is further increased. In particular, as with the
partially contiguous sequences shown in Figure 2A, the completely contiguous sequences also
provide sense and antisense sequence data. In addition, such templates provide for the potential for
iterative sequencing of the same molecule multiple times, by virtue of the circular configuration of
the template. Restated, a sequence process may progress around the completely contiguous
sequence repeatedly obtaining sequence data for each segment from the complementary sequences,
as well as sequence data within each segment, by repeatedly sequencing that segment. All or
portions of such sequence data is then useful in deriving a consensus sequence for the template and
its various segments. This is schematically illustrated in Figure 3B, again with a representative
illustration of a sequence readout provided. As shown, a sequencing process that is primed at one
end, e.g., primed within one linking oligonucleotide sequence, e.g., linking oligonucleotide 218 of
Figure 2, proceeds along the first or sense strand 214, again providing the nucleotide sequence A of
that strand. The sequence process then proceeds around the first linking oligonucleotide, e.g.,
linking oligonucleotide 216 from Figure 2, to provide the nucleotide sequence B of that segment of
the template. Proceeding along the antisense strand, e.g., segment 212 of Figure 2B, provides the
nucleotide sequence A’, which is again, complementary to sequence A. The sequencing process
then continues around the template providing the nucleotide sequence for the other linking
oligonucleotide, e.g., linking oligonucleotide 218 of Figure 2B, where the illustrated sequencing
process began, providing nucleotide sequence C. Because the template is circular, this process can
continue to provided multiple repeated sequence reads from the one template, e.g., shown as
providing a second round of the sequence data (A-B-A’-C-A-B-A’). Thus, sequence redundancy
comes from both the determination of complementary sequences A and A’, and the repeated
sequencing of each segment.

[0056] As will be appreciated, in iteratively sequencing circular templates, strand displacing
polymerases, as discussed elsewhere herein, are particularly preferred, as they will displace the
nascent strand with each cycle around the template, allowing continuous sequencing. Other
approaches will similarly allow such iterative sequencing including, e.g., use of an enzyme having

5’-3’ exonuclease activity in the reaction mixture to digest the nascent strand post synthesis.
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[0057] As will be appreciated, and as noted elsewhere herein, the repeated sequencing of a
given sequence of nucleotides, whether as the identical sequence or as a complement to that
sequence, and whether as an individual sequence or as a repeating copy of that sequence, €.g., ina
concatameric orientation, provides the ability to assemble a consensus sequence for that sequence
segment. In particular, one can employ iterative sequence reads of a given sequence, and/or reads
of a sequence and its complement, to establish a consensus sequence of nucleotides for that
sequence segment. Rephrased, each base called in a sequence can be based upon a consensus base
call for that particular position based upon multiple reads at that position and/or reads at that
position and it’s complement in an antisense strand. These multiple reads are then assembled or
compared to provide a consensus determination of a given base at a given position, and as a result, a
consensus sequence for the particular sequence segment.

[0058] Although referred to herein as comparing or assembling the sequence data from
multiple reads of a given sequence, and/or from the sense and antisense strands of the sequence, it
will be appreciated that any method of assigning a consensus determination to a particular base call
from multiple reads of that position of sequence, and/or to a provide an overall consensus sequence
for that segment, will be envisioned and encompassed by the term “compare”. Such methods
include actual side-by-side comparisons, scoring methods whereby calls of iterative reads or from
complementary sequences are scored by the number of occurrences, and optionally or alternatively
additional signal/base calling metrics, to complex algorithms for assigning a base call from multiple
indications of the base at a given position.

[0059] By way of example, some such methods generally encompass algorithms that
combine data derived from a base with data derived from other determinations of that sequence
position, whether in a duplicate sequence read (from the same or a duplicate sequence segment), or
from its complement in the opposite strand.

[0060] One category for combination of such data includes a first step of determining the
association between signals originating from a base and signals originating from other reads at that
position or from its complement, followed by a second step of combining those data. Methods for
determining such association are known in the art and include heuristic methods for multiple-
sequence alignment, optimal methods for multiple sequence alignment, and hidden Markov models,
and in the broadest sense all of these algorithms have in common that they seek to align
corresponding bases in the input reads. Such associations are not limited to basecalls alone and can

be derived from inherent features of the signal such as channel, amplitude, width, or other time-
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dependent patterns associated with the signals. Algorithms known in the art for the combination of
data from pre-associated bases include Plurality, Quality-weighted Plurality, Bayesian methods, and
machine learning approaches (neural networks, self-organizing maps), and generally these
algorithms have in common that they classify the presented evidence into a consensus basecall,
often with an associated probability of error. In this category of algorithm, there are numerous
variations that include additional steps before, after and between these steps that have beneficial
impacts such as improvement the quality of results reduction in computation time. For example, in
one such method data associated with other bases in said first step are referenced during or after
said second step in order to evaluate the possibility that errors were made in said association. The
association step can be made between reads from a single molecule, or between reads from different
molecules.

[0061] In another method for combination of data, a consensus is first established for one
sequence read, e.g., a sense strand, and another consensus sequence is established for another read,
e.g., the antisense strand. These sequences can be established by methods known in the art
including heuristic methods for multiple-sequence alignment, optimal methods for multiple
sequence alignment, or hidden Markov models in combination with a consensus determination
algorithm such as Plurality, Quality-weighted Plurality, Bayesian methods, or machine learning
approaches (neural networks, self-organizing maps). These consensus sequences can then be
associated and combined via algorithms such as heuristic methods for multiple-sequence alignment,
optimal methods for multiple sequence alignment, or hidden Markov models in combination with a
consensus determination algorithm such as Plurality, Quality-weighted Plurality, Bayesian
methods, or machine learning approaches (neural networks, self-organizing maps).

[0062] Another class of algorithms performs the association and combination in a single
step. These methods proceed from a probabilistic model which seeks to find the most likely
template given the observed reads. Such models belong in the category of probabilistic graphical
models and include Bayesian networks, hidden Markov models, neural networks, and conditional
random fields. The input to such a model is not limited to basecalls alone, but can include local or
global measures of the individual sequence qualities, sequence context, and characteristic features
of the raw signals. Consensus determination by these models proceeds by finding the template
which maximizes the likelihood of the observed reads under the constraints of the probabilistic
model. It is usual that such methods can produce one or more likely consensus sequences and

provide scoring information for ranking the likelihood of each sequence. For purposes of discussion
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herein, the methods by which a consensus sequence is called from repeated sequence reads of a
given segment (including reads of the sense and antisense strands), are referred to generally herein
as “comparing.”

[0063] In addition to the aspects related to consensus sequence determination, set forth
above, there are a number of other significant advantages of the template structures of the invention.
For example, with respect to completely contiguous constructs, a number of advantages of these
templates derive from their basic circular structure. For example, because the completely
contiguous templates of the invention are circular in structure, one can initiate a polymerase
mediated synthesis process and sequencing at any point in the template, with the expectation that
the entire template will be sequenced or at least sequenceable. In contrast, with linear template
sequences, one faces the risk of missing upstream portions of the template for sequencing. Asa
result, sequence initiation processes, also referred to as “hot start” processes, are typically used
when employing linear templates, e.g., withholding a key reagent until one is ready to initiate
synthesis and sequence data collection.

[0064] In addition to obviating the need for sequencing initiation processes, the use of such
circular templates also provides the ability to obtain sequence data from disparate portions of the
same template molecule without necessarily requiring that one obtain the entire sequence of the
template. For example, in single molecule sequencing processes, or in sequencing processes that
employ populations of identical template molecules, one can obtain multiple subsets of sequence
information on the template molecule with the understanding that each subset is contextually related
to each other subset, e.g., contained within the same template sequence. This aspect of the
invention is discussed in greater detail below with reference to paired end sequencing processes.
[0065] For example, because of the structure of these templates, one can effectively make a
circular template out of any length of target nucleic acid. In particular, because one can use
exogenous linking sequences, which may include their own self complementary segments, one can
effectively circularize very short double stranded oligonucleotide fragments. In particular,
circularization of a single stranded nucleic acid segment typically requires a sequence that is at least
30 nucleotides in length, with probable additions of adapter sequences and the like, in order to
circularize the segment. The templates of the invention, on the other hand, can be used to convert a
target nucleic acid of much shorter length, into a circular template. In particular, target sequences
equal to or shorter than 50 bases, 20 bases, or even 10 bases, can readily be converted to a circular

template. In addition, the converse is also true in exploiting the template constructs of the
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invention. In particular, using these configurations, one can effectively provide completely
contiguous or “circular” templates from very large double stranded target sequences, without many
of the difficulties attendant to the production of larger circular nucleic acids. In particular, one can
effectively employ very large double stranded inserts, e.g., greater than 100 base duplexes (total
nucleotides), greater than 500 base duplexes, greater than 1000 base duplexes, greater than 5000
base duplexes, and even greater than 10,000 base duplexes in producing a template construct.
[0066] The template configurations of the invention are also advantageous in that they do
not require working with single stranded nucleic acid sample segments. For example, in cases
where one is presented with target nucleic acids that are double stranded, e.g., PCR products,
genomic fragments, or the like, one can readily convert these to template molecules of the
invention, by providing linking segments that couple the 3’ end of one strand to the 5’ end of the
other strand, and vice versa. As noted above, relatively small double stranded segments, ¢.g.,
having 50 or fewer base pairs, 20 or fewer base pairs, or even 10 or fewer base pairs, may be readily
incorporated into circular templates in accordance with the invention. Typically, circularization of
double stranded segments, because of their structural rigidity, requires segments on the order of
several hundred base pairs in length. However, the methods of the present invention can provide
circular templates from smaller segments.

[0067] The template configurations of the invention, also provide advantages by virtue of
the presence of both single stranded and double stranded portions within the same template. By
way of example, the single stranded linking oligonucleotides, not only can be selected to present a
specific primer recognition sequence, they also provide the primer and polymerase binding site in a
required single stranded conformation, thus allowing primer annealing and polymerase complexing,
without the need for any denaturing steps. While advantages over other double stranded templates
are readily apparent, priming advantages also exist with respect to other single stranded templates.
In particular, in cases where one is employing a polymerase that binds single stranded segments
with high affinity, one can better control polymerase binding when only a relatively small portion of
the template is single stranded, e.g., directing binding to the desired priming sites. A variety of
examples of such polymerases are available, including, e.g., phi29 type polymerases (See, e.g., U.S.
Patent Nos. 5,001,050, 5,576,204, the full disclosures of which are incorporated herein by reference
in their entirety for all purposes) and derivatives thereof, as well as other strand displacing
polymerases (See, e.g., International Patent Application Nos. WO 2007/075987, WO 2007/075873,
WO 2007/076057, incorporated herein by reference in their entirety for all purposes).
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[0068] Notwithstanding the foregoing, however, while the single stranded portion of the
template is often and advantageously employed as the priming site, in some cases, priming can also
be carried out within the double stranded portions of the template, e.g., allowing the use of primers
specific for the target sequence.

[0069] In addition

k-]

they provide an element of controllability in presenting primer binding
sites that other single stranded templates may lack. In particular, selection of primer sequences for
large target nucleic acids can be difficult, as one typically wants to avoid random and multiple
priming of the template material. Accordingly, primer sequences typically must be carefully
selected to be highly specific, requiring relatively long sequences. However, by providing only a
minimal amount of single stranded material within a template population, e.g., those portions within
the linking oligonucleotides, and further enhanced by the knowledge of those sequences, one can
utilize substantially shorter primers while retaining specificity to the desired priming location, as the
larger target fragments, as double stranded nucleic acids, will be unavailable for primer binding.
Further, one can utilize primers that are engineered to provide substantially higher affinity for the
template, without the concurrent concern that such higher affinity to the template will yield a higher
rate of random or non-specific priming. In particular, one can select tighter binding primer
sequences, e.g., GC rich sequences, as well as employ primers that include within their structure
non-natural nucleotides or nucleotide analogs, e.g., peptide nucleic acids (PNAs) or locked nucleic
acids (LNAs), that can demonstrate higher affinity pairing with the template.

[0070] In addition to the foregoing advantages, partially contiguous templates of the
invention provide a number of specific advantages, as well. By way of example, in some cases, a
partially contiguous template may be provided in which, in addition to the linking oligonucleotide
segment, a portion of the target segment may exist as a single stranded segment. Depending upon
which strand is provided as a single stranded segment, e.g., the 5” or 3’ end of the template,
different alternatives for sequencing, and particularly, priming, are presented. For example, in the
configuration where the single stranded portion is that which includes the 3” terminus, the single
stranded portion provides a primer binding location in order to sequence the remainder of the
template. In contrast, by providing the 5° end of the template as the single stranded portion, the
template itself provides the primer for polymerase mediated synthesis and thus, sequencing. In
other configurations, a gap or nick (as described elsewhere herein) may be provided within a double
stranded segment of an otherwise completely contiguous template structure, to provide a priming

site for polymerase attachment.
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[0071] These configurations and the alternative synthesis/sequencing approaches are
schematically illustrated in Figure 4A, 4B and 4C. As shown in Figure 4A, a partially contiguous
template 400 is provided that includes a double stranded portion 402, a single stranded linking
oligonucleotide portion 404. A portion of the target sequence is also provided in single stranded
form, e.g., segment 406. Figure 4B illustrates the configuration where the single stranded portion is
the 3’ portion of the template. In particular, one can use the single stranded segment 406 as a
binding location for a primer for synthesis and sequencing, e.g., primer 408. Sequencing then
proceeds along the remainder of the template, as indicated by the arrow.

[0072] In contrast, as indicated in Figure 4C, the 5’ portion of the template is provided as
the single stranded segment 406. As such, the double stranded portion of the template 402,
functions as a self primer to allow synthesis and sequencing of the single stranded portion 406, as
indicated by the arrow. Additional components could be added to the template structure, e.g., to
protect the 3’ end from exonuclease digestion, e.g., a phosphorothioate, etc.

[0073] In addition to all of the foregoing advantages, and relative to the sense/antisense
consensus sequence determination aspects of the template configurations of the invention, the
templates described herein, may be applied in sequencing processes that utilize fewer than four
differentially detectable events for incorporation of the four different nucleotides. In particular,
many sequencing processes employ the four different nucleotides each labeled with a distinct and
separately detectable label group, e.g., a fluorescent label. In the past, there have been proposals for
performing sequencing operations using fewer than four distinct labeling groups. By way of
example, a proposed process employed nucleotides labeled with only two distinct labels, where one
label is associated with a particular nucleotide, while the other is associated with all other
nucleotides. The label on three of the nucleotides is merely provided to provide relative context or
spacing between each of the specifically labeled nucleotides. Complete sequence information,
however, would require passing through the template at least three, and most likely four times, to
provide a specific label for each base. _

[0074] In the context of the templates of the invention, because of the presence of both the
sense and antisense sequences within the template construct, a single pass through a given template
could provide complete sequence information using fewer than four distinct labeled events. In
particular, by providing two, non-complementary nucleotides, e.g., A and G, with the same label,
and providing a second and third label on the T and C nucleotides, one could obtain the complete

sequence by comparing the sense and antisense strands to identify which of the identically labeled
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bases would be an A and which would be a G, by virtue of its complementary to a specifically
identified T or C from the other strand. Similarly, one could effectively obtain complete target
sequence information from sense and antisense strands using only two distinguishable labels. In
particular, one could associate a first label with one set of the four nucleotides, e.g., A and G, while
providing a second label on the other set, T and C for sequencing the sense strand. The labeling
configuration could then be switched for sequencing the antisense strand, e.g., the first label linked
to the A and C bases and the second label linked to the G and T bases. Comparison of the sequence
data would then yield the precise identity of each base. In operation, sequencing could be carried
out in the presence of the first labeling configuration and then new reagents would be introduced

bearing the second labeling configuration, e.g., in a wash step. As will be appreciated, repeated

sequencing would, again, provide for the ability to obtain consensus sequence data, as described

above.
II. Additional Sequences
[0075] In addition to advantages of consensus potential within each template molecule, and

the other advantages described above, the template configurations have a number of different
advantages for many or all of the different template dependent sequencing processes associated with
the potential for the addition of other sequences into the template molecule. ,
[0076] For example, in some cases, connecting or linking sequences may be selected and/or
observed as registration sequences to provide landmarks within the overall template sequence, e.g.,
to provide alignment of iterative sequence data, to identify the level of coverage in a consensus
sequence read, to identify points in a sequencing process where one is progressing into a consensus
seEluence, e.g., an antisense strand or repeated sequence of the entire template, and the like.

[0077] In addition, such sequences may provide control opportunities for the sequencing
process using such templates. For example, and preferably in the case of completely contiguous
sequences, as discussed previously, one may incorporate primer recognition sequences within the
connecting oligonucleotides to initiate polymerization. As noted previously, the flexibility as to the
types and configuration of the primer sequences is increased by virtue of immunity from binding to
the target portion of the sequence, which exists as a double stranded segment.

[0078] Additional control sequences may also be provided, e.g., sequences that allow
control over the initiation of synthesis, e.g., through a hybridized probe or reversibly modified

nucleotide, or the like (See, e.g., U.S. Patent Application No. 2008-0009007, the full disclosure of
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which is incorporated herein by reference in its entirety for all purposes.). Other control sequences
may include binding sites for transcription factors. For example, repressor binding regions may be
provided as control sequences within the linking oligonucleotides, such as the lac repressor
recognition sequence, which when bound by the lac repressor protein, has been shown to block
replication both in vive and in vitro. Reinitiation of replication is accomplished through the
addition of appropriate initiators, such as isophenylthiogalactoside (IPTG) or allolactose. Other
DNA binding protein recognition sites may also be included within the linking oligonucleotide to
allow control over the progress of synthesis using the templates of the invention. Other controllable
elements may include the use of non-natural bases (also termed 5™ bases) within the linking region
which are not paired with any of the four basic nucleoside polyphosphates in the synthesis reaction.
Upon encountering such a base, the polymerase would pause until its own particular complement
was added to the reaction mixture. Likewise, an engineered pause point within the linking
oliogonucleotide region could include a “damaged” base that causes a stop in replication until repair
enzymes are added to the mixture. For example within the linking oligonucleotide could be
included a base position having a pyrimidine dimer. Such compounds would cause the replication
complex to pause. Addition of the photolyase DNA repair enzyme would repair the problem
location and allow replication, and sequencing to continue.

[0079] Recognition sites for a variety of other oligonucleotide probes are also optionally
incorporated into these linking sequences, e.g., hybridization sites for labeled probes, molecular
beacons, TagMan® probes, Invader® probes (Third Wave Technologies, Inc.), or the like, that can
be used to provide other indications of the commencement of synthesis. Additionally, non-native
bases that interact/complement other non-native bases may be used to provide an initiation point for
synthesis and sequencing.

[0080] In some cases, it may be desirable to provide endonuclease recognition sites within
the linking oligonucleotide, which can allow for a mechanism to release a given template sequence
from a synthesis reaction, i.e., by linearizing it, and allowing the polymerase to run off the linear
template, and/or to expose the template to exonuclease activity, and thus terminate synthesis
through removal of the template. Such sites could additionally be exploited as control sequences by
providing specific binding locations for endonucleases engineered to lack cleavage activity, but
retain sequence specific binding.

[0081] In some cases, nicking sites, e.g., sites recognized by nicking endonucleases, may be

included within a portion of the template molecule, and particularly within the double stranded

22



WO 2009/120372 PCT/US2009/001926

portion of the template, e.g., in the double stranded fragment portion or in the stem portion of an
exogenous hairpin structure. Such nicking sites provide a break in one strand of a double stranded
sequence, to present a priming location for, e.g., a strand displacing polymerase enzyme. In the
context of the templates of the invention, the nicking site may be provided for example, within a
hairpin adapter that is annealed and ligated to a double stranded target fragment. Other methods as
described below may similarly introduce nicking sites. Alternatively, nicking endonucleases may
be applied randomly against the target fragment to initiate priming. A variety of nicking enzymes
and their recognition sequences are known in the art, with such enzymes being generally
commercially available, e.g., from New England Biolabs. Alternatively, one may employ pre-
nicked double stranded segments in the hairpin adapters used in preparing the template construct.
Such nicks could include gaps in the double stranded segments of from 0 to 20 nucleotides,

depending upon the need of the application.

Iv. Template Structures

[0082] In addition to the basic configuration of the templates of the invention, as described
and illustrated previously, a number of other structural considerations may also be incorporated into
the templates of the invention. For example, the relative size or length of the overall template
molecule, as well as the sizes of the various segments that make up the template, may be selected
for optimal benefit in given applications.

[0083] In general, the overall size of the template will be dictated by the application in
which the template will be used. By way of example, where a given template is being subjected to a
polymerase mediated sequencing process, limitations on the readlength for the particular system
may be factored into the selection of the overall template size, e.g., to ensure complete, and
preferably redundant sequencing of the entire template. For example, where a given polymerase
mediated sequencing process has readlength of 1000 bases, a requirement for at least 2X redundant
sequencing would dictate a template of 500 bases, including both the linking oligonucleotides and
the target segment. Of course, because the sequence of the start/finish linking oligonucleotide may
be known and is not relevant to determination of the target sequence, it may not be necessary to
obtain 2X redundancy of that segment, and thus a consequent increase in template size could be
tolerated. For purposes of certain redundant sequencing applications, a template that is between
about 50 and about 500 bases may be desired. In other applications, where longer readlengths are

obtained, or in non-redundant applications, templates that are from about 200 to about 50,000 bases
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in length may be used. Although described in terms of specific lengths, it will be appreciated that a
variety of different template sizes may be employed for a variety of different specific applications.
[0084] In addition to readlength considerations, an overall template may be subject to
application-specific structural requirements. For example, where a sequencing process employs
nanostructured reaction regions, it may be desirable to provide smaller template molecules to ensure
rapid diffusion into and out of the reaction region.

[0085] The size of the target portion may also be varied depending upon the application in
which the template is being used. For example, in genomic sequencing applications, e.g., de novo
or resequencing processes, longer target segments will be desired in order to reduce the level of
duplicate coverage that is required among different fragments. In particular, the ability to sequence
template fragments that are in excess of 100, preferably in excess of 200, still more preferably, in
excess of 500, in excess of 1000, and even in excess of 10,000 nucleotides in length, provides
substantial benefits in genomic assembly from overlapping fragments. In particular, the level of
required duplicate coverage for identical sequence portions is substantially reduced by increases in
the size of any individual sequence read.

[0086] In addition to advantages for long read length sequencing applications, larger target
segments also provide advantages in the ability to provide paired end sequence data using single
molecule sequencing processes. Briefly, in many sequencing processes, one can obtain sequence
context of relatively short sequence reads, by reading the sequence that is disposed at opposing ends
of a large target fragment. Typically, this involves the sequencing of a relatively short stretch of
bases at either end of a double stranded target segment. From the knowledge that these two
sequences are derived from the same target molecule, and optionally, from a general understanding
of the size of the fragment, one obtains contextual data for the short sequences. While paired end
sequencing has distinct advantages in short readlength sequence processes in providing two pieces
of sequence information from a given target, it also is useful in longer read sequence technologies
as it provides the ability to obtain contextual “waypoints” for very large nucleic acid sequences,
which can be used in aligning sequence data.

[0087] In the context of the template sequences of the invention, one can readily obtain
sequence data from opposing ends of a single template by first obtaining sequence data from a first
end of the target portion. One may then wait an appropriate amount of time for a given sequencing
system, for the process to reach the opposing end of the target, and begin obtaining sequence data

again. As a result, one has obtained sequence data from paired ends of the same target. As will be
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appreciated, the foregoing process has particular use where an overall readlength of a sequencing
system is impacted by the data collection process, e.g., through the continuous illumination of the
. complex (See, e.g., U.S. Patent Application No. 2007-0161017, the full disclosure of which is

incorporated herein by reference in its entirety for all purposes). Alternatively, one may employ a

location on the template, e.g., on the single stranded portion that was not used in priming. By way
of example, and with reference to figure 2B, following initial sequencing from the original priming
location, e.g., at single stranded linking oligonucleotide portion 216, through one end of the sense
strand 214, the data acquisition may be switched off, allowing the polymerase to proceed around the
template, e.g., through sense strand 214, to the other previously single stranded portion, e.g., linking
oligonucleotide portion 218. The incorporation of a synthesis blocking group coupled to the linking
oligonucleotide will allow control of initiation of the sequencing of the opposing end of the
antisense strand, e.g., strand 212. One would thereby obtain paired end sequence data for the
overall double stranded segment. A variety é)f synthesis controlling groups may be employed,
including, e.g., large photolabile groups coupled to the nucleobase portion of one or more bases in
the single stranded portion, which inhibit polymerase mediated replication, strand binding moieties
that prevent processive synthesis, non-native nucleotides included within the primer (as described in
greater detail elsewhere herein), and the like.

[0088] Alternatively, one may employ primer recognition sites on each of the two linking
oligonucleotide sequences employed in a population of like template molecules, e.g., PCR products.
By then separately sequencing from each end, one can obtain sequence data from different ends of
the same double stranded fragment, and thus obtain the paired end data desired.

[0089] In contrast, for diagnostic sequencing applications, it may be necessary only to
provide sequence data for a small fragment of DNA, but do so in an extremely accurate sequencing
process. For such applications, shorter target segments may be employed, thus permitting a higher
level of redundancy by sequencing multiple times around a small circular template, where such
redundancy provides the desired accuracy. Thus, in some cases, the double stranded target segment
may be much shorter, e.g., from 10 to 200, from 20 to 100 or from 20 to 50 or from 20 to 75 bases
in length. For purposes of the foregoing, the length of the target segment in terms of bases denotes
the length of one strand of the double stranded segment.

[0090] While different applications will have different impacts on the length of the target

sequence portion that is included in the template molecule, the length and structure of the linking
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oligonucleotide or single stranded portions of the template may be dictated, at least in part, by
structural considerations in addition to application specific criteria. In particular, at a minimum, the
linking oligonucleotides are required to be able to form a connecting loop between the 3’ end of one
strand of a double stranded nucleic acid segment and the 5’ end of the other strand. As such, where
employed primarily as a linking oligonucleotides, e.g., without accommodating larger functional
elements, the linking oligonucleotide typically will be from about 4 nucleotides to about 100
nucleotides or more, while linking oligonucleotides of from 4 nucleotides to about 20 nucleotides
will be generally preferred. For example, where short linkages are desired, linking oligoucleotides
may be from 4 to about 8 nucleotides in length.

[0091] In addition to the foregoing structural requirements, where a given linking
oligonucleotide portion provides a primer and/or polymerase binding site, that segment must be of
sufficient length to accommodate the desired primer length, as well as a complexed polymerase.
Accordingly, linking oligonucleotides that include primer recognition sites will typically be greater
than about 20 bases in length, and preferably at least about 36 bases in length. In some cases, it
may be desirable to provide sufficient space on one or both sides of the primer within the single
stranded portion, e.g., to accommodate polymerase binding, etc. As such, in some cases, the single
stranded portion will be substantially greater than as set forth above, e.g., 50 bases, 80 bases, 100
bases or larger.

[0092] Notwithstanding the foregoing, in some cases, shorter linking oligonucleotides may
be desirable, as templates with smaller hairpin loops show increased efficiency as templates in that
less of the overall template construct, and thus, less of the sequencing capability of the system, is
taken by the “overhead” of the linking oligonucleotides. Accordingly, linking oligonucleotides in
some cases will be smaller than 20 bases in length, preferably smaller than 12 bases in length. As
will be appreciated, where one desires to provide optimal primer binding, but enhanced efficiency,
the linking oligonucleotides will generally be in the range of from about 20 to about 100 bases in
length, preferably, from about 20 to about 80 bases in length. In addition, asymmetric linking
oligonucleotides, e.g., having different numbers of nucleotides joining the sense and antisense
strands, may be used within a single template construct. Such constructs could be generated
through, e.g., iterative processes of cleavage of a sample segment with a first type of restriction
endonuclase, followed by annealing/ligation of a first adapter/linking hairpin sequence that is

complementary to the cleavage site/overhang sequence, followed by treatment with a second
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restriction endonuclease, followed by annealing/ligation with a second differently sized hairpin

adapter, complementary to the second cleavage site/overhang.

V. Strand Displacement

[0093] As noted previously, the complementary segments of the template may be provided
in double stranded form, e.g., as shown in Figure 2B. As will be appreciated, in such cases, it will
be preferable to affect strand separation either prior to or during the template dependent sequencing
process. In the case of, for example, sequence by incorporation processes, strand separation is
preferably carried out through the selection and use of a strand displacing polymerase enzyme. A
variety of strand displacing polymerase enzymes are readily available, including, for example, ®29
polymerase and ®29 type polymerases (See, e.g., U.S. Patent Nos. 5,001,050, 5,576,204, the full
disclosures of which are incorporated herein by reference in their entirety for all purposes), Bst
Polymerase (available from New England Biolabs), as well as those polymerases described in
commonly owned International Patent Application Nos. WO 2007/075987, WO 2007/075873, WO
2007/076057 the full disclosures of which are incorporated herein by reference in their entirety for
all purposes.

[0094] The synthesis process for such templates and strand displacing enzymes is
schematically illustrated in Figure 5. As shown, a completely contiguous template 500 is
complexed with a primer sequence 502 and a strand displacing polymerase 504, and contacted with
the four nucleotides 506, or in the case of certain preferred aspects, fluorescently labeled nucleotide
analogs. As synthesis progresses, the polymerase’s own activity displaces one complementary
strand 508 from the other 510 and synthesis of the nascent strand 512 continues. Upon complete
synthesis, e.g., one full cycle around the template, a double stranded circular sequence results, made
up of the original template 500 and the newly synthesized or nascent strand 512. Because the strand
displacing enzyme can continue to displace the hybridized strand, e.g., the newly synthesized
nascent strand 512, the synthesis, and by implication, the sequencing process can continue through
the template multiple times to provide multiple sequences for use in consensus sequence
determination, typically generating a long, concatamer molecule containing repeated regions
complementary to the contiguous template 500.

[0095] Alternatively, other mechanisms may be employed to affect strand separation prior
to or during synthesis. For example, elevation of the temperature of the reaction mixture may be

used to melt the double stranded portion of the template, and permit primer extension through that
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region. As will be appreciated, for such applications, it may be desirable to employ thermally stable
polymerase enzymes that are better suited to the temperatures required for melting, and continued
synthesis. A wide variety of thermostable polymerases are known in the art and are applicable to
this type of application, including, for example Taq polymerase and its variants.

[0096] A schematic of synthesis using a thermally regulated initiation process is illustrated
in Figure 6. As shown, a primer 602 is tethered to the template structure 600 and contacted with the
non-strand displacing polymerase enzyme 604. Because the template exists in a double stranded
configuration and the polymerase is unable to displace the complementary strand, the synthesis does
not readily proceed. At a desired point, the double stranded segment is separated to allow synthesis
of the nascent strand 606 through the previously double stranded portion of the template 600, e.g.,
through heating sufficient to melt the double stranded segment without removing the primer
(indicated as AC). As will be appreciated, primer sequences, as well as additional portions of the
linking oligo-nucleotides, may be employed that have relatively higher melting temperatures, e.g.,
GC rich sequences, that have higher melting temperatures than an average naturally occurring
nucleic acid sequence. Once the double stranded segment is duplicated sufficient to prevent re-
hybridization of the original template, by virtue of the presénce of the nascent strand, there is no
longer a need for denaturation steps or additives.

[0097] As will also be appreciated, in the case of the use of non-strand displacing enzymes,
additional strand separation steps will typically be needed following one complete cycle around the
template, as the nascent strand would then be in position to block continued synthesis. As with
initiation of the primer extension, the requirement for another triggering event can provide
advantages of synchronizing different template sequence steps. Alternatively, following an initial
triggering event, the synthesis reaction may be maintained at elevated temperatures to ensure

continuous, uninterrupted synthesis and sequencing.

VI Sequence Alignment

[0098] As alluded to above, and as an additional advantage, the template configurations of
the invention have an inherent alignment potential for consensus sequence determination of the
same or identical templates. In particular, because the connecting oligonucleotide is known or
knowable, one can readily exploit this pre-known sequence in aligning long strings of sequence data
from such template or templates, €.g., as a landmark or registration sequence. Further, even without

knowledge of the sequence of the connecting oligonucleotide, one can derive the sequence by
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observing that portion of the overall sequence that does not possess a complementary portion
elsewhere in the sequence data. In particular, the target sequence portion of the template, as a
double stranded segment, will have, within the same sequence data, an internal complement, i.e.,
will have both a sense and an antisense strand. However, depending upon the length of the target
segment and the connecting oligonucleotide, the probability of an exact complement to the
connecting oligonucleotide existing within the target segment will be low to zero. As such, one can
scan sequence data derived from a given template construct for a portion that has no internal
complement elsewhere within the sequence, and assume this is the connecting oligonucleotide, and
consequently, exploit it as an alignment marker.

[0099] One exemplary algorithm for accomplishing this would proceed as follows. First the
entire sequence would be subjected to Smith-Waterman alignment with its own reverse
complement. An alignment quality threshold would be applied so that the sequence would be
annotated according to those regions that have an alignment with the reverse complement, and those
that do not. The repeat unit of the sequence would be identified, e.g., using Fourier transform
methods known in the art, or by application of the same Smith-Waterman algorithm of the sequence
with itself rather than the reverse complement. The annotations from the first step are collapsed
into a single repeat unit and summed. Then a more certain identification of the sequence insert can
be made using the statistics of all of the repeats. For example, in 10 repeats, regions that show 1 or
fewer hits against the reverse complement can be called “marker sequence” and regions that have 2
or more hits can be declared “genomic sequence”. The precise thresholds can be determined by the
needs of the application.

[00100] As alluded to above, however, the connecting or linking oligonucleotide may be
selected or generated to include sequence with identifiable sequence characteristics to facilitate its
identification, both with respect to the contiguous template sequence with which it is associated,
and also with respect to other template sequences that may exist in the same sample mixture. In
particular, one can utilize connecting oligonucleotides in the template constructs that include
sequence markers like a barcode, to indicate the origin of a given template sample. Different
template samples including distinguishable connecting oligonucleotide tags could then be pooled
for analysis in a single sequencing process. Sequence data derived from individual templates is
then attributable to the originating sample preparation process through the identification of the

connecting oligonucleotide tag.
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[00101] In particular, a number of discrete sample preparation processes are performed for
different nucleic acid containing samples. These discrete sample preparation processes may be
performed on different starting materials, e.g., different samples (cells, cell cultures, patients, etc.),
different portions of the same original material, i.e., different size-selected portions or the like, or
different portions of the same population, cell culture, etc. The template deriving from each
discrete process is bar-coded through the use of a unique, identifiable and discrete linking
nucleotide sequence in the template construct.

[00102] The different samples are then pooled for sequencing in a unified sequencing
reaction. As the sequencing output from each run is based upon individual molecules, the
sequencing data is then parsed out according to its origin by virtue of the barcode sequence that is
integrated into the template molecules. In particular, because each sequence read is derived from a
single molecule, the sequence of the insert portion of the template can be unambiguously linked to
the sequence of its attached adapter sequence that includes the bar code sequence within that
adapter sequence. Accordingly, each template sequence is then traced back to its origin, €.g., a

particular sample, patient, etc.

VIL Contiguous Template Preparation

[00103] The template structures of the invention may be prepared in a number of different
ways. In a first exemplary process, double stranded target fragments are coupled at one or both
ends with separate hairpin loops to provide the template structures of the invention. Such methods
provide simplified template preparation processes that reduce undesired concatamerization of
fragments, and permit facile cleanup of random nucleic acid fragments from the preparation. For
example, completely complementary double stranded nucleic acid fragments may be joined via
blunt end ligation with hairpin adapter sequences. In such cases, given the reduced ability to
control which adapter ligates to the different ends of the double stranded fragments, it may be
desirable to employ a single type of adapter. Such completely complementary double stranded
segments may be generated using blunt end cutting enzymes, or through the use of restriction
enzymes that yield overhangs, followed by filling in of the overhanging single strands, e.g., using
Klenow fragment or the like.

[00104] In other methods, described herein, ligation processes may be employed that

controllably ligate a given adapter type to a given end of the double stranded fragment, thus
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allowing the use of identifiable sequences within the linking oligonucleotides, to facilitate
identification of one end of the template from the other.

[00105] One of such methods is schematically illustrated in Figure 7. As shown, a double-
stranded nucleic acid fragment or fragments, e.g., double stranded fragment 700, is provided. The
double stranded fragment may be derived from the fragmentation of larger target nucleic acids, e.g.,
genomic DNA, cDNA, DNA concatamers, and/or amplification products, e.g., from PCR or LCR
amplification, or the like. Hairpin adapters 710 are then appended to each end of the double
stranded fragment 700. As shown, the attachment of the hairpin adapters 710 relies upon the
presence of unique overhang sequences 720 at the 3° end of each strand of the double stranded
fragment 700. Complementary overhang sequences 722 are provided on the hairpin adapters, to
provide for specific annealing and ligation of the hairpin adapters 710 to the double stranded
fragments 700. As shown, the overhang sequences are the product of A-tailing of the double
stranded fragment which appends a series of adenosine nucleotides to the 3’ end of each strand. A
complementary set of thymidines at the 3’ end of each of the hairpin adapters provides for specific
annealing. However, a number of different specific overhang sequences may be provided at the
ends of the double stranded fragments. For example, restriction endonucleoases may be used to
fragment a larger segment of double stranded DNA leaving a characteristic overhang sequence at
every cleavage point. The complementary sequence to this characteristic sequence is then provided
upon the hairpin adapter to provide specific annealing and ligation. Alternatively, specific overhang
sequences may be separately ligated to the 3’ or 5° ends of each strand for use as the overhang
sequence. In addition to providing specificity for hairpin annealing, the overhang sequences also
serve to prevent concatamerization of the fragments prior to annealing and ligation of the hairpin
adapters. Following annealing, the hairpin adapters are ligated to the fragments, using standard
ligation processes.

[00106] As noted above, while less preferred for its lack of additional specificity and other
advantages, blunt end ligation also may be employed in ligating hairpin adapters to the ends of the
double stranded fragments. In such cases, concatamerization of the template fragments or other
non-specific associations may be avoided through the use of excess amounts of hairpin adapters.
Alternatively, emulsion based reactions, where individual droplets within the emulsion are sized
substantially to provide individual molecules, may provide protections against concatamerization.
[00107] In an alterative process, a template sequence may be formed using an alternate

ligation process to form the template configuration provided herein. In some cases, this alternate
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ligation process may incorporate exogenous linking segments, e.g., not part of the original target
sequence, while in other instances; portions of the original target nucleic acid may be used to form
the linking oligonucleotides. In the case of internal sequences used as the linking oligonucleotides,
such sequences may derive from single stranded overhang sequences, or may be derived from a
double stranded portion of a blunt ended fragment.

[00108] ° Ineither event, covalent linkage of adjacent 3’ and 5° ends of a double stranded
nucleic acid segment, whether from the original target segment, or as a result of an appended or
ligated exogenous linking oligonucleotide sequence, may be carried out using, €.g., a template
independent, dsDNA end (TIDE) ligation process, using, for example a circligase enzyme system.
Typically, this process will require the presence of a phosphate group at the 5’ end of each segment
in order to permit circligase action. Addition of the 5’ phosphate may be accomplished upon the
fragment enzymatically, e.g., using a T4 polynucleotide kinase, or the like. Alternatively, where the
double stranded segment was synthesized, or created from another template, rather than from the
fragmenting of a larger nucleic acid, the phosphorylated 5’ terminus could be provided during the
synthesis process, €.g., on a primer sequence used for amplification of the original target sequence,
as an initial building block in solid phase synthesis, or the like.

[00109] Figure 8 schematically illustrates an exemplary process for coupling the 3’ and 5’
ends of a double stranded fragment. As shown, a double stranded fragment 800 of a target sequence
is provided, that is comprised of strands 802 and 804. Overhang sequences 806 and 808 are
provided on the double stranded segment 802 and 804, respectively. Such overhang sequences may
be added to the fragments using by a variety of methods, €.g., using standard tailing techniques,
such as treatment with terminal transferases to add poly-A tails, ligating adapter sequences to the
target fragments that contain such overhang sequences, or the like. Also, although shown as
sequences added to the double stranded fragment, it will be appreciated that such overhang
sequences may be provided during the fragmentation process, e.g., as overhang sequences from,
e.g., restriction endonuclease digestion of larger nucleic acids.

[00110] As shown, a 5 phosphate group 810 is coupled to each strand to permit TIDE
ligation and closure of the two adjacent ends. Upon treatment with a ligase having appropriate
closure activity , e.g., Circligase ssDNA ligase (Epicentre Biotechnologies, Madison WI), T4 RNA
ligase, or the like each end of the double stranded target is closed to provide a completely

contiguous template sequence 812 of the invention.
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[00111] Demonstration of the joining of a 5> phosphated nucleotide to a 3 hydroxyl of
double stranded nucleic acid fragments employed a commercial Circligase enzyme system, but with
additional modifications to the protocol (addition of 5’phosphate, presence of MnCl,, ATP and a
reaction temperature of 60°C for greater than 1 hour). The resulting molecule was resistant to
exonuclease digestion (by both exonuclease I and exonuclease IIT) as monitored by PAGE,
indicating that the resulting molecule was closed on both ends.

[00112] An alternative process for providing overhang sequences for the foregoing process
employs blocked primer sets in an amplification process to generate double stranded nucleic acid
segments that retain overhang sequences. In particular, amplification primer pairs are provided to
amplify a segment of double stranded DNA, e.g., they prime opposing ends of complementary
strands of the targeted segment for antiparallel amplification. The primer pairs are configured to be
partially complementary to the target segment, and have within their sequence, one or more non-
native nucleotides (referred to herein as a “5™ base™). Inclusion of the fifth base within the primer
sequence, for which no complements are provided in the amplification mix, will prevent the target
sequence from extending the target along the primer sequence, and thus, retain the single stranded
overhang sequence in the resulting double stranded product. Likewise, repeated cycles of
amplification will result in the vast majority, and approaching substantially all, of the amplification
product having the overhang sequence retained on both strands of the double stranded product.
These double stranded segments may then be used in the template generation processes described
herein.

[00113] A schematic illustration of an example of the foregoing process is provided in Figure
9. As shown, a double stranded target nucleic acid segment 900, is anti-parallel primed using
primers 902 and 904 (Panel I). As shown, each primer includes a first portion 906, that is
complementary to its strand of the target sequence 900, a second portion 908 that includes one or
more non-native nucleotides or 5™ bases, and a third portion 910, which, as shown, is non-
complementary to the target segment 900. Although shown as being non-complementary, this is
not required for operability of the process. In some cases, for example, use of complementary third
portions 910, may provide higher affinity of the primers to the desired target segments by virtue of
the primer having two segments that are complementary to the desired segment, and less likelihood
of binding to non target regions, where the 5" base portions do not excessively interfere with
hybridization of both the first and third portions to the target segment. The primers are extended in

a standard amplification process, e.g., PCR, but in the absence of the complement of the 5" base.
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[00114] As shown by the arrows in panel II, primer extension against each amplification
product will terminate at the same position, i.e., the position complementary to the 5" base in the
complementary strand. Following multiple rounds of amplification (Panel III), the amplification
product will be substantially made up of complementary strands having overhang sequences that
contain the 5™ base containing portion (second portion 908) and the third portion of the primer
(910), that can be annealed to provide double stranded nucleic acids 912.

[00115] The double stranded nucleic acids 912, having overhang sequences on the 5’ end of
each segment, are then subjected to the ligation processes described above (and illustrated in Panel
IV), to provide contiguous templates 914 of the invention.

[00116] As will be appreciated, the primer sequences may be separately synthesized and
configured to include those functional groups necessary and/or desirable for the ligation process.
For example, such primers may be synthesized to include the 5° phosphate group used in a TIDE
ligation process. Additionally, they may be synthesized to include, e.g., within third portion 910, a
sequencing priming site, e.g., different from the amplification priming site in portion 906, or other
functional sequence, as set forth elsewhere herein. In addition, the presence of the 5" base portion,
e.g., one or more non-native bases in the linking oligonucleotide portion of a resulting contiguous
template construct, can provide yet another indicator and/or control sequence or sequence event
outside of the double stranded segment of the target sequence. Alternatively, the region 910 could
also be partially self-complimentary to form a stem-loop structure, placing the 5’ end adjacent to the
3’-end of the blocked extension. This could then potentially be used as a substrate for a more
standard T4 DNA ligase mediated method, e.g., as described above.

[00117] By way of example, a sequencing reaction may be initiated in the absence of the
complement to the 5™ base. Because this is a non-native base, it’s absence will not impact the
overall sequence determination of the target portion for the sequence. However, by starving the
reaction for this complement, one can prohibit synthesis, and thus, the sequencing process, until the
5" base complement is added to the mixture, providing a hot start capability for the system.
Additionally, as a non-native base, this portion of the overall template construct provides an internal
check on sequencing process and progress that is configurable to not interfere with sequence
analysis of the native bases in the template. For example, the 5" base complement in the sequence
mixture may be provided with a wholly detectably different label than the complements to the four
native bases in the sequence. The production of incorporation based signals associated with such

labels then provides an indication that the process is about to start processing one strand of the
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target nucleic acid. Likewise, it can provide a clocking function for the number of times the process

“5" base” it

has proceeded around a completely contiguous template. Although described as the
will be appreciated that this may comprise a set of non-natural bases that can provide multiple

control elements within the template structure. For example, two different non-native or 5" bases

sequencing process, e.g., allowing controlled initiation, and a controlled stop/start, later in the
sequence, e.g., prior to sequencing the antisense strand. For example, one could add the
complement to the first non-native base in order to initiate sequencing. Upon encountering the
second non-native base, e.g., at the first hairpin turn, sequencing would stop in all reactions, until
the complement to that second base was added to the reaction mixture. This would allow a
resynchronization of the various sequencing reactions, and or an ability to control sequencing the
opposing strand, providing a paired end sequencing configuration as discussed elsewhere herein.
[00118] A similar or related process for preparing either partially or completely contiguous
template constructs is illustrated in Figure 10. In particular, as shown, a first amplification primer
sequence 1000 is provided that includes first and second complementary segments 1002 and 1004,
respectively, linked by a linking oligonucleotide 1006, e.g., as described elsewhere herein. In
addition, a single stranded target priming segment 1008 is provided at the 3’ end of the overall
amplification primer. In some cases, the target priming segment 1008 may be specifically selected
to prime adjacent to or within desired sequence locations. In other preferred aspects, the target
priming segment will randomly prime within a given genome or other large DNA sequence to
ensure optimal coverage in generating template libraries for sequencing. By way of example, in the
case of random priming, the target priming segment 1008 may be comprised of relatively small
oligonucleotides, e.g., hexamers, heptamers, octamers, or the like. For more specific priming, the
target priming segment will typically comprise larger segments on the order of 16, 20 or more
nucleotides within the target priming segment. Additionally, such segments will typically comprise
a sequence complementary to a known sequence segment adjacent to or otherwise proximal to a
desired target sequence.

[00119] As shown in Figure 10, the first amplification primer 1000 is denatured and allowed
to hybridize to a target nucleic acid segment 1010. In some cases, the primer 1000 is configured to
be denatured under conditions which still allow it to anneal to the target sequence 1010. In other
cases, the structure of the primer will permit hybridization and priming of the target segment 1010,

even when the primer is in its hairpin structure, e.g., without denaturation.
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[00120] By way of example, and as shown, at step A, the reaction mixture is heated to an
appropriate denaturing temperature for the first amplification primer 1000, e.g., 37°C, and the
primer is allowed to anneal to the target segment 1010. As shown, isothermal amplification of the
target segment 1010 is then carried out (Steps A and B) to generate further amplifiable target
segments having the hairpin structure of the first amplification primer appended to each end
(Segment 1012 in Step C). Note that although illustrated as a single line in Figure 10, it will be
appreciated that for purposes of discussion, the single illustrated line illustrating the target segment
1010 and amplifiable target segments 1012 represents either one or both of the sense and antisense
strands of a complementary nucleic acid.

[00121] This segment is then subjected to geometric amplification, e.g., PCR, using second
amplification primers 1014 against the initial amplification primer sequence 1000, e.g.,
complementary to one or more of segments 1002, 1004, 1006 and even 1008, or their complements,
to yield amplification products, e.g., complementary template segments 1016 and 1018. Following
the amplification of segment 1012 (Step E), renaturation of the original first amplification primer
segments, or the partially overlapping isothermal or PCR amplification primer segments or their
complements within the amplification product, e.g., 1016, results in the formation of hairpin
structures at each end of the amplification products (Step E) to form partially double stranded
partially contiguous nucleic acid segments 1020. These partially double stranded segments 1020
are then converted (Step F and G) to completely contiguous segments 1022, by subjecting the self
priming partially double stranded segments to 3’ extension, e.g., using non-strand displacing nucleic
acid polymerases, e.g., Klenow fragment, followed by ligase treatment to couple the resulting 3’
terminus to the 5’end. Following ligation, the amplification mixture is then subjected to
exonuclease digestion to remove any nucleic acid segments that are not fully contiguous, e.g., were
either not ligated or not fully extended.

[00122] Although the constructs of the invention are described primarily, and preferably, for
use directly as templates for, e.g., sequencing applications, it will be appreciated that these
structures may also serve as intermediate structures in the preparation of templates that provide for
sequence redundancy in line with that provided by such constructs. For example, the structurally
circular nucleic acid segments described herein, may be used as templates in a rolling circle
replication process to produce concatamer molecules that include repeating copies of both the sense
and antisense strands of the originating double stranded segment included within the circular

nucleic acid. These replicated products may then be employed directly as template molecules in a

36



WO 2009/120372 PCT/US2009/001926

template dependent sequencing process, as described elsewhere herein (See also U.S. Patent No.
7,476,503, which is incorporated herein by reference in its entirety for all purposes). Likewise,
duplication processes may be employed to produce multiple copies of a prepared circular construct
using methods previously described (See, e.g., U.S. Patent Application No. 61/072,160, previously
incorporated herein by reference in its entirety for all purposes).

[00123] Generation of the double stranded nucleic acid segments that are used in the
preparation of the template constructs of the invention may be accomplished by a number of means.
For example, nucleic acids derived from samples to be analyzed may be fragmented into double
stranded fragments through known fragmentation methods, e.g., as noted below. Alternatively,
double stranded templates may be generated from targeted regions of the sample nucleic acid
segments through bidirectional amplification of desired sequence segments within a larger
sequence. In particular, one can employ sequence specific PCR primers on flanking portions of a
desired sequence region to amplify the region bounded by the primers through antiparallel
amplification, either alone, or in conjunction with an initial linear amplification process. The
resulting amplified product includes the double stranded sequence region of interest, which is then
subjected to additional processing to yield the template constructs of the invention.

[00124] As described above, the template nucleic acids of the invention that are provided by
the methods described herein, e.g., for use in single molecule sequencing reactions, can be derived
from a genomic DNA. Genomic DNA can be prepared from any source by three steps: cell lysis,
deproteinization and recovery of DNA. These steps are adapted to the demands of the application,
the requested yield, purity and molecular weight of the DNA, and the amount and history of the
source. Further details regarding the isolation of genomic DNA can be found in Berger and
Kimmel, Guide to Molecular Cloning Techniques, Methods in Enzymology volume 152 Academic
Press, Inc., San Diego, CA (Berger); Sambrook et al., Molecular Cloning - A Laboratory Manual
(3rd Ed.), Vol. 1-3, Cold Spring Harbor Laboratory, Cold Spring Harbor, New York, 2008
(“Sambrook™); Current Protocols in Molecular Biology, F.M. Ausubel et al., eds., Current
Protocols, a joint venture between Greene Publishing Associates, Inc. and John Wiley & Sons, Inc
(“Ausubel”); Kaufman et al. (2003) Handbook of Molecular and Cellular Methods in Biology and
Medicine Second Edition Ceske (ed) CRC Press (Kaufman); and The Nucleic Acid Protocols
Handbook Ralph Rapley (ed) (2000) Cold Spring Harbor, Humana Press Inc (Rapley). In addition,
many kits are commercially available for the purification of genomic DNA from cells, including

Wizard™ Genomic DNA Purification Kit, available from Promega; Aqua Pure™ Genomic DNA
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Isolation Kit, available from BioRad; Easy-DNATM Kit, available from Invitrogen; and DnEasyTM
Tissue Kit, which is available from Qiagen. Alternatively, or additionally, target nucleoc acid
segments may be obtained through targeted capture protocols where target nucleic acids are
obtained initially as single stranded segments on microarrays or other capture techniques, followed
by amplification of the captured material to generate double stranded sample materials. A variety
of such capture protocols have been described in, e.g., Hodges E, et al. Nat. Genet. 2007 Nov 4,
Olson M., Nature Methods 2007 Nov;4(11):891-2, Albert TJ, et al. Nature Methods 2007
Nov;4(11):903-5, and Okou DT, et al. Nature Methods 2007 Nov;4(11):907-9.

[00125] The nucleic acids that can be prepared by the methods described herein, e.g., for use
with high-throughput sequencing systems can also be derived from a cDNA, e.g. cDNAs prepared
from mRNA obtained from, e.g., a eukaryotic subject or a specific tissue derived from a eukaryotic
subject. Data obtained from sequencing the nucleic acid templates derived from a cDNA library,
e.g., using a high-throughput sequencing system, can be uséful in identifying, e.g., novel splice
variants of a gene of interest or in comparing the differential expression of, e.g., splice isoforms of a
gene of interest, e.g., between different tissue types, between different treatments to the same tissue
type or between different developmental stages of the same tissue type.

[00126] mRNA can typically be isolated from almost any source using protocols and
methods described in, e.g., Sambrook and Ausubel. The yield and quality of the isolated mRNA
can depend on, e.g., how a tissue is stored prior to RNA extraction, the means by which the tissue is
disrupted during RNA extraction, or on the type of tissue from which the RNA is extracted. RNA
isolation protocols can be optimized accordingly. Many mRNA isolation kits are commercially
available, e.g., the mRNA-ONLY™ Prokaryotic mRNA Isolation Kit and the mRNA-ONLY™
Eukaryotic mRNA Isolation Kit (Epicentre Biotechnologies), the FastTrack 2.0 mRNA Isolation Kit
(Invitrogen), and the Easy-mRNA Kit (BioChain). In addition, mRNA from various sources, €.g.,
bovine, mouse, and human, and tissues, e.g. brain, blood, and heart, is commercially available from,
e.g., BioChain (Hayward, CA), Ambion (Austin, TX), and Clontech (Mountainview, CA).

[00127] Once the purified mRNA is recovered, reverse transcriptase is used to generate
cDNAs from the mRNA templates. Methods and protocols for the production of cDNA from
mRNAs, e.g., harvested from prokaryotes as well as eukaryotes, are elaborated in cDNA Library
Protocols, 1. G. Cowell, et al., eds., Humana Press, New Jersey, 1997, Sambrook and Ausubel. In
addition, many kits are commercially available for the preparation of cDNA, including the Cells-to-

cDNA™ ][ Kit (Ambion), the RETROscript™ Kit (Ambion), the CloneMiner™ cDNA Library
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Construction Kit (Invitrogen), and the Universal RiboClone® cDNA Synthesis System (Promega).
Many companies, €.g., Agencourt Bioscience and Clontech, offer cDNA synthesis services.
[00128] In some embodiments of the invention described herein, nucleic acid fragments are
generated from a genomic DNA or a cDNA. There exist a plethora of ways of generating nucleic
acid fragments from a genomic DNA, a cDNA, or a DNA concatamer. These include, but are not
limited to, mechanical methods, such as sonication, mechanical shearing, nebulization,
hydroshearing, and the like; chemical methods, such as treatment with hydroxyl radicals,
Cu(II):thiol combinations, diazonium salts, and the like; enzymatic methods, such as exonuclease
digestion, restriction endonuclease digestion, and the like; and electrochemical cleavage. These

methods are further explicated in Sambrook and Ausubel.

VIIIL. Kits and Systems

[00129] In addition to the template compositions described above, and methods of making
and using such compositions, the present invention also provides applied embodiments of such
methods and compositions.

[00130] For example, in certain embodiments, the present invention provides kits that are
used in preparation and use of the template constructs of the invention. A first exemplary kit
provides the materials and methods for preparation of the template constructs in accordance with
the invention, as described elsewhere herein. As such, the kit will typically include those materials
that are required to prepare template constructs as outlined herein, e.g., in accordance with the
various template preparation processes outlined above. As will be appreciated, depending upon the
nature of the template construct, and the method used, the kit contents can vary. For example,
where one is employing hairpin adapters that are coupled to the ends of double stranded nucleic
acid segments, the Kits of the invention will typically include such hairpin adapters, along with
appropriate ligation enzymes and protocols for attaching such adapters to the free ends of double
stranded nucleic acids, as well as any processing enzymes that may be desirable for treating the
ends of the double stranded segments prior to ligation, e.g., to provide overhangs or blunt end
nucleic acids. As noted previously, such adapters may include overhang segments to facilitate
coupling to complementary overhang ends on the double stranded segment. These overhang ends
may be the result of a known added sequence to the double stranded segment, e.g., resulting from

restriction enzyme cleavage, tailing processes, or the like, and the reagents for preparing templates
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having these characterisrtics may optionally be provided within the kits or they may be obtained
from commercial sources.

[00131] In other embodiments, these kits may include primers or other sequence adapters or
sequence extension reagents for providing overhang sequences that may be used to provide linking
oligonucleotides between the two strands of the double stranded nucleic acid segment. In some
cases, these kits may include enzyme systems for providing 5° phosphate groups to the linking
oligonucleotides, or may provide amplification primers that have such 5’ phosphate groups
predisposed upon the primers. Such primers may additionally include the 5™ base configurations
set forth above, for controlling both the amplification process as well as the use of the resulting
templates in sequencing applications.

[00132] A second exemplary kit provides materials and methods not just for the preparation
of the template constructs of the invention, but also for the use of such templates in performing
sequence analysis on target nucleic acid sequences. Thus, in addition to the materials and methods
set forth above, such kits may additionally include reagents used in such sequencing processes, such
as primer sequences for initiating the sequence process, polymerase enzymes, and in preferred
cases, substrates that provide for optical confinement of nucleic acid synthesis complexes. In
particularly preferred aspects, such substrates will typically include one or more arrays of zero
mode waveguides. Such waveguide arrays may further include surface treatments that provide for
enhanced localization of synthesis complexes within the illumination volumes of such zero mode
waveguides, e.g., as described in Published International Patent Application No. WO 2007/123763,
incorporated herein by reference in its entirety for all purposes. Additionally, such kits may
optionally include nucleotide compositions for use in sequencing applications, including, for
example labeled nucleotides that include fluorescent or otherwise detectable labeling groups
coupled to the phosphate groups in a nucleoside polyphosphate construct at a phosphate group other
than the alpha phosphate. A variety of other types of labeled and unlabeled nucleotides may be
optionally includes within the kits and are generally known in the art.

[00133] The invention also provides systems that are used in conjunction with the template
constructs of the invention in order to provide for analysis of target nucleic acid molecules. In
particular, such systems typically include the reagent systems described herein, in conjunction with
an analytical system for detecting sequence information from those reagent systems. For example,
depending upon the nature of the sequencing process employed, the sequencing systems may

include the system components provided with or sold for use with commercially available nucleic
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acid sequencing systems, such as the Genome Analyzer System available from Illumina, Inc., the
GS FLX System, available from 454 Life Sciences, or the ABI 3730 System available from Life
Technologies, Inc.

[00134] In preferred aspects, such systems include fluorescence microscopes capable of

aspects, such systems include arrays of reaction regions, e.g, zero mode waveguide arrays, that are
illuminated by the system, in order to detect fluorescent signals therefrom, that are in conjunction
with sequencing reactions being carried out within each ZMW.

[00135] The systems of the invention also typically include information processors or
computers operably coupled to the detection portions of the systems, in order to store the signal data
generated by the system (e.g., the sequencing reactions incorporating labeled nucleotides which are
illuminated in the system and thereby produce fluorescent signals indicative of such incorporation)
obtained from the detector(s) on a computer readable medium, e.g., hard disk, CD, DVD or other
optical medium, flash memory device, or the like. For purposes of this aspect of the invention, such
operable connection provide for the electronic transfer of data from the detection system to the
processor for subsequent analysis and conversion. Operable connections may be accomplished
through any of a variety of well known computer networking or connecting methods, e.g.,
Firewire®, USB connections, wireless connections, WAN or LAN connections, or other
connections that preferably include high data transfer rates. The computers also typically include
software that analyzes the raw signal data, identifies signal pulses that are likely associated with
incorporation events, and identifies bases incorporated during the sequencing reaction, in order to
convert or transform the raw signal data into user interpretable sequence data (See, €.g., Published
U.S. Patent Application No. 2009-0024331, the full disclosure of which is incorporated herein by
reference in its entirety for all purposes).

[00136] Exemplary systems are described in detail in, e.g., U.S. Patent Application No.
11/901,273, filed September 14, 2007 and U.S. Patent Application No. 12/134,186, filed June 5,

2008, the full disclosures of which are incorporated herein by reference in their entirety for all

purposes.
IX. Examples
[00137] The template constructs described herein were employed in various sequencing

applications which are described in greater detail, below.
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Example 1: Template Construction and Sequencing

[00138] Template constructs in accordance with the invention were prepared for use in a
sequencing by incorporation context. In particular, the template was subjected to single molecule
real time (SMRT™) sequencing in which the polymerase mediated, template dependent extension
of a primer sequence was monitored as labeled nucleotide analogs were being used for
incorporation into the resulting nascent strand.

Template Construction:

[00139] A double-stranded fragment of DNA was amplified from a plasmid clone using
primers 5’ — GTACGGGTCTCACCCGGGGATCCTCTAGAATCGAT -3’ and 5° —
CCTAAGGTCTCGGAAGCTACTAGTCCTCAGCAAGCTT - 3°. The resulting product was
purified using a Zymo-25 PCR purification kit. Overhangs were generated on each end of the PCR
product by incubating overnight in the presence of the restriction enzyme Bsal (NEB). The
digested product was purified using a Qiagen PCR purification kit, and then ligated to the synthetic
hairpin oligos: 5 - CGGGCTCGGAACGAAAGTTCCGAG -3’ and 5’ —
CTTCGGTCGCCAGATTAGAAAATCAGTCACGTCTAGATGCAGTCAGGTTCTTAAATCCT
AGTTCCTTGGCGACC - 3°. Ligation was performed by incubating the digested PCR product
with a 2-fold excess of each hairpin oligo in the presence of T4 DNA Ligase (NEB) at 23°C for one
hour. Non-ligated products were removed by incubating the reaction in the presence of
Exonuclease III for 1 hour at 37°C. The final product was purified using a Qiagen PCR Purification
Kit, and annealed to an equimolar amount of sequencing primer: 5’ —
CTGACTGCATCTAGACGTGACTGA - 3°. The final template construct included a 244
nucleotide duplex segment and an overall length of 546 nucleotides (including linking/hairpin
segments).

[00140] The SMRT™ sequencing reaction was carried out with 2 nM DNA polymerase; 100
nM template; 500 nM A647-dA6P, 500 nM A660-dC6P, 500 nM A568-dG6P, and 500 nM AS555-
dT6P; Trolox at 0.5 mM; PCA (protocatechuic acid) at 4 mM; and PCD (protocatechuate 3,4
dioxygenase) at 0.5X.

[00141] The sequencing reaction was carried out in a zero mode waveguide array having
3000 discrete cores of the ZMWs. The reaction was observed using a highly multiplexed confocal
fluorescent microscope providing a targeted illumination profile, e.g., a separate spot for each core
(See, e.g., U.S. Patent Application No. 12/151,979, filed May 9, 2008, and incorporated herein by

reference in its entirety for all purposes). Fluorescent signals from the various ZMWs were
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detected on an EMCCD camera for 5 minutes, and were subjected to pulse recognition and base
calling processes (See, e.g., Published U.S. Patent Application No. 2009-0024331, and incorporated
herein by reference in its entirety for all purposes). Figure 11 shows a sequencing trace showing

700 bases of sequence data around the template construct providing 154 bases of consensus

information.

Example 2: Single Molecular Consensus Sequencing

[00142] Single molecular consensus sequencing accuracy was assessed using the template
constructs of the invention. A completely contiguous SMRTbell™ template was generated
containing 162 nucleotides total. In generating the contiguous template, two hairpin sequences
were used. The first contained a 54 nt loop closed with an 8 bp stem and a 4 nt overhang that is
used to ligate to an overhang present in the insert oligonucleotides. The second consisted of a 4 nt
loop closed with an 8 bp stem and a 4 nt overhang for ligation. When sequenced in a single
molecule sequencing system, each strand of this template can be sequenced multiple times. The
resulting template was subjected to SMRT™ Sequencing as described above, which iteratively
sequenced the template in a single molecule configuration, multiple times. Individual iterative
sequence reads of a single template molecule showed increasing accuracy over multiple reads, as
was expected. In particular, the accuracy obtained from repeatedly sequencing the single template
molecule increased with each iterative sequence read or “loop”, and approaching the asymptotic
maximum after only several complete loops around the template.

[00143] This molecular redundant sequencing was applied in the identification of a single
nucleotide variation, e.g., a SNP. Two SMRTbell™ templates were generated that differ at only a
single nucleotide (indicated as the ‘T’ allele and the ‘A’ allele. The two templates are illustrated in
Figure 12, with the T allele shown in Panel A and marked at the variant base with the arrow, and the
A allele shown in panel B. The two templates were mixed together at known ratios, ranging from
0% ‘A’:100% ‘T’ to 100% “A’:0% ‘T’. Single molecule sequencing reactions were performed on
each mixture. The resulting traces of sequencing data were filtered for those which contained 6 or
greater reads of the insert sequence, and then used to generated consensus calls of the polymorphic
position on individual molecules. Figure 13 shows the comparison of the called polymorphism

ratios to the expected ratios.
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Example 3: Genomic E. coli Sequencing Using Contiguous Template Constructs

[00144) E. coli strain MG1655 was purchased from the ATCC and grown in LB media.
DNA was harvested from the cell cultures using the High-molecular-weight genomic DNA
puriﬁlcation kit from Qiagen. The genomic DNA was sheared using a nebulizer to generate
fragments ranging from 500-1500 bp in size. Fragments were recovered using Qiagen PCR
purification columns. The fragmented DNA was end repaired in a reaction containing T4 DNA
polymerase, T4 polynucleotide kinase, and dNTPs. After purification, the end-repaired DNA was
incubated in the presence of Taq DNA polymerase and dATP to add a single A nucleotide to each
fragment. The tailed DNA was then ligated to hairpin oligos to generate the final SMRTbell™
templates. A single hairpin structure was used at both ends of the template. This hairpin contained
a 54 nt single-stranded loop closed with an 8 bp stem, as well as a single T nucleotide at the 3’ end
to enable ligation to A-tailed insert fragments.

[00145] Fragments of sample material that failed to ligate with a hairpin at one or the other
end, or that contained a nick due to incomplete ligation, were removed through the use of
Exonuclease III and Exonuclease VII. The ligation products were concentrated by ethanol
precipitation and then applied to a ChromSpin 1000 column to remove any templates that contained
no insert or short inserts. The elution from the ChromaSpin column was purified using the Qiagen
PCR purification columns and quantitated by absorbance at 260 nm. The templates were annealed
to an equivalent amount of primer, and then subjected to sequencing.

[00146] Prior to immobilization on a ZMW array chip, 60nM SMRTbell™ DNA Library was
incubated at 37°C for 1 hour with 10nM modified Phi29 DNA polymerase (N62D, E375Y, K512Y,
T368F) (see, e.g., U.S. Patent Application No. 61/072,645, filed March 31, 2008, and incorporated
herein by reference in its entirety for all purposes) bearing a biotinylation fusion protein tag, in the
following buffer composition: 50mM MOPS, pH 7.5, 75 mM Potassium Acetate, 0.05% Tween-20,
5 mM DTT, 500nM ALEXA568-O-dG6P, 500nM ALEXA555-O-dT6P, 500nM ALEXA647-O-
dA6P, 500nM Cy5.5-0-dC6P, ImM Calcium Chloride. Just prior to immobilization, the mixture
was diluted 10-fold in the same buffer composition and 8 pl was loaded onto the ZMW chip having
surface immobilized streptavidin. The immobilization was carried out at room temperature for one
hour. Prior to sequencing, the immobilization mixture was removed from the ZMW chip. The chip
was washed 5 times with 8 pl of the following buffer: 50mM ACES pH 7.1, 120 mM Potassium
Acetate, 0.1 mM Calcium Chloride, 120 mM DTT. After these wash steps, 2 additional washes
were performed with the following composition: 50mM ACES pH 7.1, 120mM Potassium Acetate,
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0.1mM Calcium Chloride, 250nM ALEXAS568-0-dG6P, 250nM ALEXAS555-O-dT6P, 250nM
ALEXA647-0O-dA6P, 250nM Cy5.5-0-dC6P, and 120nM DTT. After the washes 4 pl of this
nucleotide mix was left on the chip and the chip was placed in sequencing system as previously
desribed. The reaction was initiated in real time as previously described by the addition of MnOAc
to a final concentration of 0.5mM. Three 9 minute movies were taken for each ZMW chip for
generating sequencing data as previously described. The sequenced fragments were aligned to the
K12 MG1665 reference sequence.

[00147] Overall, the E. coli genome was sequenced to a depth of 38X coverage where 99.3%
of the genome was unambiguously covered. Approximately 4.5 Mbp had relatively high coverage
rates (i.e., greater than 20X coverage), giving approximately 99.99992% accuracy for a sequence
accuracy score of Q61. For the entire genome, sequence accuracy was determined to be 99.9996%,
equating to a quality score of approximately Q54.

[00148] Figure 14 illustrates the coverage map for the E. coli sequence. The plot was
corrected for a known artifact related to reduced E. coli replication away from the origin of
replication. As can be seen, the coverage level is highly uniform around the average level of 38X
coverage. Plotted as a histogram of number of bases vs. level of coverage, the data show
comparable distribution to the theoretical maximum coverage See Figure 15, Panel A). Further,
when corrected for the variation in replication away from the origin of replication, one can see that
the actual observed sequence coverage (Figure 15, Panel B, bars) begins to approach the theoretical

maximum sequence coverage based upon Poisson statistics (shown by the dashed line).

Example 4: Large Insert Sequencing

[00149] Large repeated segments of genomic material are traditionally difficult to sequence
and assemble into whole genomes since most sequencing platforms have readlength limitations
(from tens of bases to hundreds of bases for pyrosequencing platforms and traditional capillary
systems) that will not span these repeated regions, thus creating ambiguity in genomic assembly of
sequence data, as to where a given sequence read may fit. Using SMRT™ sequencing and its
substantially longer readlength, one is better able to span entire large repeat segments in individual
reads, thus eliminating ambiguity faced by the shorter read systems.

[00150] A portion of the genome sequence of Escherichia coli strain MG1655 that contains a
2.56 kb exact repeat was targeted for sequencing using the single molecule processes described

herein. Figure 16 provides a schematic illustration of the portion of the E. coli genome that

45



WO 2009/120372 PCT/US2009/001926

includes this segment. The repeated segment is indicated as a grey bar over genome sequence.
Primers targeting the sequence flanking this repeat region are indicated as arrows below the genome
sequence. The resulting PCR product was phosphorylated using T4 DNA kinase, and then purified
using Qiagen PCR purification columns. A single adenine nucleotide was added using Tag DNA
polymerase in the presence of dATP, and then ligated to hairpin oligonucleotides using T4 DNA
Ligase. Unligated material was removed using Exolll and ExoVII. The SMRTbell™ template was
concentrated by ethanol precipitation, passed through a ChromaSpin 1000 column, and then
purified using Qiagen MinElute columns.

[00151] The template was then sequenced using a SMRT™ sequencing. Sequence reads
were generated that spanned substantial portions, and in at least one case, the entire 3 kb segment
(~3.2 kb read). By providing single sequence reads spanning the large insert, one significantly
reduces any ambiguity that may be associated with such repeats.

[00152] Although described in some detail for purposes of illustration, it will be readily
appreciated that a number of variations known or appreciated by those of skill in the art may be
practiced within the scope of present invention. To the extent not already expressly incorporated
herein, all published references and patent documents referred to in this disclosure are incorporated

herein by reference in their entirety for all purposes.
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What is claimed is:

1. A method of determining a consensus sequence of nucleotides in a template nucleic acid
segment, comprising:

providing a sense and an antisense strand of the template nucleic acid segment in a
contiguous nucleic acid molecule;

sequencing both the sense and antisense strands in a polymerase mediated, template
dependent sequencing process; and '

determining a consensus sequence of the target nucleic acid segment from a sequence of the

sense and antisense strands.

2. The method of claim 1, wherein the sense and antisense strands are disposed in a partially

contiguous nucleic acid segment.

3. The method of claim 2, wherein the sense and antisense strands are linked at at least a first

end by a first linking oligonucleotide.

4, The method of claim 1, wherein the sense and antisense strands are disposed in a completely

contiguous nucleic acid segment.

5. The method of claim 4, wherein the sense and antisense strands are linked at each end by

first and second linking oligonucleotides, respectively.

6. The method of claim 1, wherein the step of sequencing both the sense and antisense strands

comprises sequencing at least one of the sense and antisense strands more than once.

7. The method of claim 4, wherein the sequencing step comprises contacting the contiguous
nucleic acid molecule with a primer sequence that is complementary to at least a portion of the first

linking oligonucleotide.

8. The method of claim 3, wherein the step of sequencing the sense and antisense strands

comprises sequencing the completely contiguous nucleic acid segment more than once.
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9. The method of claim 4, wherein the step of sequencing the sense and antisense strands

comprises sequencing the completely contiguous nucleic acid segment more than twice.

10.  The method of claim 1, wherein the polymerase mediated, template dependent sequencing

process comprises detecting incorporation of each nucleotide incorporated by the polymerase.

11.  The method of claim 1, wherein the step of detecting incorporation comprises detecting

incorporation of each nucleotide incorporated by an individual polymerase.

12. A method of sequencing a nucleic acid sequence, comprising:
providing a template nucleic acid that comprises a double stranded nucleic acid segment
having a first and second end;
a first hairpin oligonucleotide connecting each strand of the template nucleic acid at
the first end;
a second hairpin oligonucleotide connecting each strand of the template nucleic acid
at the second end; and
determining a nucleotide sequence of at least one strand of the template nucleic acid using a

template directed, polymerase mediated nucleic acid sequencing process.

13.  The method of claim 12, wherein the sequencing process sequences each strand of the

double stranded nucleic acid segment .

14.  The method of claim 13, comprising the step of comparing sequence data from each strand
of the double stranded nucleic acid segment to determine a consensus sequence for the double

stranded segment.

15.  The method of claim 12, wherein the sequencing process sequences at least one strand of the

double stranded nucleic acid segment more than once.

16.  The method of claim 15, comprising comparing sequence data obtained from sequencing the
at least one strand more than once, to determine a consensus nucleotide sequence of the double

stranded nucleic acid segment.
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17.  The method of claim 13, wherein the sequencing process sequences each strand of the

double stranded nucleic acid segment more than once.

18.  The method of claim 17, comprising comparing sequence data obtained from sequencing
each strand of the double stranded nucleic acid segment more than once to determine a consensus

nucleotide sequence for the double stranded nucleic acid segment

19.  The method of claim 12, wherein at least one of the first hairpin oligonucleotide and the

second hairpin oligonucleotide comprises a primer recognition sequence.

20.  The method of claim 12, wherein at least one of the first and second hairpin oligonucleotides

comprises a registration sequence.

21.  The method of claim 12, wherein the sequencing process is carried out under conditions that
permit template directed, polymerase mediated nucleic acid synthesis through the double stranded

nucleic acid segment of the template nucleic acid.

22.  The method of claim 21, wherein the polymerase mediated nucleic acid synthesis comprises

the use of a strand displacing polymerase enzyme.

23. A method of sequencing a nucleic acid sequence, comprising:
providing a template nucleic acid that comprises a double stranded segment having a first
and second end;
a first hairpin oligonucleotide connecting each strand of the template nucleic acid at
the first end; and
determining a nucleotide sequence of the template nucleic acid using a template directed,

polymerase mediated nucleic acid sequencing process.

24. The method of claim 23, wherein the step of providing the template nucleic acid comprises

anttiparallel amplification of a region of a sample nucleic acid.
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25.

A method of sequencing a nucleic acid segment, comprising;:
providing a template nucleic acid segment comprising:

first and second complementary nucleic acid strands; _

a first connecting nucleic acid linking a 3” end of the first nucleic acid strand with a
5’ end of the sccond nucleic acid strand; an

a second connecting nucleic acid linking the 5° end of the first nucleic acid strand to
a 3’ end of the second nucleic acid strand,

contacting the template nucleic acid segment with a primer sequence complementary to at

least a portion of the template nucleic acid segment; and

monitoring template dependent primer extension to determine a sequence of nucleotides in

the template nucleic acid segment.

26.

A method of sequencing a nucleic acid, comprising:

providing a template nucleic acid comprising a double stranded segment comprising first

and second complementary strands and at least a first single stranded oligonucleotide segment

linking a 3* end of the first strand to the 5’ end of the second segment; and

monitoring nucleotides incorporated in a template dependent synthesis reaction to identify a

sequence of nucleotides in the first strand, the linking oligonucleotide segment and the second

strand.

27.

A method of preparing a template nucleic acid for nucleic acid sequence determination,

comprising:

providing a double stranded target nucleic acid segment;

providing a first linking oligonucleotide that connects a 3’ end of a first strand of the double

stranded target nucleic acid segment to a 5° end of a second strand of the double stranded target

nucleic acid segment, and providing a second linking oligonucleotide that connects a 3’ end of the

second strand to the 5’ end of the first strand; and

providing a primer recognition sequence within at least one of the first and second linking

oligonucleotides.
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28. The method of claim 27, wherein the first and second linking oligonucleotides comprise
hairpin adapter oligonucleotides that are ligated to ends of the double stranded target nucleic acid

segment.

29. The methed of claim 27, wherein

the first and second linking oligonucleotides comprise a single stranded extension
oligonucleotide segment at a 3* end of each of the first and second strands of the target nucleic acid
segment; and

further comprising the step of ligating each of the single stranded extension oligonucleotide
segments to a 5’ end of the second and first strands of the double stranded target nucleic acid

segment, respectively.

30. A method of determining a consensus nucleic acid sequence for a template nucleic acid
segment, comprising:

providing a sense and an antisense strand of the template nucleic acid segment in a
contiguous nucleic acid molecule;

contacting the contiguous nucleic acid molecule with a primer sequence complementary to
at least a portion of the contiguous nucleic acid molecule and a polymerase enzyme to provide a
nucleic acid synthesis complex, in the presence of a plurality of types of nucleotides or nucleotide
analogs, wherein individual nucleic acid synthesis complexes are disposed upon a substrate such
that individual complexes are optically resolvable;

monitoring nucleotides or nucleotide analogs incorporated into a nucleic acid synthesis
reaction by the individual complexes in a template dependent manner to determine a nucleic acid
sequence of the sense and antisense strands; and

comparing the nucleic acid sequence of the sense and antisense strands to determine a

consensus nucleic acid sequence of the template nucleic acid.

31. A method of sequencing a nucleic acid sequence, comprising:
preparing a template nucleic acid that comprises a double stranded segment having a first
and second end,;
a first hairpin loop connecting each strand of the template nucleic acid at the first

end; and
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a second hairpin loop connecting each strand of the template nucleic acid at the
second end; and
determining a nucleotide sequence of the template nucleic acid using a template directed,

polymerase mediated nucleic acid sequencing process.

32. A method of sequencing a nucleic acid sequence, comprising:
preparing a template nucleic acid sequence comprising:
first and second complementary nucleic acid strands;
a first connecting nucleic acid linking a 3* end of the first nucleic acid strand with a
5’ end of the second nucleic acid strand; and
a second connecting nucleic acid linking the 5’ end of the first nucleic acid strand to
a 3’ end of the second nucleic acid strand,
contacting the template nucleic acid sequence with a primer sequence complementary to at
least a portion of the template nucleic acid; and
monitoring template dependent primer extension to determine a sequence of nucleotides in

the template nucleic acid sequence.

33. A method of sequencing a nucleic acid, comprising:

preparing a template nucleic acid comprising a double stranded segment comprising first
and second complementary strands and at least a first single stranded oligonucleotide segment
linking a 3’ end of the first strand to the 5’ end of the second segment; and

monitoring nucleotides incorporated in a template dependent synthesis reaction to identify a
sequence of nucleotides in the first strand, the linking oligonucleotide segment and the second
strand; and .

recording the sequence of nucleotides in the template nucleic acid in a computer readable

medium.

34. A method of sequencing nucleic acid samples, comprising:
preparing template nucleic acid segments from each of a plurality of discrete nucleic acid
samples, wherein the template nucleic acid segments comprise double stranded segments of the

nucleic acid samples, a first strand of the double stranded segment being linked to a second strand
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of the double stranded segment by a linking oligonucleotide, wherein the linking oligonucleotide in
each discrete nucleic acid sample comprises a unique, identifiable sequence characteristic;

pooling the template nucleic acid segments from the plurality of discrete nucleic acid
samples;

sequencing the template nucleic acid segments pooled in the pooling step; and

identifying nucleic acid sequences as deriving'from a discrete nucleic acid sample based at

least in part on the unique identifiable sequence characteristic identified in the sequencing step.

35. A composition, comprising:
a template nucleic acid, comprising:
a double stranded nucleic acid segment comprising a first strand segment and a
second strand segment substantially complementary to the first strand segment; and
at least a first linking oligonucleotide segment joining a 3’ end of the first strand
segment to the 5’ end of the second strand segment;
a primer sequence capable of hybridizing to at least a portion of the template nucleic acid
and initiating polymerase mediated nucleic acid synthesis; and

a polymerase enzyme.

36.  The composition of claim 35, wherein the prirher is capable of hybridizing to a portion of

the first linking oligonucleotide segment.

37.  The composition of claim 35, further comprising a second linking oligonucleotide segment

joining a 5° end of the first strand with a 3’ end of the second strand.

38.  The composition of claim 35, wherein the template, primer and polymerase are present as a
complex.
39.  The composition of claim 38, wherein the complex is immobilized upon a substrate surface.

40.  The composition of claim 39, wherein the complex is immobilized upon a substrate surface

such that individual complexes are optically resolvable from each other.
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4]1.  The composition of claim 40, wherein individual complexes are immobilized within discrete

zero mode waveguides.

42.  The composition of claim 39, wherein the complex is immobilized upon the substrate
surface through a linkage between one of the primer sequence or the polymerase, and the surface of

the substrate.

43,  The composition of claim 39, wherein the substrate comprises one or more zero mode
waveguides disposed thereon, and the complex is immobilized within a core of the one or more zero

mode waveguides.

44.  The composition of claim 35, further comprising a plurality of types of nucleotide analogs

labeled with a detectable label component.

45.  The composition of claim 44, wherein the detectable label component comprises one or
more of a fluorescent moiety, an energy donor moiety, a fluorescence quencher moiety, a FRET

donor, a FRET acceptor, and a fluorescent nanocrystal.

46. A template preparation kit, comprising:

a first linking oligonucleotide;

a primer sequence complementary to at least a portion of the first linking oligonucleotide;
and

one or more ligation reagents for coupling the first linking oligonucleotide to a 3’ end of a
first strand of a double stranded template and a 5° end of a second strand of the double stranded

template nucleic acid.

47. A system for sequencing a nucleic acid template, comprising:
a reaction mixture comprising:
a complex comprising a template nucleic acid, a polymerase enzyme and a primer
sequence complementary to at least a portion of the template sequence, wherein the template

sequence comprises a double stranded segment having a sense strand and an antisense strand, and at
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least a first linking oligonucleotide linking a 5’ end of the sense strand to the 3’ end of the antisense
strand;

at least a first nucleotide or nucleotide analog bearing a detectable labeling group; and

a detection system configured to detect incorporation of the first nucleotide or nucleotide

analog into a primer extension product by the polymerase.

48. The system of claim 47, further comprising a processor operably connected to the detection
system, the processor including machine implemented instruction set for transforming signal data
transmitted from the detection system to the processor to nucleic acid sequence information

interpretable by a user.
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