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quences of the first and second portions of the polynucleotide molecules and comparing the relative proximities and the sequences
to determine which first and second portions are paired and to determine the sequence of the target polynucleotide molecules.



10

16

20

25

WO 2012/025250 PCT/EP2011/004328

METHODS FOR PAIRED-END SEQUENCING OF POLYNUCLEOTIDES

CROSS REFERENCE TO RELATED APPLICATIONS
The present application claims priority to U.S. Provisional No. 61/377,732, filed

August 27, 2010, which is incorporated by reference herein in its entirety.

BACKGROUND

The technique of paired-end (PE) or pairwise sequencing is generally known.
Paired-end sequencing allows the determination of two or more reads of sequence from
two places on a single polynucleotide duplex. The advantage of the paired-end approach
is that there is significantly more information to be gained from sequencing two stretches
from a single template than from sequencing each of two independent templates in a
random fashion. With the use of appropriate software tools for the assembly of sequence
information it is possible to make use of the knowledge that the paired-end sequences are
not completely random, but are known to occur on a single duplex, and are therefore
linked or paired in the genome. This information has been shown to greatly aid the

assembly of whole genome sequences into a consensus sequence.

SUMMARY

Provided herein is a method for sequencing a plurality of polynucleotide
molecules. The method includes the steps of providing a plurality of polynucleotide
molecules attached to a surface, wherein a first portion of each polynucleotide molecule
is attached to a first location of the surface and a second portion of each polynucleotide
molecule is attached to a second location of the surface, the relative proximity of the first
and second locations being correlated with the probability that the first and second
portions are paired, separating the first and second portions of the polynucleotide
molecules on the surface, determining the sequences of the first and second portions of
the polynucleotide molecules, and comparing the relative proximities and the sequences
to determine which first and second portions are paired and to determine the sequence of

the target polynucleotide molecules.
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Also provided is a method of sequencing including the steps of providing a
plurality of polynucleotide molecules, each polynucleotide molecule comprising a first
and second portion of the target polynucleotide molecule, whereby the first and second
portions are paired, attaching the plurality of polynucleotide molecules to a surface,
wherein the first portion of each polynucleotide molecule is attached to a first location of
the surface and the second portion of each polynucleotide molecule is attached to a
second location of the surface, the relative proximity of the first and second locations
being correlated with the probability that the first and second portions are paired,
separating the first and second portions of the polynucleotide molecules on the surface,
determining the sequences of the first and second portions of the polynucleotide
molecules, comparing the relative proximities of the first portions and the second
portions to determine which first and second portions are paired, and using sequences of
the paired first and second portions to determine the sequence of the plurality of target
polynucleotide molecules.

The details of one or more embodiments are set forth in the accompanying
drawings and the description below. Other features, objects, and advantages will be

apparent from the description and drawings, and from the claims.

DESCRIPTION OF DRAWINGS

Figure 1 is a schematic showing an exemplary method described herein using
double stranded templates. In (1), genomic DNA is fragmented into double-stranded
fragments followed by ligation of SBS3’ adapters onto the 3 ends of the fragments. In
(2), each 3’ end of the ligated fragments is attached to a solid surface by hybridizing to an
unblocked P5-SBS3 oligo. The solid surface also contains blocked P5 and blocked P7
oligos. In (3), each strand of the double-stranded fragment is extended in the presence of
a modified nucleotide (uracil is shown as an example). In (4), the extended
oligonucleotides are cleaved leaving a reversible block onto the 3’ end. In (5), P5-SBS3
oligos are blocked. In (6), the block on the extended oligonucleotides is cleaved. In (7),
a P7°-SBS8’ adapter is ligated to the ends of the extended oligonucleotides. In (8), the
block on the PS and P7 oligos is removed. In (9), amplification is performed to generate

clusters of nucleic acid sequences.
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Figure 2 is a schematic showing an exemplary method of direct sequencing of
single double-stranded molecules. In (1), genomic DNA is fragmented into double-
stranded fragments followed by ligation of P5’ adapters onto the 3’ ends of the fragments.
In (2), each 3’ end of the ligated fragments is attached to a solid surface by hybridizing to
PS5 oligos. In (3), the PS5 oligos on the surface are used as sequencing primers to sequence
the two ends of the DNA fragments.

Figure 3 is a schematic showing an exemplary method of single molecule
sequencing after ligation and extension of single stranded molecules using a single primer
immobilized to a solid surface. In (1), genomic DNA is fragmented into double-stranded
fragments followed by ligation of PS5’ adapters onto the 3’ ends of the fragments. The
double-stranded fragments with adapters are then denatured to produce single stranded
fragments. In (2), the 5’ end of the single-stranded fragment is ligated onto the end of a
P5 oligo comprising a modified nucleotide. In (3), the 3’ end of the single-stranded
fragment is hybridized to a PS5 oligo. In (4), the PS oligo hybridized to the 3’ end of the
single-stranded fragment is extended to form a double-stranded fragment. In (5), the P5
oligo is then cleaved at the modified nucleotide. In (6), the ends of the double-stranded
fragment are sequenced using the PS5 oligos as sequencing primers.

Figure 4 is a schematic showing an exemplary sequencing method described
herein using transposons. In (1), genomic DNA is fragmented into double-stranded
fragments followed by ligation of P5’ adapters onto 3’ ends of the fragments. In (2), the
3’ ends of the fragments are hybridized to PS5 oligos on a solid surface. In (3), the P5
oligos are partially extended using the double-stranded fragment as a template to generate
two extended fragments. In (4), transposon insertion produces two extended fragments
with additional nucleic acid sequences (e.g., primers, adapters and/or indexing tags). The
fragments can then be sequenced or amplified to produce clusters for sequencing.

Figure S is a schematic showing another exemplary sequencing method described
herein using transposons. In (1), genomic DNA is fragmented into double-stranded
fragments followed by ligation of P5’ adapters onto 3’ ends of the fragments. In (2), the
3’ ends are hybridized to PS5 oligos on the solid surface followed by ligation of the 5’ ends
of the fragments to the PS5 oligos. In (3), transposon insertion produces two single-

stranded fragments representing the ends of the double-stranded fragment. The single-
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stranded fragments can then be sequenced or amplified to produce clusters for
sequencing.

Figure 6 is a schematic showing another exemplary sequencing method provided
herein using a patterned surface. In (1) genomic DNA is fragmented into double stranded
fragments followed by ligation of two different adaptors onto the 3’ ends of the
fragments, in this example a P5’ adaptor on one end and a P6’ adaptor on the other end.
In (2), a patterned solid surface containing two types of patches is provided, one type of
patch containing immobilized P5 and P7 oligos (“a P5 patch™) and the other type of patch
containing immobilized P6 and P7 oligos (“a P6 patch”). The 3’ ends of the fragments
are hybridized such that one end of the fragment will hybridize to a P5 patch and a P6
patch. In (4), the P5 and P6 oligos are partially extended using the double-stranded
fragment as a template to generate two extended fragments. In (5), transposon insertion
produces two extended fragments with additional nucleic acid sequences (e.g., primers,
adapters and/or indexing tags), in this case a P7’ primer sequence. The fragments can
then be sequenced or amplified to produce clusters for sequencing.

Figure 7 is a schematic showing an exemplary method described herein. Double
stranded fragments containing portions A and B to be sequenced are hybridized to oligos
on a solid surface. The oligos are extended using the double stranded fragments as
template to produce immobilized single stranded nucleic acid molecules. The
immobilized single stranded nucleic acid molecules are amplified to produce clusters.
The distance between clusters is denoted as ‘d’ and is correlated with the length of the
double stranded fragment. The clusters are sequenced wherein the sequence of portion A
is determined in one cluster and the sequence of portion B is determined in another
cluster.

Figure 8 is a schematic showing a sequencing method wherein the double
stranded fragments containing portions A and B are separated before hybridization to a
solid surface. In this schematic each strand will generated a separate cluster. The
distance separating the clusters is denoted by ‘d.” However, in this case, ‘d’ will be
completely random and will not be correlated to the length of the double stranded

fragment.
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Figures 9A and 9B are graphs showing the sequencing of an E. coli library with
an average fragment size of 150 base pairs. According to the schematic shown in Figure
7, there should be a correlation between the length of the fragment and the distance
separating paired clusters of portions A and B. Figure 9A shows that, when the double
stranded fragments are separated prior to hybridization to the surface, the distance
between pairs of clusters is random. In contrast, Figure 9B shows that, when portions A
and B are separated after the double stranded fragments are hybridized to the surface, the
distance between paired clusters of portions A and B is non-random and corresponds to

the size of the double stranded fragments.

DETAILED DESCRIPTION

General methods of paired-end sequencing have been described, for example, in
Bentley et al., Nature, 456:53-58 (2008); WO 07/010252; WO 07/091077; WO
08/041002 and WO 09/032167, which are incorporated by reference herein in their
entireties. Provided herein are methods for obtaining paired end (PE) information from a
single read. This is achieved by using DNA fragments of sufficient length such that the
two ends of a fragment generate a pair of clusters that tend to be in close proximity. For
example, in the provided methods, the DNA molecules are sufficiently long such that the
two ends of the DNA molecule are captured on a surface in such a way that they are
sufficiently separated from one another so that they can be differentiated, e.g., by the
formation of two optically distinct clusters.

The methods described herein advantageously permit simultaneous determination
of sequence information for an entire DNA fragment or both ends of a DNA fragment.
This will accelerate the rate at which polynucleotide sequence information can be
obtained and improve the reliability of such sequence information, including the ability to
assign empirically determined nucleotide sequences with greater confidence to specific
locations within a larger organizational framework, such as a gene, chromosomal region,
chromosome or genome.

Provided herein is a method for sequencing a plurality of polynucleotide
molecules. The method includes attaching a plurality of polynucleotide molecules to a

surface, wherein each polynucleotide molecule comprises a first and second portion and
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wherein each polynucleotide molecule is attached under conditions wherein the first
portion is attached to a first location of the surface and the second portion is attached to a
second location of the surface, separating the first and second portions, sequencing the
first and second portions, and comparing the sequences and locations or relative
proximities of the first and second portions to determine the sequence of the plurality of
polynucleotide molecules.

Thus, provided herein is a method for sequencing a plurality of polynucleotide
molecules including the steps of providing a plurality of polynucleotide molecules
attached to a surface, wherein a first portion of each polynucleotide molecule is attached
to a first location of the surface and a second portion of each polynucleotide molecule is
attached to a second location of the surface, the relative proximity of the first and second
locations being correlated with the probability that the first and second portions are
paired. The method also includes the steps of separating the first and second portions of
the polynucleotide molecules on the surface, determining the sequences of the first and
second portions of the polynucleotide molecules, and comparing the relative proximities
and the sequences to determine which first and second portions are paired and to
determine the sequence of the target polynucleotide molecules.

Also provided is a method of sequencing including the steps of providing a
plurality of polynucleotide molecules, each polynucleotide molecule comprising a first
and second portion of the target polynucleotide molecule, whereby the first and second
portions are paired, attaching the plurality of polynucleotide molecules to a surface,
wherein the first portion of each polynucleotide molecule is attached to a first location of
the surface and the second portion of each polynucleotide molecule is attached to a
second location of the surface, the relative proximity of the first and second locations
being correlated with the probability that the first and second portions are paired,
separating the first and second portions of the polynucleotide molecules on the surface,
determining the sequences of the first and second portions of the polynucleotide
molecules, comparing the relative proximities of the first portions and the second
portions to determine which first and second portions are paired, and using sequences of
the paired first and second portions to determine the sequence of the plurality of target

polynucleotide molecules.
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In another embodiment, provided is a method of sequencing a target
polynucleotide molecule including the steps of providing a plurality of polynucleotide
molecules, each polynucleotide molecule comprising a first portion and a second portion
of the target polynucleotide molecule, wherein the first and second portions are paired,
attaching the plurality of polynucleotide molecules to a surface, wherein the first portion
of each polynucleotide molecule is attached to a first location of the surface and the
second portion of each polynucleotide molecule is attached to a second location of the
surface, the proximity of the first and second locations being correlated with the
probability that the first and second portions are paired, separating the first and second
portions of the polynucleotide molecules thereby unpairing the first and second portions,
sequencing the first and second portions of the polynucleotide molecules, comparing, at a
first location, the sequence of a first or second portion to the sequences of first and
second portions at locations in proximity to the first location, and repeating the
comparing step to determine which first and second portions are paired and to determine
the sequence of the target polynucleotide molecule.

As used throughout, the terms “paired” and “linked” when in reference to portions
of polynucleotide molecules means that the portions occur on a single polynucleotide
molecule (e.g., the same gene, chromosome, etc.) and are, thus, linked or paired in the
genome. By way of example, after fragmentation of a plurality of polynucleotide
molecules, the fragments will contain paired portions, i.e., portions that come from the
same polynucleotide molecule. The paired portions at the two ends of the fragments are
known to be located on the same polynucleotide molecule (e.g., gene, chromosome, and
the like) approximately the length of the fragment apart. This information facilitates, for
example, the assembly of a single polynucleotide sequence, a plurality of polynucleotide
sequences, and the like.

In the methods described throughout, the first and second portions are preferably
separated after being attached to the surface. Optionally, the first and second portions are
noncontiguous portions. As used throughout, the term “noncontiguous” means that the
polynucleotide molecule comprises two or more sequences that belong to the same
template or target polynucleotide molecule, wherein the sequences are not adjacent on the

polynucleotide molecule. For example, a polynucleotide molecule contains two
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noncontiguous portions that come from the same chromosome, but the noncontiguous
portions are not located adjacent to one another on the polynucleotide molecule or on the
chromosome. Alternatively, the first and second portions are located adjacent to one
another on the sample polynucleotide molecule or chromosome.

In the methods described herein, the step of comparing the sequences and
locations can include using the knowledge that the portions are likely to be located in
locations closer together than locations containing unlinked sequences (i.e., sequences
not on the same template or polynucleotide molecule that was attached to the surface,
e.g., the same fragment). Optionally, the step of comparing the sequences and locations
includes using an algorithm that takes into account the first and second portions in
relative proximities are more likely to be paired or comprise sequences from the same
polynucleotide molecule (e.g., from the same chromosome) or fragment thereof. For
example, the distance between the first and second portions on the surface is positively
correlated with the probability that the first and second portions are from the same
polynucleotide molecule.

Optionally, the step of comparing the sequences and locations includes the use of
indexing tags to identify locations containing linked or paired sequences (i.e., sequences
on the same template or polynucleotide molecule, e.g., the same fragment). Thus, the
step of comparing the sequences and locations of the portions may include the use of
indexing tags to identify portions containing linked sequences (i.e., sequences on the
same template or polynucleotide molecule, e.g., the same fragment). For example, a
polynucleotide molecule comprising first and second portions may contain the same or a
different indexing tag on both the first and second portions. This can be accomplished,
for example, by ligating indexing tags to the ends of a polynucleotide molecule
comprising the first and second portions. Optionally, the first and second portions retain
the tag after separation of the portions.

The step of comparing the sequences and relative proximities (or locations) of the
portions may include use of the knowledge that the size of a cluster (generation from a
single portion) is positively correlated with the size of the nucleic acid molecule used to
generate the cluster. For example, a nucleic acid molecule of 100 nucleotides in length

will generate a cluster of a size larger than a nucleic acid molecule of 50 nucleotides in
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length. Thus, if the first and second portions of a polynucleotide molecule differ in
length, upon separation, the first and second portions will generate clusters of different
sizes proportional to the length of the first and second portions. By way of example, if a
polynucleotide molecule is 4000 base pairs in length and it is divided into a first portion
of 500 nucleotides in length and a second portion of 3500 nucleotides in length, the
cluster comprising the first portion will be smaller than the cluster comprising the second
portion. This information can be exploited to identify clusters likely to contain linked
sequences (i.e., the first and second portions from the same target polynucleotide
molecule). As described in more detail below, the first and second clusters on the surface
may be spatially correlated based on the length of the polynucleotide molecule.

By way of further example, a method for sequencing a target polynucleotide
molecule can include the steps of attaching a plurality of polynucleotide molecules to a
surface, wherein each polynucleotide molecule comprises a first and second portion from
the target polynucleotide molecule and wherein each polynucleotide molecule is attached
under conditions wherein the first portion is attached to a first area of the surface and the
second portion is attached to a second area of the surface, separating the first and second
portions of the polynucleotide molecules, sequencing the first and second portions of the
polynucleotide molecules, comparing the sequences of the first portions and the locations
of the first areas to the locations of the second areas and the sequences of the second
portions to determine the sequence of the target polynucleotide molecule. Optionally, the
first and second portions are noncontiguous portions. Optionally, the target
polynucleotide molecule is fragmented and the fragments are used to generate the
plurality of polynucleotide molecules, wherein each polynucleotide molecule comprises a
first and second portion from the same fragment. Optionally, the portions are separated
by extending the attached polynucleotide molecules under conditions to incorporate
cleavable sites into the extended polynucleotide molecules and cleaving the sites of the
extended oligonucleotide molecules to separate the first and second portions. The
extension can be carried out in the presence of one or more modified nucleotides, for
example, uracil or 8-oxo-guanine. Optionally, the surface comprises a plurality of first
oligos comprising a reversible block and a plurality of second, unblocked oligos to which

the polynucleotide molecules attach. Optionally, after the first and second portions are
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separated an adapter is ligated onto the first and second portions followed by unblocking
of the first oligos. Optionally, the adapters bind to the first oligos and the first and
second poftions are amplified to produce multiple copies of the first and second portions
in the first and second areas.

By way of another example, a method for sequencing a genome includes the steps
of providing a surface comprising a plurality of clusters comprising polynucleotide
molecules, wherein each cluster comprises polynucleotide molecules of the same
sequence, determining the sequence of the polynucleotide molecules in the clusters,
comparing the sequence of polynucleotide molecules in a first cluster to the sequence of
polynucleotide molecules in a second cluster and comparing the locations of the first and
second clusters on the surface, and repeating the comparing step to determine the
sequence of the genome. Optionally, each cluster is located at a known location on the
surface. Optionally, the polynucleotide molecules in the clusters are generated from one
or more target polynucleotide molecules. The clusters can be generated by (i) attaching a
plurality of polynucleotide molecules to the surface, wherein each polynucleotide
molecule comprises a first and second portion and wherein each polynucleotide molecule
is attached under conditions wherein the first portion is attached to a first area of the
surface and the second portion is attached to a second area of the surface, (ii) separating
the first and second portions, and (iii) amplifying the first and second portions to produce
the plurality of clusters. The plurality of polynucleotide molecules can be produced by
fragmenting one or more target polynucleotide molecules and using the fragments to
generate the plurality of polynucleotide molecules, wherein each polynucleotide molecule
comprises a first and second portion from the same fragment. Optionally, the first and
second portions are noncontiguous. As described throughout, the distance between the
first and second clusters on the surface is positively correlated with the probability that
the first and second clusters are from the same target polynucleotide molecule. For
example, the shorter the distance between the first and second clusters indicates that the
first and second clusters comprise polynucleotide molecules of sequences from the same
target polynucleotide molecule.

As used throughout, oligonucleotides or polynucleotide molecules include

deoxyribbnucleic acids (DNA), ribonucleic acids (RNA) or other form of nucleic acid.
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The polynucleotide molecule can be any form of natural, synthetic or modified DNA,
including, but not limited to, genomic DNA, copy DNA, complementary DNA, or
recombinant DNA. Alternatively, the polynucleotide molecule can be any form of
natural, synthetic or modified RNA, including, but not limited to mRNA, ribosomal
RNA, microRNA, siRNA or small nucleolar RNA. The polynucleotide molecule can be
partially or completely in double-stranded or single-stranded form. The terms “nucleic

b 1%

acid,” “nucleic acid molecule,” “oligonucleotide,” and “polynucleotide” are used
interchangeably throughout. The different terms are not intended to denote any particular
difference in size, sequence, or other property unless specifically indicated otherwise. For
clarity of description the terms may be used to distinguish one species of molecule from
another when describing a particular method or composition that includes several
molecular species.

As used throughout, the term “target polynucleotide molecule” refers to the
molecule used to generate the plurality of polynucleotide molecules that is attached to a
surface. Target polynucleotide molecules can be any molecule to be sequenced. For
example, the polynucleotide molecule can be a plasmid, a gene, chromosomal region,
chromosome or genome. In the context of genome or whole genome sequencing, a
plurality of target polynucleotide molecules (e.g., a plurality of chromosomes) can be
used to generate the plurality of polynucleotide molecules.

Polynucleotide molecules or nucleic acids for use in the provided methods may be
obtained from any biological sample using known, routine methods. Suitable biological
samples include, but are not limited to, a blood sample, biopsy specimen, tissue explant,
organ culture, biological fluid or any other tissue or cell preparation, or fraction or
derivative thereof or isolated therefrom. The biological sample can be a primary cell
culture or culture adapted cell line including but not limited to genetically engineered cell
lines that may contain chromosomally integrated or episomal recombinant nucleic acid
sequences, immortalized or immortalizable cell lines, somatic cell hybrid cell lines,
differentiated or differentiatable cell lines, transformed cell lines, stem cells, germ cells
(e.g. sperm, oocytes), transformed cell lines and the like. For example, polynucleotide
molecules may be obtained from primary cells, cell lines, freshly isolated cells or tissues,

frozen cells or tissues, paraffin embedded cells or tissues, fixed cells or tissues, and/or

-11 -
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laser dissected cells or tissues. Biological samples can be obtained from any subject or
biological source including, for example, human or non-human animals, including
mammals and non-mammals, vertebrates and invertebrates, and may also be any
multicellular organism or single-celled organism such as a eukaryotic (including plants
and algae) or prokaryotic organism, archaeon, microorganisms (e.g. bacteria, archaea,
fungi, protists, viruses), and aquatic plankton.

The polynucleotide molecule, target polynucleotide molecule or fragments
described herein can be of any length suitable for use in the provided methods. For
example, the polynucleotide molecules or fragments can be at least 10, at least 20, at least
30, at least 40, at least 50, at least 50, at least 100, at least 150, at least 200, at least 250,
at least 500, or at least 1000 nucleotides in length. Optionally, the polynucleotide
molecule or fragment is 150 to 4000 nucleotides in length, 500 to 3000 nucleotides in
length, or 1000 to 2000 nucleotides in length. By way of another example, the target
polynucleotide molecules can be, for example, at least 1 kilobase in length, at least 10
kilobases in length, at least 20 kilobases in length, at least 30 kilobases in length, at least
40 kilobases in length, at least 50 kilobases in length, at least 60 kilobases in Iength, at
least 70 kilobases in length, at least 80 kilobases in length, at least 90 kilobases in length,
at least 100 kilobases in length, or longer.

A plurality of polynucleotide molecules can be prepared by fragmenting one or
more polynucleotide molecules and using the fragments to generate the plurality of
polynucleotide molecules comprising the first and second portions. Preferably, the first
and second portions are from the same fragment. In the provided methods described
herein, the first and second portions are, optionally, located at the opposite ends of the
polynucleotide molecules (e.g., the 5’ and 3’ ends). The number of nucleotides between
the first and second portions may be substantially the same for each polynucleotide
molecule. Optionally, the first and second portions are noncontiguous portions.

The plurality of polynucleotide molecules may be prepared using a variety of
standard techniques available and known. Exemplary methods of polynucleotide
molecule preparation include, but are not limited to, those described in Bentley et al.,
Nature 456:49-51 (2008); U.S. Patent No. 7,115,400; and U.S. Patent Application
Publication Nos. 2007/0128624; 2009/0226975; 2005/0100900; 2005/0059048;

-12-
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2007/0110638; and 2007/0128624, each of which is herein incorporated by reference in
its entirety. For example, polynucleotide molecules are modified to comprise one or
more regions of known sequence (e.g., an adapter and/or an indexing tag) located on the
5’ and/or 3’ ends. Optionally, the adapter comprises the indexing tag. When the
polynucleotide molecules comprise known sequences on the 5° and 3’ ends, the known
sequences can be the same or different sequences. Optionally, as described more fully
below, a known sequence located on the 5’ and/or 3’ ends of the polynucleotide
molecules is capable of hybridizing to one or more oligonucleotides immobilized on a
surface. For example, a polynucleotide molecule comprising a 5 known sequence may
hybridize to a first plurality of oligonucleotides while the 3° known sequence may
hybridize to a second plurality of oligonucleotides. Optionally, polynucleotide molecules
comprise one or more detectable labels. The one or more detectable labels may be
attached to the nucleic acid template at the 5’ end, at the 3’ end, and/or at any nucleotide
position within the nucleic acid template. The polynucleotide molecules for use in the
provided methods comprise the nucleic acid to be amplified and/or sequenced and,
optionally, short nucleic acid sequences at the 5' and/or 3' end(s).

A short nucleic acid sequence that is added to the 5’ and/or 3’ end of a nucleic
acid can be a universal sequence. A universal sequence is a region of nucleotide
sequence that is common to, i.e., shared by, two or more nucleic acid molecules, where
the two or more nucleic acid molecules also have regions of sequence differences. A
universal sequence that may be present in different members of a plurality of nucleic acid
molecules can allow the replication or amplification of multiple different sequences using
a single universal primer that is complementary to the universal sequence. Similarly, at
least one, two (e.g., a pair) or more universal sequences that may be present in different
members of a collection of nucleic acid molecules can allow the replication or
amplification of multiple different sequences using at least one, two (e.g., a pair) or more
single universal primers that are complementary to the universal sequences. Thus, a
universal primer includes a sequence that can hybridize specifically to such a universal
sequence. The target nucleic acid sequence-bearing molecules may be modified to attach
universal adapters (e.g., non-target nucleic acid sequences) to one or both ends of the

different target sequences, the adapters providing sites for hybridization of universal
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primers. This approach has the advantage that it is not necessary to design a specific pair
of primers for each template to be generated, amplified, sequenced, and/or otherwise
analyzed; a single pair of primers can be used for amplification of different templates
provided that each template is modified by addition of the same universal primer-binding
sequences to its 5' and 3' ends.

The polynucleotide molecules can be modified to include any nucleic acid
sequence desirable using standard, known methods. Such additional sequences may
include, for example, restriction enzyme sites, or oligonucleotide indexing tag in order to
permit identification of amplification products of a given nucleic acid sequence. As
described herein, the indexing tag can be added to a polynucleotide molecule by inclusion
on an adapter or on a transposon. Optionally, the indexing tag can be directly ligated to
the ends of a polynucleotide molecule.

Optionally, the surface comprises one or more pluralities of oligonucleotide
molecules. The terms “oligonucleotides,” “oligonucleotide molecules” and “oligos” are
used throughout interchangeably. By way of example, the surface can comprise a first,
second, third, fourth, or more pluralities of oligonucleotide molecules each plurality
having a different sequence. It will be understood that different pluralities of
oligonucleotides can share a common sequence so long as there is a sequence difference
between at least a portion of the different pluralities. For example, as shown in Figure 1,
the two oligos identified as P5 and P5-SBS3 share a common sequence P5, but the P5-
SBS3 has an additional sequence not found on the PS5 oligo. Thus, a first plurality of
oligonucleotides can share a sequence with a second plurality of oligonucleotides as long
as the oligos in one plhrality have a different sequence not found in the oligos of the other
plurality.

Once the plurality of polynucleotide molecules is prepared, one or more of the
polynucleotide molecules in the plurality of polynucleotide molecules can be attached to
a surface. The one or more of the polynucleotide molecules can be attached to the
surface under conditions wherein the first portion is attached to a first location of the
surface and the second portion is attached to a second location of the surface.

The polynucleotide molecules can be attached to the surface by hybridization or

binding to a plurality of oligos. Optionally, the polynucleotide molecules are attached to
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the surface by attaching one end of the polynucleotide molecule to the surface or to the
end of the oligos (e.g., by ligation). Hybridization is accomplished, for example, by
ligating an adapter to the ends of the polynucleotide molecules. The nucleic acid
sequence of the adapter can be complementary to the nucleic acid sequence of the oligo,
thus, allowing the adapter to bind or hybridize to the oligos on the surface. Optionally,
the polynucleotide molecules are single or double stranded and adapters are added to the
5’ and/or 3’ ends of the polynucleotide molecules. Optionally, the polynucleotide
molecules are double-stranded and adapters are ligated onto the 3* ends of double-
stranded polynucleotide molecule. Optionally, polynucleotide molecules ére used
without any adapter.

By way of another example, the surface comprises a plurality of first oligos to
which the polynucleotide molecules attach and a plurality of second oligos comprising a
reversible block. As described above, the polynucleotide molecules can hybridize to the
first oligos through an adapter. After the first and second portions are separated, a second
adapter can be ligated onto the ends of the first and second portions. In this aspect, this
part of the sample prep can take place inside the flowcell. The nucleic acid sequence of
the second adapter can be complementary to the nucleic acid sequence of the second
oligo. The second oligos can be unblocked and the second adapters can bind to the
second oligos. The first and second portions can then be amplified to produce multiple
copies of the first and second portions in the first and second locations. Thus, the first
and second locations can be clusters of polynucleotide molecules comprising first and
second portions. Optionally, the first oligos, second oligos or adapters comprise an
oligonucleotide indexing tag.

By way of a third example, the surface comprises a plurality of first oligos to
which the polynucleotide molecules attach and a plurality of second and third oligos
comprising a reversible block. After the polynucleotide molecules attach to the surface
through hybridization to the first oligos, the polynucleotide molecule can be extended. If
double-stranded, each strand of the double-stranded polynucleotide molecule can be
extended, e.g., in the presence of a modified nucleotide, in order to facilitate separation of
the first and second portions of the polynucleotide molecules. After the first and second

portions are separated, a second adapter can be ligated to the ends of the extended first
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and second portions followed by removal of the blocks from the second and third oligos.
The first and second portions can then be amplified to produce multiple copies of the first
and second portions in discrete locations referred to herein as clusters. Optionally, the
first oligos, second oligos, third oligos or adapters comprise an oligonucleotide indexing
tag.

By way of another example, the surface is a patterned surface and comprises a
two or more types of patches. A first type of patch contains a plurality of first oligos and
a plurality of second oligos. The second type of patch contains a plurality of the second
oligos and a plurality of third oligos. Polynucleotide molecules are hybridized such that
one end of the molecules hybridizes to a first patch and the other end of the molecule
hybridizes to a second patch. After the first and second portions are separated, they can
then be sequenced or amplified to produce clusters for sequencing.

A surface or support for use in the provided methods described herein refers to
any surface or collection of surfaces to which nucleic acids can be attached. Suitable
surfaces include, but are not limited to, beads, resins, gels, wells, columns, chips,
flowcells, membranes, matrices, plates or filters. For example, the surface can be latex or
dextran beads, polystyrene or polypropylene surfaces, polyacrylamide gels, gold surfaces,
glass surfaces, optical fibers, or silicon wafers. Optionally, the surface is three
dimensional, for example, a three dimensional matrix. The surface can be any material
that is amenable to linkage to a nucleic acid.

Optionally, the surface is contained in a vessel or chamber such as a flow cell,
allowing convenient movement of liquids across the surface to enable the transfer of
reagents. Exemplary flow cells that can be used in this manner are described in WO
2007/123744, which is incorporated herein by reference in its entirety.

Optionally, the surface may comprise a layer or coating of a material with reactive
groups permitting attachment of polynucleotides. The polynucleotides are then attached
to the material (e.g., covalently), which is attached to the surface (e.g., noncovalently).
Such a surface is described in WO 05/65814, which is incorporated by reference herein in
its entirety.

The term “immobilized” as used herein is intended to encompass direct or indirect

attachment to a solid support via covalent or non-covalent bond(s). In particular
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embodiments, all that is required is that the molecules (for example, nucleic acids)
remain immobilized or attached to a support under conditions in which it is intended to
use the support, for example in applications requiring nucleic acid amplification and/or
sequencing. For example, oligonucleotides are immobilized such that a 3’ end is
available for enzymatic extension and/or at least a portion of the sequence is capable of
hybridizing to a complementary sequence. Immobilization can occur via hybridization to
a surface attached oligonucleotide, in which case the immobilized oligonucleotide or
polynucleotide may be in the 3°-5” orientation. Alternatively, immobilization can occur
by means other than base-pairing hybridization, such as the covalent attachment.

In particular embodiments, the attached polynucleotide molecules comprise a
cleavable site to separate the first and second portions. For example, the attached
polynucleotide molecules can be extended under conditions to incorporate cleavable sites
into the extended polynucleotide molecules and cleaving the sites of the extended
oligonucleotide molecules to separate the first and second portions. Various cleavage
methods may be used in accordance with the provided methods to cleave one or both
strands of the polynucleotide molecules. Optionally, the cleavable site comprises a
modified nucleotide or a restriction enzyme site. Such methods are known and include
those described in U.S. Publication No. 20090118128, which is incorporated by reference
herein in its entirety. For example, chemical cleavage may be used, which encompasses
any method using a non-enzymatic chemical reagent in order to promote/achieve
cleavage of a polynucleotide molecule whether in single or double stranded form. The
polynucleotide molecule can include one or more non-nucleotide chemical moieties
and/or non-natural nucleotides and/or non-natural backbone linkages in order to permit a
chemical cleavage reaction at a pre-determined cleavage site. By way of example, in the
provided methods, the extension is carried out in the presence of one or more types of
modified nucleotides. Nucleotides for use in the provided methods include, for example,
derivatives capable of being selectively cleaved in a nucleic acid strand. Such
nucleotides include, but are not limited to, uracil or 8-0xo guanine. Optionally, two types
of modified nucleotides can be used (e.g., uracil and 8-oxo guanine, e.g., to reduce GC
bias). These modified nucleotides can be modified to abasic sites by the actions of Uracil

DNA glycosylase (UDG) and formamidopyrimidine [fapy]-DNA glycosylase (FPG),
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respectively. The polynucleotide strand including the abasic site may then be cleaved at
the abasic site by treatment with endonuclease (e.g. EndolV endonuclease, AP lyase,
FPG glycosylase/AP lyase, and EndoVIII glycosylase/AP lyase), heat or alkali. FPG
alone can also result in abasic site cleavage.

The provided methods may make use of non-extendable nucleotides which act as
terminators and prevent further strand elongation. Such terminators may be permanent
(e.g., dideoxyribose analogues such as ddTTP or ddATP) or reversible. Reversible
terminators may contain any moiety which acts to block polymerase extension, but can
subsequently be altered to allow polymerase extension. Suitable reversible terminator
moieties include blocking groups on the nucleotide 3° hydroxyl. There is a variety of
known 3’ .hydroxyl blocking moieties that are capable of acting as reversible polymerase
blocks, including the allyl, methoxymethyl, azidomethyl or O-NH2 groups. Optionally,
terminator moieties are attached to nucleotide bases at 2’ or 4’ positions. Examples of
nucleotide terminators can be found in U.S. Patent Nos. 5,302,509; 7,057,026; 6,664,079;
7,541,444; and US 7,544,794, the contents of which are incorporated by reference herein
in their entireties. If desired, reversible terminators may be removed to allow subsequent
polymerase action on the strands, for example to synthesize full length strands at the end
of the amplification process.

The modified nucleotides are typically provided at a concentration effective to
generate immobilized polynucleotide molecules of an appropriate size. Such
concentrations may be determined empirically by those of skill in the art. For example,
the concentration of modified nucleotides may be determined based on the ability of a
polymerase to incorporate the modified nucleotide and/or based on the desired length of
the fragment to be left after cleavage. For example, the modified nucleotides are
provided at a concentration ratio of 1 to 100. By way of example, if uracil is used, for
every 100 units of dTTP supplied, 1 unit of dUTP is supplied.

Alternatively, the first and second portions can be separated through use of a
transposon. As used herein, the term transposon refers to the nucleic acid sequence
containing the transposon elements together with all of the nucleic acid sequence between
the elements. Transposons may comprise a cleavable element such as a modified

nucleotide or a restriction enzyme site. Optionally, the transposon may also comprise an
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indexing tag. Transposons generally require only the transposase protein and a cognate
transposon. The transposase may be purified from natural sources or it may be produced
in vitro or synthesized by methods known in the art. Transposase may be expressed in
bacterial, yeast, insect or mammalian cells or produced in cell-free expression systems.
The transposase may have a wild-type amino acid sequence or it may have a modified
amino acid sequence. Modifications include mutations that affect the activity or stability
of the transposase or add functionality to the transposase. Suitable transposon systems
useful in the provided methods include, but are not limited to, Sleeping Beauty, Tol2,
PiggyBac, Frog Prince, Minos, and Hsmarl. Transposons also include transposable
elements found in prokaryotes such as insertion sequences (IS), transposons (Tn), or
bacteriophages such as Mu and D108. Eukaryotic transposable elements include, but are
not limited to: Copia elements, TY elements, Tal and Tnt 1 transposable elements, IAP,
Tam or Cin transposable elements, and AC, Spm, Bs, Cin, Dt, and Mutator transposable
elements. In particular embodiments, a synthetic transposable element is used that lacks
a functional transposase but which is supplied in trans.

In particular embodiments, the polynucleotide molecules are double stranded and
the two strands of the polynucleotide molecules are separated by denaturing the strands
of the polynucleotide molecules. Each of the denatured or separated strands of the
polynucleotide molecules can then be amplified, e.g., to produce a plurality of clusters.
Clusters are described in more detail below.

In other embodiments, the first and second portions are separated by extending
the primers hybridized to the double stranded polynucleotide molecules for a period of
time sufficient to produce copies of the first and second portions. The first and second
portion copies remain immobilized while the double stranded polynucleotide molecules
are removed (e.g., by washing). The first and second portions are then amplified, e.g., to
generate clusters for sequencing or are directly sequenced.

In the provided methods, after the first and second portions are separated, the first
and second portions can be amplified prior to sequencing to produce multiple copies of
the first and second portions at the first and second locations. Nucleic acid amplification
includes the process of amplifying or increasing the numbers of a nucleic acid template

and/or of a complement thereof that are present, by producing one or more copies of the
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template and/or its complement. In the provided methods, amplification can be carried
out by a variety of known methods under conditions including, but not limited to,
thermocycling amplification or isotheraml amplification. For example, methods for
carrying out amplification are described in U.S. Publication No. 2009/0226975; WO
98/44151; WO 00/18957; WO 02/46456; WO 06/064199; and WO 07/010251; which are
incorporated by reference herein in their entireties. Briefly, in the provided methods,
amplification can occur on the surface to which the polynucleotide molecules are
attached. This type of amplification can be referred to as solid phase amplification,
which when used in reference to nucleic acids, refers to any nucleic acid amplification
reaction carried out on or in association with a surface (e.g., a solid support). For
example, all or a portion of the amplified products are synthesized by extension of an
immobilized primer. Solid phase amplification reactions are analogous to standard
solution phase amplifications except that at least one of the amplification
oligonucleotides is immobilized on a surface (e.g., a solid support).

Solid-phase amplification may comprise a nucleic acid amplification reaction
comprising only one species of oligonucleotide primer immobilized to a surface.
Alternatively, the surface may comprise a plurality of first and second different
immobilized oligonucleotide primer species. Solid-phase amplification may comprise a
nucleic acid amplification reaction comprising one species of oligonucleotide primer
immobilized on a solid surface and a second different oligonucleotide primer species in
solution. Solid phase nucleic acid amplification reactions generally comprise at least one
of two different types of nucleic acid amplification, interfacial and surface (or bridge)
amplification. For instance, in interfacial amplification the solid support comprises a
template polynucleotide molecule that is indirectly immobilized to the solid support by
hybridization to an immobilized oligonucleotide primer, the immobilized primer may be
extended in the course of a polymerase-catalyzed, template-directed elongation reaction
(e.g., primer extension) to generate an immobilized polynucleotide molecule that remains
attached to the solid support. After the extension phase, the nucleic acids (e.g., template
and its complementary product) are denatured such that the template polynucleotide
molecule is released into solution and made available for hybridization to another

immobilized oligonucleotide primer. The template polynucleotide molecule may be
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made available in 1, 2, 3, 4, 5 or more rounds of primer extension or may be washed out
of the reaction after 1,' 2, 3,4, 5 or more rounds of primer extension.

In surface (or bridge) amplification, an immobilized polynucleotide molecule
hybridizes to an immobilized oligonucleotide primer. The 3’ end of the immobilized
polynucleotide molecule provides the template for a polymerase-catalyzed, template-
directed elongation reaction (e.g., primer extension) extending from the immobilized
oligonucleotide primer. The resulting double-stranded product "bridges" the two primers
and both strands are covalently attached to the support. In the next cycle, following
denaturation that yields a pair of single strands (the immobilized template and the
extended-primer product) immobilized to the solid support, both immobilized strands can
serve as témplates for new primer extension.

Optionally, amplification of the first and second portions results in clustered
arrays of nucleic acid colonies, analogous to those described in U.S. Patent No.
7,115,400; U.S. Publication No. 2005/0100900; WO 00/18957; and WO 98/44151, which
are incorporated by reference herein in their entireties. Thus, the first and second
portions can be amplified to produce a plurality of clusters. Clusters and colonies are
used interchangeably and refer to a plurality of copies of a nucleic acid sequence and/or
complements thereof attached to a surface. Typically, the cluster comprises a plurality of
copies of a nucleic acid sequence and/or complements thereof, attached via their 5
termini to the surface. For example, as described herein, a plurality of pairs of clusters
comprising noncontiguous sequences are attached to a surface. The copies of nucleic
acid sequences making up the clusters may be in a single or double stranded form.

The clusters can have different shapes, sizes and densities depending on the
conditions used. For example, clusters can have a shape that is substantially round,
multi-sided, donut-shaped or ring-shaped. The diameter or maximum cross section of a
cluster can be from about 0.2 um to about 6 pm, about 0.3 pm to about 4 um, about 0.4
um to about 3 um, about 0.5 um to about 2 pm, about 0.75 pm to about 1.5 pum, or any
intervening diameter. Optionally, the diameter or maximum cross section of a cluster can
be at least about 0.5 um, at least about 1 um, at least about 1.5 um, at least about 2 um, at
least about 2.5 um, at least about 3 um, at least about 4 um, at least about 5 um, or at

least about 6 um. The diameter of a cluster may be influenced by a number of parameters
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including, but not limited to, the number of amplification cycles performed in producing
the cluster, the length of the nucleic acid template, the GC content of the nucleic acid
template or the density of primers attached to the surface upon which clusters are formed.
The density of clusters can be in the range of at least about 0.1/mm?, at least about
1/mm?, at least about 10/mm2, at least about 100/mm?, at least about l,OOO/mmZ, at least
about 10,000/mm? to at least about 100,000/mm?. Optionally, the clusters have a density
of, for example, 100,000/mm? to 1,000,000/mm?or 1,000,000/mm? to 10,000,000/mm?.
Clusters may be detected, for example, using a suitable imaging means, such as, a
confocal imaging device or a charge coupled device (CCD) camera. Exemplary imaging
devices include, but are not limited to, those described in U.S. Patent Nos. 7,329,860;
5,754,291; and 5,981,956; and WO 2007/123744, each of which is herein incorporated by
reference in its entirety. The imaging means may be used to determine a reference
position in a cluster or in a plurality of clusters on the surface, such as the location,
boundary, diameter, area, shape, overlap and/or center of one or a plurality of clusters
(and/or of a detectable signal originating therefrom). Such a reference position may be
recorded, documented, annotated, converted into an interpretable signal, or the like, to
yield meaningful information. For example, the reference position can be interpreted by
the imaging device as a signal that may be generated from two or more adjacent,
neighboring or proximal clusters, for example, in order to assist in distinguishing (i)
adjacent clusters that are the products of extension from and amplification of first and
second non-contiguous regions of a common target polynucleotide, from (ii) unrelated
clusters. The signal may, for instance, take the form of a detectable optical signal
emanating from a defined and identifiable location, such as a fluorescent signal, or may
be a detectable signal originating from any other detectable label as provided herein. The
reference position of a signal generated from two or more clusters may be used to
determine the actual physical position on the surface of two clusters that are related by
way of being the sites for simultaneous sequence reads from different portions of a
common target polynucleotide. As discussed in more detail below, the sequence
information obtained from the clusters and the proximity of clusters can in turn be used to
determine the location of the sequences from the clusters in a genome (or other original

sequence) from which the clusters were derived.
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Following amplification, the polynucleotide molecules can be sequenced. The
sequencing is carried out by a variety of known methods, including, but not limited to,
sequencing by ligation, sequencing by synthesis or sequencing by hybridization.

Séquencing by synthesis, for example, is a technique wherein nucleotides are
added successively to a free 3' hydroxyl group, typically provided by annealing of an
oligonucleotide primer (e.g., a sequencing primer), resulting in synthesis of a nucleic acid
chain in the 5' to 3' direction. These and other sequencing reactions may be conducted on
the herein described surfaces bearing nucleic acid clusters. The reactions comprise one
or a plurality of sequencing steps, each step comprising determining the nucleotide
incorporated into a nucleic acid chain and identifying the position of the incorporated
nucleotide on the surface. The nucleotides incorporated into the nucleic acid chain may
be described as sequencing nucleotides and may comprise one or more detectable labels.
Suitable detectable labels, include, but are not limited to, protons, haptens,
radionucleotides, enzymes, fluorescent labels, chemiluminescent labels, and/or
chromogenic agents. One method for detecting fluorescently labeled nucleotides
comprises using laser light of a wavelength specific for the labeled nucleotides, or the use
of other suitable sources of illumination. The fluorescence from the label on the
nucleotide may be detected by a CCD camera or other suitable detection means. Suitable
instrumentation for recording images of clustered arrays is described in WO 07/123744,
the contents of which are incorporated herein by reference herein in its entirety.

Optionally, cycle sequencing is accomplished by stepwise addition of reversible
terminator nucleotides containing, for example, a cleavable or photobleachable dye label
as described, for example, in U.S. Patent No. 7,427,673; U.S. Patent No. 7,414,116, WO
04/018497;, WO 91/06678; WO 07/123744; and U.S. Patent No. 7,057,026, the
disclosures of which are incorporated herein by reference in their entireties. The
availability of fluorescently-labeled terminators in which both the termination can be
reversed and the fluorescent label cleaved facilitates efficient cyclic reversible
termination (CRT) sequencing. Polymerases can also be co-engineered to efficiently
incorporate and extend from these modified nucleotides.

Alternatively, pyrosequencing techniques may be employed. Pyrosequencing detects

the release of inorganic pyrophosphate (PPi) as particular nucleotides are incorporated
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into the nascent strand (Ronaghi et al., (1996) “Real-time DNA sequencing using
detection of pyrophosphate release.” Analytical Biochemistry 242(1), 84-9; Ronaghi, M.
(2001) “Pyrosequencing sheds light on DNA sequencing.” Genome Res. 11(1), 3-11;
Ronaghi, M., Uhlen, M. and Nyren, P. (1998) “A sequencing method based on real-time
pyrophosphate.” Science 281(5375), 363; U.S. Patent No. 6,210,891; U.S. Patent No.
6,258,568; and U.S. Patent No. 6,274,320, the disclosures of which are incorporated
herein by reference in their entireties). In pyrosequencing, released PPi can be detected
by being immediately converted to adenosine triphosphate (ATP) by ATP sulfurylase, and
the level of ATP generated is detected via luciferase-produced photons.

Additional exemplary sequencing-by-synthesis methods that can be used with the
methods described herein include those described in U.S. Patent Publication Nos.
2007/0166705; 2006/0188901; 2006/0240439; 2006/0281109; 2005/0100900; U.S.
Patent No. 7057026; WO 05/065814; WO 06/064199; WO 07/010251, the disclosures of
which are incorporated herein by reference in their entireties.

Alternatively, sequencing by ligation techniques are used. Such techniques use
DNA ligase to incorporate oligonucleotides and identify the incorporation of such
oligonucleotides and are described in U.S. Patent No 6,969,488; U.S. Patent No.
6,172,218; and U.S. Patent No. 6,306,597, the disclosures of which are incorporated
herein by reference in their entireties. Other suitable alternative techniques include, for
example, fluorescent in situ sequencing (FISSEQ), and Massively Parallel Signature
Sequencing (MPSS).

In traditional paired end sequencing, two sequencing reads are obtained from the
same polynucleotide molecule to obtain the sequences of two different portions of the
polynucleotide molecule. The two different portions can be contiguous or
noncontiguous. Since the different portions are never separated, it is known that the two
different portions come from the same original or parent nucleic acid molecule (e.g., a
chromosome). By way of an example, in traditional paired end sequencing on a solid
surface, a cluster of polynucleotide molecules comprising two different portions will be
read twice because each portion that is to be read is located on the same polynucleotide
molecule. In contrast, in the provided methods, the two different portions on the ends of

the polynucleotide molecules are separated (e.g., they may form separate clusters). Thus,
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a single read provides the sequence information for both portions at the same time. The
methods described herein provide clusters that tend to be spatially correlated. This is
accomplished by using molecules sufficiently long such that the two ends of the molecule
are captured on a surface in such a way that they are sufficiently separated from one
another so that they can be differentiated optically, e.g., by the formation of two distinct
clusters. The knowledge of the sequences of the polynucleotide molecules located on the
surface of a support (e.g., in clusters) and the locations or relative proximities of the
polynucleotide molecules can be used to determine or assemble the sequence of a target
polynucleotide molecule (e.g., a gene, chromosome, chromosomal region, genome and
the like). As described above, in the provided methods, sequences of a plurality of first
and second portions are compared to the relative proximities of the first and second
locations comprising the first and second portions, respectively, to determine the which
first and second portions are paired and to determine the sequence of a plurality of
polynucleotide molecules. The distance between the first and second locations (or first
and second clusters) is correlated with the probability that the first and second locations
or clusters are from the same target polynucleotide molecule (e.g., fragment). Optionally,
the sequence and proximity of a polynucleotide molecule in a first location or cluster is
compared to the sequence and proximity of a polynucleotide molecule in a second
location or cluster. Optionally, the first and second portions comprise an oligonucleotide
indexing tag. In other words, a “first” polynucleotide molecule comprising a first and
second portion will comprise the same oligonucleotide indexing tag and a “second”
different polynucleotide molecule comprising a first and second portion will comprise the
same indexing tag. However, the tag for the first polynucleotide molecule is different
from the tag for the second polynucleotide molecule. Since the first and second portions
are located in different locations, the tag can be used to determine which first portion
pairs with which second portion. This information can be used to determine the sequence
of a target polynucleotide molecule (e.g., a chromosome) or a plurality of target
polynucleotide molecules (e.g., a genome).

Although some aspects of the methods have been described above in a way to
distinguish them from standard paired end sequencing, it will be understood that standard

paired end sequencing techniques can be used in combination with other techniques and
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methods set forth herein. Specifically, paired end sequencing techniques can be used to
determine the sequence of polynucleotides within individual, respective clusters on a
surface and proximity between those clusters on the surface can be used to determine the
sequence of the target polynucleotide from which the clusters were derived. Methods for
carrying out paired end sequencing that can be useful in the methods set forth herein are
described in the art, for example, in Bentley et al., Nature, 456:53-58 (2008); WO
07/010252; WO 07/091077;, WO 08/041002 and WO 09/032167, which are incorporated
by reference herein in their entireties.

"The provided methods can be used for de novo sequencing or re-sequencing. In
the context of re-sequencing, the sequences of the first and second portions are compared
to a reference sequence. Information about the physical proximity of clusters on the
surface of a flow cell or other substrate can be used to further confirm that two clusters or
two locations contain noncontiguous sequences that were derived from a single fragment
that was seeded onto the surface as opposed to being unlinked sequences (i.e., sequences
not located on the same original or parent target polynucleotide molecule).

Once the reads from each cluster or location are obtained, algorithms are used to
re-assemble the data. For an example of paired-end read alignments and assembly see,
e.g., Batzoglou et al. (2002) Genome Res., 12(1):177-189. Sequence information from
each individual cluster or location is obtained and the clusters or locations are paired
together based on their proximity on the surface. In one embodiment, the shorter the
distance between clusters indicates that the clusters comprise polynucleotide molecules of
noncontiguous or contiguous sequences from the same parent or target polynucleotide
molecule. The distance between clusters can be correlated with the probability that the
clusters are from the same target polynucleotide molecule or the same fragment of the
target polynucleotide molecule based on the length of the original polynucleotide
molecule hybridized to the surface. Two clusters arising from the ends of each strand are
separated on the surface by the physical length that is the same or less than the length of
the initial fragments (approximately). In other words, the center-center distance between
two clusters from the opposite ends of a single polynucleotide molecule is approximately
no longer than the length of the polynucleotide molecule used to generate the clusters.

Similarly, the distance between two locations to which first and second portions of
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polynucleotide molecules are bound is no longer than the length of the polynucleotide
molecule. Nucleic acid fragment sizes for double stranded duplexes correspond to 0.34
nm per base pair. Thus, the ends of a 10 kB double stranded fragment should be
approximately 3.4 micrometers apart or less, and a 100 kB fragment should be
approximately 34 micrometers apart or less. For clusters that average around 1 micron,
two clusters originating from the ends of long fragments will appear close to each other
on the surface.

Whether locations or clusters, using the known length of the starting fragments
within a range of sizes, it is possible to work out the maximum separation possible for the
two ends of each fragment. Pairing together all the sequences of the clusters or locations
within a known proximity on the surface gives a finite number of possible paired
sequences for a particular fragment size. This can be carried out until the entire sequence
of the target polynucleotide molecule (e.g., chromosome fragments) or plurality of target
polynucleotide molecules (e.g., genome) is assembled. Depending on the complexity of
the sample, it should be possible to discount the majority of the sequences as coming
from clearly different molecules (e.g., different chromosome fragments). For example, in
the case of a human genomic DNA sample, if there are 6 individual sequences within a
small area of surface, two from one chromosome fragment, two from another
chromosome fragment, and two from a third chromosome fragment, it is straightforward
to pair the sequences together. Similarly, if one of the six sequences is ambiguous for two
locations in the human genome, the identity of the other 5 sequences (2 correlated pairs
and one unambiguous sequence) can be used to assist in determining where the
ambiguous sequence lies in the genome.

As discussed above, indexing tags can also be used to assist in assembling the
sequence of a target polynucleotide molecule (e.g., chromosome fragments) or plurality
of target polynucleotide molecules (e.g., genome). By way of example, target
polynucleotide molecule(s) can be fragmented and adapters comprising indexing tags can
be attached to the ends of the fragment. The fragment, thus, contains first and second
portions that, when separated, have the same indexing tag.

Another embodiment that can be used in conjunction with all other embodiments

described herein includes fragmenting the target polynucleotide molecule with a
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restriction enzyme to generate non-random ends. This can be used to help determine the
true ends of the fragment based on the knowledge that the end of the fragment will be the
sequence of the restriction enzyme site.

Disclosed are materials, compositions, and components that can be used for, can
be used in conjunction with, can be used in preparation for, or are products of the
disclosed methods and compositions. These and other materials are disclosed herein, and
it is understood that when combinations, subsets, interactions, groups, etc. of these
materials are disclosed that while specific reference of each various individual and
collective combinations and permutation may not be explicitly disclosed, each is
specifically contemplated and described herein. For example, if a method is disclosed and
discussed and a number of modifications that can be made to the method steps are
discussed, each and every combination and permutation of the method steps, and the
modifications that are possible are specifically contemplated unless specifically indicated
to the contrary. Likewise, any subset or combination of these is also specifically
contemplated and disclosed. This concept applies to all aspects of this disclosure. Thus, if
there are a variety of additional steps that can be performed it is understood that each of
these additional steps can be performed with any specific method steps or combination of
method steps of the disclosed methods, and that each such combination or subset of
combinations is specifically contemplated and should be considered disclosed.

Throughout this application, various publications are referenced. The disclosures
of these publications in their entireties are hereby incorporated by reference into this
application.

Examples
Example 1. Obtaining Paired-End Information From a Long DNA Fragment

With reference to Figure 1, genomic DNA is fragmented into large fragments (i.e.
100Kb or more). After end repair, adapters are then ligated onto the 3’ ends (e.g.,
adapters can be SBS3’ or SBS8’). The molecules are then flowed inside a flowcell that
has been grafted with blocked PS5 and P7 oligonucleotides and also a certain amount of
unblocked P5-SBS3 (or P7-SBS8). Although Figure 1-1 refers to a PS oligo with
reversible block 1 and P7 oligo with reversible block 2, it is noted that the blocks 1 and 2
on P35 and P7 can be the same block or different blocks. The ends of the genomic DNA

-28 -



10

16

20

25

30

WO 2012/025250 PCT/EP2011/004328

molecule (SBS3’ or SBS8’) will hybridize to the reverse complement oligonucleotides
present on the flowcell surface. In the next step, an extension with a dNTP mix that
contains an optimal amount of dUTP (or other modified nucleotide that can be cleaved to
form a 3’ reversible block, such as a phosphate group) is performed. The modified
nucleotide will be randomly incorporated into the growing DNA strand during the
extension step and its concentration is optimized so that DNA molecules of an
appropriate size range are generated. After extension, the modified nucleotides are
cleaved and this leaves a reversible block onto the 3’ end (i.e. phosphate). A modified
nucleotide can be chosen such that is has a 3’ reversible block and its incorporation
causes termination of the extension reaction. The P5S-SBS3 (or P7-SBS8)
oligonucleotides that have not been hybridized and extended are then blocked (i.e. with
ddNTPs). The reversible block at the 3* end of genomic DNA is now cleaved off and an
adapter is ligated to the genomic DNA’s 3° ends (either SBS8’-P7° or SBS3’-P5’). After
removal of the 3” blocks from PS5 and P7, amplification of the molecules and sequencing
of the clusters is performed. The two ends of a molecule will tend to originate a pair of
clusters that are spatially correlated. Thus, paired end information is obtained with a
single read.

Example 2. Correlation between fragment size and cluster distance.

In order to determine paired end information in a single read, there needs to be a
correlation between fragment size and the location of the paired portions on a surface. To
determine whether there is a correlation between fragment size and the location of paired
portions on a surface, two different sequencing methods were carried out as shown in the
schematic of Figures 7 and 8. In Figure 7, double stranded fragments containing portions
A and B to be sequenced were hybridized to a surface. In Figure 8, the double stranded
fragments containing portions A and B were separated prior to hybridization to a surface.
In both cases, each strand of the double stranded fragment was amplified to produce
clusters. The clusters were sequenced wherein the sequence of portion A was determined
in one cluster and the sequence of portion B was determined in another cluster. The
results are shown in Figures 9A and 9B. Figures 9A and 9B are graphs showing the
sequencing of an E. coli library with an average fragment size of 150 base pairs. Figure

9A shows that, when the double stranded fragments are separated prior to hybridization to
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the surface (as shown in Figure 8), the distance between pairs of clusters is random. In
contrast, Figure 9B shows that, when portions A and B are separated after the double
stranded fragments are hybridized to the surface (as shown in Figure 7), a significant
proportion of cluster pairs align against the genome at a distance that corresponds to the
average insert size of the library used in this experiment. Thus, when a sequencing
method is performed wherein portions A and B are separated after hybridization to a
surface, polynucleotide molecules can be sequenced by comparing the relative
proximities of the clusters of portions A and B to determine which portions are paired and
the sequences of the paired portions can be used to determine the sequence of the
polynucleotide molecules. Thus, the methods provided herein provide paired-end
information in a single read. The provided methods simplify paired-end sequencing
while still taking advantage of the knowledge that two sequences (i.e., the two portions of
the fragments) are linked or paired and, thus, known to occur on a single duplex. This
knowledge can facilitate, for example, the assembly of whole genome sequences.

A number of embodiments have been described. Nevertheless, it will be
understood that various modifications may be made. Accordingly, other embodiments

are within the scope of the following claims.
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WHAT IS CLAIMED IS:
1. A method for sequencing a plurality of polynucleotide molecules comprising the
steps of:

a) providing a plurality of polynucleotide molecules attached to a surface, wherein
a first portion of each polynucleotide molecule is attached to a first location of the
surface and a second portion of each polynucleotide molecule is attached to a
second location of the surface, the relative proximity of the first and second
locations being correlated with the probability that the first and second portions
are paired;

b) separating the first and second portions of the polynucleotide molecules on the
surface;

d) determining the sequences of the first and second portions of the
polynucleotide molecules; and

e) comparing the relative proximities and the sequences to determine which first
and second portions are paired and to determine the sequence of the target

polynucleotide molecules.

2. The method of claim 1, wherein the first and second portions are noncontiguous.

3. The method of claim 1, wherein step (b) is carried out by cleaving a cleavable
site.

4, The method of claim 3, wherein the cleavable site comprises a modified

nucleotide or is a restriction enzyme site.

5. The method of claim 1, wherein step (b) is carried out by contacting the
molecules with a transposon to separate the first and second portions.

6. The method of claim 1, wherein the polynucleotide molecules are double stranded
and step (b) is carried out by denaturing the strands of the polynucleotide
molecules.

7. The method of claim 6, further comprising amplifying each denatured strand of
the polynucleotide molecules to generate a plurality of clusters.

8. The method of any one of claims 1-7, wherein step (d) is carried out by

sequencing by ligation, sequencing by synthesis or sequencing by hybridization.
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10.

11.

12.

13.

14.

15.

16.

17.

The method of any one of claims 1-8, wherein the first and second portions are
located at the opposite ends of the polynucleotide molecules.

The method of any one of claims 1-6, 8 and 9, further comprising amplifying the
first and second portions at the first and second locations to produce multiple
copies of the first and second portions at the first and second locations.

The method of any one of claims 1-10, further comprising comparing the
sequences of the first and second portions to a reference sequence.

The method of any one of claims 1-11, wherein each polynucleotide molecule
comprises an indexing tag.

The method of claim 12, wherein the first and second portions of each
polynucleotide molecule comprise the same tag.

The method of claim 13, wherein the first and second portions retain the same tag
after separation of the portions.

The method of claim 10, wherein amplification of the first and second portions
produces a plurality of clusters.

The method of any one of claims 1-15, wherein the plurality of polynucleotide
molecules are produced by fragmenting one or more target polynucleotide
molecules and using the fragments to generate the plurality of polynucleotide
molecules, wherein each polynucleotide molecule comprises a first and second
portion from the same fragment.

A method of sequencing comprising the steps of:

a) providing a plurality of polynucleotide molecules, each polynucleotide
molecule comprising a first and second portion of the target polynucleotide
molecule, whereby the first and second portions are paired;

b) attaching the plurality of polynucleotide molecules to a surface, wherein the
first portion of each polynucleotide molecule is attached to a first location of the
surface and the second portion of each polynucleotide molecule is attached to a
second location of the surface, the relative proximity of the first and second
locations being correlated with the probability that the first and second portions

are paired;
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18.
19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

c) separating the first and second portions of the polynucleotide molecules on the
surface;

d) determining the sequences of the first and second portions of the
polynucleotide molecules;

e) comparing the relative proximities of the first portions and the second portions
to determine which first and second portions are paired; and

f) using sequences of the paired first and second portions to determine the
sequence of the plurality of target polynucleotide molecules.

The method of claim 17, wherein the first and second portions are noncontiguous.
The method of claim 17, wherein step (c) is carried out by cleaving a cleavable
site.

The method of claim 19, wherein the cleavable site comprises a modified
nucleotide or is a restriction enzyme site.

The method of claim 17, wherein step (c) is carried out by contacting the
molecules with a transposon to separate the first and second portions.

The method of any one of claims 17-21, wherein step (d) is carried out by
sequencing by ligation, sequencing by synthesis or sequencing by hybridization.
The method of any one of claims 17-22, wherein the first and second portions are
located at the opposite ends of the polynucleotide molecules.

The method of any one of claims 17-23, further comprising comparing the
sequences of the first and second portions to a reference sequence.

The method of any one of claims 17-24, wherein each polynucleotide molecule
comprises an indexing tag.

The method of claim 25, wherein the first and second portions of each
polynucleotide molecule comprise the same tag.

The method of claim 26, wherein the first and second portions retain the same tag
after separation of the portions.

The method of claim 17, wherein the polynucleotide molecules are double
stranded and step (b) is carried out by denaturing the strands of the polynucleotide

molecules.
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29.

30.

31.

32.

The method of claim 28, further comprising amplifying each denatured strand of
the polynucleotide molecules to generate a plurality of clusters.

The method of any one of claims 17-28, further comprising amplifying the first
and second portions at the first and second locations to produce multiple copies of
the first and second portions at the first and second locations.

The method of claim 30, wherein amplification of the first and second portions
produces a plurality of clusters.

The method of any one of claims 17-31, wherein the plurality of polynucleotide
molecules are produced by fragmenting one or more target polynucleotide
molecules and using the fragments to generate the plurality of polynucleotide
molecules, wherein each polynucleotide molecule comprises a first and second

portion from the same fragment.

-34 -



WO 2012/025250 PCT/EP2011/004328
1/15

1. Library construction

fragment \ \ \
\ /

Ligate SBS3' adapter to 3’ ends

High molecular weight DNA

N

2. Hybridize to P5-SBS3 oligos inside the flowcell
Ci= P5 oligo with reversible block 1

? = P7 oligo with reversible block 2

end 1 end 2

ls5slest]

P5-SBS3 P7 PS5

FIG. 1-1



WO 2012/025250 PCT/EP2011/004328
2/18

3. Perform extension in the presence of modified
nucleotide (i.e. uracil)

lesesleos]

P5-SBS3 P7 P5

4. Cleave modified nucleotide to generate 3’
phosphate

;o7
lesteleesl

P5-SBS3 P7 P5

3¢ = 3 phosphate

5. Block P5-SBS3 oligonucleotides that did not
participate in hybridization and extension

ddNTP

]?TT?T???‘

L |
P5-SBS3 P7 PS5

FIG. 1-2



WO 2012/025250 PCT/EP2011/004328
3/15

6. Cleave 3' phosphate

OH

-
|???<r|???]

PS SBS3 P7 PS

7. Ligate P7'-SBS8' adapter

' 1T O?[? 17 '

=
P5-SBS3 P7 P5

8. Deprotect P5 and P7 oligonucleotides

/J ddNTP

bl

SBS3 P7 P5

FIG. 1-3



WO 2012/025250 PCT/EP2011/004328
4/15

9. Perform amplification

Pyt

HT l saNTP

Cluster 1 Cluster 2

FIG. 1-4



WO 2012/025250 PCT/EP2011/004328
5/18

Figure 2

1. Library construction

o= >\
\ _—

High molecular weight DNA

2. Hybridize to solid surface grafted with PS5 oligos

I =P5

1111

3. Use P5 oligos on the surface as sequencing primers to sequence the
two ends of the DNA fragments

end 1




WO 2012/025250 PCT/EP2011/004328
6/15

Figure 3-1

1. Library construction

Fragment/end repair \ \
/ \

High molecular weight DNA
Ligate P5' adapter to 3’ ends

and denature

2. Ligate 5’ end of fragment onto oligos on the surface

’} = P5. < = cleavable nucleotide (i.e. uracil or 8oxoG)

REEIREE

3. P5' sequence at the 3’ end of the insert hybridizes to P5 on the surface




WO 2012/025250 PCT/EP2011/004328
7/15

Figure 3-2

4. Extend off P5 on the surface to form dsDNA molecule

Pt

5. Cleave P5 oligos at cleavable and deprotect 3' phosphates with PNK

6. Sequence the ends using surface-bound P5 oligos as sequencing
primers




WO 2012/025250 PCT/EP2011/004328
8/15

Figure 4-1

1. Library construction

B>
\ _—

High molecular weight DNA

2. Hybridize to solid surface grafted with P5 oligos

] =P5

end 1 end 2

RN

3. Extend P5 oligos

end 1




WO 2012/025250 PCT/EP2011/004328
9/15

Figure 4-2

4. Insert Transposons X




WO 2012/025250 PCT/EP2011/004328
10/15

Figure 5

1. Library construction

N

High molecular weight DNA

P5

I

end 1

3. Insert transposons

end 1 » , end 2




WO 2012/025250 PCT/EP2011/004328
11/15

Figure 6-1
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Figure 6-2
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