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GENERATION OF PHASED READ-SETS FOR GENOME ASSEMBLY
AND HAPLOTYPE PHASING

CROSS-REFERENCE
[0001] This application claims the benefit of U.S. Provisional Application No. 62/298 906,
filed February 23, 2016, which is hereby explicitly incorporated by reference in its entirety, and
this application also claims the benefit of U.S. Provisional Application No. 62/298,966, filed
February 23, 2016, which is hereby explicitly incorporated by reference in its entirety, and this
application also claims the benefit of U.S. Provisional Application No. 62/305,957, filed March 9,

2016, which is hereby explicitly incorporated by reference in its entirety.

BACKGROUND
[0002] It remains difficult in theory and in practice to determine haplotype phase information
of complex DNA samples, such as those having diploid or polyploid genomes, or those
comprising substantial amounts of repetitive or identical sequence. Difficulties arise from loci of
interest being separated by highly repetitive regions or by long stretches of identical sequence,
such that standard assembly of read information is insufficient to assign phase information to

alleles at a locus.

SUMMARY

[0003] Disclosed herein are methods, compositions and systems related to the accurate phasing
of nucleic acid sequence data through the generation and sequencing, such as long-read
sequencing, of segmentally rearranged nucleic acid molecules such as chromosomes.

[0004] Disclosed herein are methods of generating long-distance phase information from a first
DNA molecule, comprising a) providing a first DNA molecule having a first segment and a
second segment, wherein the first segment and the second segment are not adjacent on the first
DNA molecule; b) contacting the first DNA molecule to a DNA binding moiety such that the
first segment and the second segment are bound to the DNA binding moiety independent of a
common phosphodiester backbone of the first DNA molecule; c) cleaving the first DNA
molecule such that the first segment and the second segment are not joined by a common
phosphodiester backbone; d) attaching the first segment to the second segment via a
phosphodiester bond to form a reassembled first DNA molecule; and e) sequencing at least 4 kb

of consecutive sequence of the reassembled first DNA molecule comprising a junction between
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the first segment and the second segment in a single sequencing read, wherein first segment
sequence and second segment sequence represent long-distance phase information from a first
DNA molecule. In some aspects the DNA binding moiety comprises a plurality of DNA-binding
molecules, such as DNA-binding proteins. In some aspects the population of DNA-binding
proteins comprises nuclear proteins broadly, nucleosomes, or in some cases, more specifically
histones. In some aspects contacting the first DNA molecule to a plurality of DNA-binding
moieties comprises contacting to a population of DNA-binding nanoparticles. Often, the first
DNA molecule has a third segment not adjacent on the first DNA molecule to the first segment
or the second segment, wherein the contacting in (b) is conducted such that the third segment is
bound to the DNA binding moiety independent of the common phosphodiester backbone of the
first DNA molecule, wherein the cleaving in (¢) is conducted such that the third segment is not
joined by a common phosphodiester backbone to the first segment and the second segment,
wherein the attaching comprises attaching the third segment to the second segment via a
phosphodiester bond to form the reassembled first DNA molecule, and wherein the consecutive
sequence sequenced in (e) comprises a junction between the second segment and the third
segment in a single sequencing read. The method often comprises contacting the first DNA
molecule to a cross-linking agent, such as formaldehyde. In some aspects the DNA binding
moiety is bound to a surface comprising a plurality of DNA binding moieties. In some aspects
the DNA binding moiety is bound to a solid framework comprising a bead. In some aspects
cleaving the first DNA molecule comprises contacting to a restriction endonuclease such as a
nonspecific endonuclease, a tagmentation enzyme, or a transposase. In some aspects cleaving the
first DNA molecule comprises shearing the first molecule. Optionally, the method comprises
adding a tag to at least one exposed end. Exemplary tags comprise a labeled base, a methylated
base, a biotinylated base, uridine, or any other noncanonical base. In some aspects the tag
generates a blunt ended exposed end. In some aspects the method comprises adding at least one
base to a recessed strand of a first segment sticky end. In some aspects the method comprises
adding a linker oligo comprising an overhang that anneals to the first segment sticky end. In
some aspects the linker oligo comprises an overhang that anneals to the first segment sticky end
and an overhang that anneals to the second segment sticky end. In some aspects the linker oligo
does not comprise two 5’ phosphate moieties. In some aspects attaching comprises ligating. In
some aspects attaching comprises DNA single strand nick repair. In some aspects the first
segment and the second segment are separated by at least 10kb on the first DNA molecule prior

to cleaving the first DNA molecule. In some aspects the first segment and the second segment are
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separated by at least 15kb on the first DNA molecule prior to cleaving the first DNA molecule.
In some aspects the first segment and the second segment are separated by at least 30kb on the
first DNA molecule prior to cleaving the first DNA molecule. In some aspects the first segment
and the second segment are separated by at least S0kb on the first DNA molecule prior to
cleaving the first DNA molecule. In some aspects the first segment and the second segment are
separated by at least 100kb on the first DNA molecule prior to cleaving the first DNA molecule.
In some aspects the sequencing comprises single molecule long read sequencing. In some aspects
the long read sequencing comprises a read of at least 5 kb. In some aspects the long read
sequencing comprises a read of at least 10 kb. In some aspects the first reassembled DNA
molecule comprises a hairpin moiety linking a 5’ end to a 3” end at one end of the first DNA
molecule. In some aspects the method comprises sequencing a second reassembled version of the
first DNA molecule. In some aspects the first segment and the second segment are each at least
500 bp. In some aspects the first segment, the second segment, and the third segment are each at
least 500 bp.

[0005] Disclosed herein are methods of genome assembly comprising: a) obtaining a first DNA
molecule complexed to a structure; b) cleaving the first DNA molecule to form a first exposed
end and a second exposed end, wherein the first exposed end and the second exposed end were
not adjacent on the molecule prior to said cleaving; c) cleaving the first DNA molecule to form a
third exposed end and a fourth exposed end, wherein the third exposed end and the fourth
exposed end were not adjacent on the molecule prior to said cleaving; d) attaching said first
exposed end and said second exposed end to form a first junction; e) attaching said third exposed
end and said fourth exposed end to form a second junction; f) sequencing across said first
junction and said second junction in a single sequencing read; g) mapping sequence on a first
side of said first junction to a first contig of said plurality of contigs; h) mapping sequence on a
second side of said first junction to a second contig of said plurality of contigs; 1) mapping
sequence on a first side of said second junction to a second contig of said plurality of contigs; j)
mapping sequence on a second side of said second junction to a third contig of said plurality of
contigs; and k) assigning said first contig, said second contig, and said third contig to a common
phase of a genome assembly. In some aspects, said plurality of contigs are generated from
shotgun sequence data. In some aspects said plurality of contigs are generated from single
molecule long read data. In some aspects, said single molecule long read data comprises said
plurality of contigs. In some aspects, said plurality of contigs is concurrently obtained through

sequencing across said first junction and said second junction. In some aspects, sequencing

3-



WO 2017/147279 PCT/US2017/019099

across said marker oligo comprises sequencing at least 10kb. In some aspects, said structure
comprises a population of DNA binding moieties bound to the first DNA molecule to form
reconstituted chromatin. In some aspects, said reconstituted chromatin is contacted to a
crosslinking agent. In some aspects, said crosslinking agent comprises formaldehyde. In some
aspects, said population of DNA binding moieties comprises histones. In some aspects, said
population of DNA binding moieties comprises nanoparticles. In some aspects, said structure
comprises native chromatin. In some aspects, the first exposed end and the second exposed end
are separated by at least 10 kb on the first DNA molecule prior to cleaving the first DNA
molecule. In some aspects, the first exposed end and the second exposed end are separated by at
least 15 kb on the first DNA molecule prior to cleaving the first DNA molecule. In some aspects,
the first exposed end and the second exposed end are separated by at least 30 kb on the first DNA
molecule prior to cleaving the first DNA molecule. In some aspects, the first exposed end and the
second exposed end are separated by at least 50 kb on the first DNA molecule prior to cleaving
the first DNA molecule. In some aspects, the first exposed end and the second exposed end are
separated by at least 100 kb on the first DNA molecule prior to cleaving the first DNA molecule.
In some aspects, the method comprises sequencing a second copy of the first DNA molecule.

[0006] Disclosed herein are rearranged nucleic acid molecules of at least 5 kb comprising a) a
first segment; b) a second segment; and c) a third segment; said first segment and said second
segment being joined at a first junction; and said second segment and said third segment being
joined at a second junction; wherein said first segment, said second segment and said third
segment exist in phase separated by at least 10 kb in an unrearranged nucleic acid molecule, and
wherein at least 70% of said rearranged nucleic acid molecule maps to said common
unrearranged nucleic acid molecule. In some aspects, the first segment, the second segment and
the third segment comprise separate genomic nucleic acid sequence from a common nucleic acid
molecule of a genome. In some aspects, the first segment, the second segment and the third
segment exist in a common molecule in the genome in an order that is rearranged in the
rearranged nucleic acid. In some aspects, said nucleic acid molecule is at least 30 kb in length. In
some aspects, said nucleic acid comprises a hairpin loop at a double-stranded terminal end, so
that the molecule comprises a single strand comprising a 30 kb inverted repeat. In some aspects,
said nucleic acid is a double-stranded circular molecule. In some aspects, at least 80% of said
rearranged nucleic acid molecule maps to said common unrearranged nucleic acid molecule. In
some aspects, at least 85% of said rearranged nucleic acid molecule maps to said common

unrearranged nucleic acid molecule. In some aspects, at least 90% of said rearranged nucleic acid
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molecule maps to said common unrearranged nucleic acid molecule. In some aspects, at least
95% of said rearranged nucleic acid molecule maps to said common unrearranged nucleic acid
molecule. In some aspects, at least 99% of said rearranged nucleic acid molecule maps to said
common unrearranged nucleic acid molecule. In some aspects, at least 80% of segments of said
rearranged nucleic acid molecule maps to said common unrearranged nucleic acid molecule. In
some aspects, at least 85% of segments of said rearranged nucleic acid molecule maps to said
common unrearranged nucleic acid molecule. In some aspects, at least 90% of segments of said
rearranged nucleic acid molecule maps to said common unrearranged nucleic acid molecule. In
some aspects, at least 95% of segments of said rearranged nucleic acid molecule maps to said
common unrearranged nucleic acid molecule. In some aspects, at least 99% of segments of said
rearranged nucleic acid molecule maps to said common unrearranged nucleic acid molecule. In
some aspects, the rearranged nucleic acid is generated by steps of any of the methods disclosed
herein.

[0007] Disclosed herein are methods of generating a phased sequence of a sample nucleic acid
molecule comprising a) generating a first rearranged nucleic acid molecule as disclosed herein
from the sample nucleic acid molecule; b) generating a second rearranged nucleic acid molecule
as disclosed herein from the sample nucleic acid molecule; and ¢) sequencing the first rearranged
nucleic acid molecule and the second rearranged nucleic acid molecule, wherein the first
rearranged nucleic acid molecule and the second rearranged nucleic acid molecule are
independently generated

[0008] Disclosed herein are methods of generating a phased sequence of a sample nucleic acid
molecule comprising a) sequencing a first rearranged nucleic acid molecule as disclosed herein
from the sample nucleic acid molecule; b) sequencing a second rearranged nucleic acid molecule
as disclosed herein from the sample nucleic acid molecule; wherein the first rearranged nucleic
acid molecule and the second rearranged nucleic acid molecule are independently generated; and
c¢) assembling sequence of the first rearranged nucleic acid molecule as disclosed herein and the
second rearranged nucleic acid molecule as disclosed herein such that an assembled sequence is
an unrearranged phased sequence of a sample nucleic acid molecule. In some aspects, sequencing
a first rearranged nucleic acid molecule comprises generating a sequence read of at least 1kb. In
some aspects, sequencing a first rearranged nucleic acid molecule comprises generating a
sequence read of at least 2kb. In some aspects, sequencing a first rearranged nucleic acid
molecule comprises generating a sequence read of at least Skb. In some aspects, the method

comprises assigning at least 70% of said first rearranged molecule to a common phase of a single
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genomic molecule. In some aspects, the method comprises assigning at least 70% of said second
rearranged molecule to a common phase of a single genomic molecule. In some aspects, the
method comprises assigning at least 80% of said first rearranged molecule to a common phase of
a single genomic molecule. In some aspects, the method comprises assigning at least 80% of said
second rearranged molecule to a common phase of a single genomic molecule. In some aspects,
the method comprises assigning at least 90% of said first rearranged molecule to a common
phase of a single genomic molecule. In some aspects, the method comprises assigning at least
90% of said second rearranged molecule to a common phase of a single genomic molecule. In
some aspects, the method comprises assigning at least 95% of said first rearranged molecule to a
common phase of a single genomic molecule. In some aspects, the method comprises assigning
at least 95% of said second rearranged molecule to a common phase of a single genomic
molecule.

[0009] Disclosed herein are methods of phasing long-read sequence data comprising a)
obtaining sequence data from any nucleic acid sample disclosed herein; b) obtaining long-read
sequence data from any rearranged nucleic acid as disclosed herein; c) mapping the long-read
sequence data from the rearranged nucleic acid to the sequence data from the nucleic acid sample;
and d) assigning to a common phase the sequence data from the nucleic acid sample mapped to
by the long-read sequence data from the rearranged nucleic acid.

[0010] Disclosed herein are methods of providing phase information to a nucleic acid dataset
generated from a nucleic acid sample by a DNA sequencing technology, comprising a) obtaining
a nucleic acid of said nucleic acid sample having a first segment and a second segment separated
by a distance greater than a read length of the DNA sequencing technology; b) shuffling the
nucleic acid such that the first segment and the second segment are separated by a distance less
than a read length of the DNA sequencing technology; c) sequencing the shuffled nucleic acid
using the DNA sequencing technology such that the first segment and the second segment appear
in a single read of the DNA sequencing technology; and d) assigning sequence reads of the data
set comprising first segment sequence and sequence reads of the data set comprising second
segment sequence to a common phase. In some aspects, the DNA sequencing technology
generates reads having a read length of at least 10kb. In some aspects, shuffling comprises
performing steps of any methods disclosed herein. In some aspects, the first segment and the
second segment are separated by a linker oligo that marks a segment end.

[0011] Disclosed herein are nucleic acid sequence databases comprising sequence information

obtained from a plurality of molecules as disclosed herein, wherein sequence information
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corresponding to molecules having less than 70% of their segments map to a common scaffold is
excluded from at least one analysis.

[0012] Disclosed herein are nucleic acid sequence databases comprising sequence information
obtained from a plurality of molecules as disclosed herein, wherein sequence information
corresponding to molecules having less than 70% of their sequence information map to a
common scaffold is excluded from at least one analysis.

[0013] Disclosed herein are methods of phasing long-read sequence data comprising a)
obtaining sequence data from any nucleic acid sample disclosed herein; b) obtaining long-read
sequence data from the rearranged nucleic acid of any rearranged nucleic acid disclosed herein; c)
mapping the first segment, the second segment and the third segment of the rearranged nucleic
acid to the sequence data from the nucleic acid sample to the nucleic acid sample sequence data;
and d) when at least two segments map to a common scaffold, assigning sequence variation of
said segments to a common phase. In some aspects, the first segment comprises a single
nucleotide polymorphism relative to the sequence data from the nucleic acid sample. In some
aspects, the first segment comprises an insertion relative to the sequence data from the nucleic
acid sample. In some aspects, the first segment comprises a deletion relative to the sequence data
from the nucleic acid sample. In some aspects, the method comprises assigning a first set of
segments mapping to a first common scaffold to a common phase of the first common scaffold,
and assigning a second set of segments mapping to a second common scaffold to a common
phase of the second common scaffold.

[0014] Disclosed herein are nucleic acid sequence libraries of a nucleic acid sample, said
nucleic acid sequence library comprising a population of nucleic acid sequence reads having an
average read length, at least one of said reads comprising at least S00 bases of a first nucleic acid
segment and at least 500 bases of a second nucleic acid segment, wherein said first nucleic acid
segment and said second nucleic acid segment are found in phase separated by a distance greater
than said average read length on a common molecule of said nucleic acid sample. In some
aspects, said first nucleic acid segment and said second nucleic acid segment are found in phase
separated by a distance greater than 10 kb. In some aspects, said first nucleic acid segment and
said second nucleic acid segment are found in phase separated by a distance greater than 20 kb.
In some aspects, said first nucleic acid segment and said second nucleic acid segment are found
in phase separated by a distance greater than 50 kb. In some aspects, said first nucleic acid
segment and said second nucleic acid segment are found in phase separated by a distance greater

than 100 kb. In some aspects, at least one of said reads comprises at least 1 kb of a first nucleic

-7-



WO 2017/147279 PCT/US2017/019099

acid segment. In some aspects, at least one of said reads comprises at least 5 kb of a first nucleic
acid segment. In some aspects, at least one of said reads comprises at least 10 kb of a first nucleic
acid segment. In some aspects, at least one of said reads comprises at least 20 kb of a first nucleic
acid segment. In some aspects, at least one of said reads comprises at least 50 kb of a first nucleic
acid segment. In some aspects, nucleic acid sequence library comprises at least 80% of said
nucleic acid sample. In some aspects, nucleic acid sequence library comprises at least 85% of
said nucleic acid sample. In some aspects, nucleic acid sequence library comprises at least 90%
of said nucleic acid sample. In some aspects, nucleic acid sequence library comprises at least
95% of said nucleic acid sample. In some aspects, nucleic acid sequence library comprises at
least 99% of said nucleic acid sample. In some aspects, nucleic acid sequence library comprises
at least 99.9% of said nucleic acid sample.

[0015] Disclosed herein are nucleic acid sequence libraries of a nucleic acid sample, said
nucleic acid sequence library comprising a population of nucleic acid sequence reads having a
mean length of at least 1 kb, said reads independently comprising at least 300 bases of sequence
from two separate in phase regions of the nucleic acid sample, said two separate in phase regions
separated by a distance greater than 10 kb in the nucleic acid sample. In some aspects, said reads
independently comprise at least S00 bases of sequence from two separate in phase regions of the
nucleic acid sample. In some aspects, said reads independently comprise at least 1 kb of sequence
from two separate in phase regions of the nucleic acid sample. In some aspects, said reads
independently comprise at least 2 kb of sequence from two separate in phase regions of the
nucleic acid sample. In some aspects, said reads independently comprise at least 5 kb of sequence
from two separate in phase regions of the nucleic acid sample. In some aspects, said reads
independently comprise at least 10 kb of sequence from two separate in phase regions of the
nucleic acid sample. In some aspects, said two separate in phase regions are separated by a
distance greater than 20 kb in the nucleic acid sample. In some aspects, said two separate in
phase regions are separated by a distance greater than 30 kb in the nucleic acid sample In some
aspects, said two separate in phase regions are separated by a distance greater than 50 kb in the
nucleic acid sample in at least 1% of the reads. In some aspects, said two separate in phase
regions are separated by a distance greater than 100 kb in the nucleic acid sample in at least 1%
of the reads. In some aspects, nucleic acid sequence library comprises at least 80% of said
nucleic acid sample. In some aspects, nucleic acid sequence library comprises at least 85% of
said nucleic acid sample. In some aspects, nucleic acid sequence library comprises at least 90%

of said nucleic acid sample. In some aspects, nucleic acid sequence library comprises at least
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95% of said nucleic acid sample. In some aspects, nucleic acid sequence library comprises at
least 99% of said nucleic acid sample. In some aspects, nucleic acid sequence library comprises
at least 99.9% of said nucleic acid sample.

[0016] Disclosed herein are nucleic acid libraries generated from a nucleic acid sample,
wherein at least 80% of nucleic acid sequence of the nucleic acid sample is represented in the
nucleic acid library; and in phase sequence segments of the nucleic acid sample are rearranged
such that at least one distantly positioned pair of in phase segments of the nucleic acid sample is
read in a single sequence read; such that sequencing said library concurrently generates contig
information spanning at least 80% of the nucleic acid sample, and phase information sufficient to
order and orient said contig information to generate a phased sequence of said nucleic acid
sample. In some aspects, at least 90% of nucleic acid sequence of the nucleic acid sample is
represented in the nucleic acid library. In some aspects, at least 95% of nucleic acid sequence of
the nucleic acid sample is represented in the nucleic acid library. In some aspects, at least 99% of
nucleic acid sequence of the nucleic acid sample is represented in the nucleic acid library. In
some aspects, said 80% of nucleic acid sequence of the nucleic acid sample is obtained from no
more than 100,000 library constituents. In some aspects, said 80% of nucleic acid sequence of
the nucleic acid sample is obtained from no more than 10,000 library constituents. In some
aspects, said 80% of nucleic acid sequence of the nucleic acid sample is obtained from no more
than 1,000 library constituents. In some aspects, said 80% of nucleic acid sequence of the nucleic
acid sample is obtained from no more than 500 library constituents. In some aspects, the sample
is a genomic sample. In some aspects, the sample is a eukaryotic genomic sample. In some
aspects, the sample is a plant genomic sample. In some aspects, the sample is an animal genomic
sample. In some aspects, the sample is a mammalian genomic sample. In some aspects, the
sample is a unicellular eukaryotic genomic sample. In some aspects, the sample is a human
genomic sample. In some aspects, the nucleic acid library is not barcoded to preserve phase
information. In some aspects, a read of said library comprises at least 1 kb of sequence from a
first region and at least 100 bases of sequence from a second region in phase the first region and
separated by greater than 50 kb from the first region in the sample.

[0017] Disclosed herein are methods of configuring a nucleic acid molecule for sequencing on
a sequencing device, wherein the nucleic acid molecule comprises at least 100 kb of sequence,
and wherein said at least 100kb of sequence comprises a first segment and a second segment
separated by a length greater than a read length of the sequencing device, comprising changing a

relative position of the first segment relative to the second segment of the nucleic acid molecule,
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such that the first segment and the segment are separated by less than the read length of the
sequencing device, wherein phase information for the first segment and the second segment is
maintained; and wherein no more than 10% of the nucleic acid molecule is deleted. In some
aspects, the method comprises generating a read spanning at least part of the first segment and
the second segment. In some aspects, the method comprises assigning the first segment and the
second segment to a common phase of a sequence of the nucleic acid molecule. In some aspects,
no more than 5% of the nucleic acid molecule is deleted. In some aspects, no more than 1% of
the nucleic acid molecule is deleted. In some aspects, the first segment and the second segment
are separated by at least 10kb in the nucleic acid molecule prior to configuring. In some aspects,
the first segment and the second segment are separated by at least S0kb in the nucleic acid
molecule prior to configuring. In some aspects, the first segment and the second segment are
separated by a junction marker following said configuring. In some aspects, the method
comprises attaching a stem loop at an end of the nucleic acid, thereby converting the molecule to
a single strand. In some aspects, the method comprises circularizing the nucleic acid molecule. In
some aspects, the method comprises attaching the nucleic acid molecule to a DNA polymerase.
In some aspects, the method comprises binding the nucleic acid molecule such that the first
segment and the second segment are held together independent of a phosphodiester backbone;
cleaving a phosphodiester backbone between the first segment and the second segment at at least
two positions; and reattaching the first segment to the second segment, such that the first segment
and the second segment are separated by less than a read length of the sequencing device. In
some aspects, said cleaving and said reattaching does not result in loss of sequence information
form said nucleic acid molecule.

[0018] Disclosed herein are methods of generating long-distance phase information from a first
nucleic acid molecule, comprising: a) providing a sample comprising a first nucleic acid
molecule having a first segment, a second segment, and a third segment, wherein none of the first
segment, the second segment, and the third segment are adjacent on the first nucleic acid
molecule, wherein the first nucleic acid molecule is contacted to a framework such that the first
segment, the second segment, and the third segment are bound to the framework independent of a
common phosphodiester backbone of the first nucleic acid molecule; b) cleaving the first nucleic
acid molecule such that the first segment, the second segment, and the third segment are not
joined by a common phosphodiester backbone; ¢) connecting the first segment to the second
segment and connecting the second segment to the third segment; and d) sequencing a first

portion of the first nucleic acid molecule comprising the first segment, the second segment, and
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the third segment, thereby generating first segment sequence information, second segment
sequence information, and third segment sequence information, wherein the first segment
sequence information, the second segment sequence information, and the third segment sequence
information provide long-distance phase information about the first nucleic acid molecule. In
some aspects, the framework comprises reconstituted chromatin. In some aspects, the framework
comprises native chromatin. In some aspects, the cleaving is conducted with a restriction enzyme.
In some aspects, the cleaving is conducted with fragmentase. In some aspects, the method
comprises, prior to the sequencing, removing from the sample a second portion of the first
nucleic acid molecule comprising at most two segments. In some aspects, the method comprises
assembling a sequence of the first nucleic acid molecule using the first segment sequence
information, the second segment sequence information, and the third segment sequence
information.

[0019] Disclosed herein are methods of sequencing a nucleic acid molecule, comprising: a)
obtaining a first nucleic acid molecule comprising a first segment, a second segment and a third
segment sharing a common phosphodiester backbone, wherein none of said first segment, second
segment and third segment are adjacent on said first nucleic acid molecule; b) partitioning said
nucleic acid molecule such that said first segment, second segment and third segment are
associated independent of their common phosphodiester backbone; c) cleaving said nucleic acid
molecule to generate fragments such that there is no continuous phosphodiester backbone linking
the first segment, second segment and third segment; d) ligating said fragments such that said
first segment, second segment and third segment are consecutive on a rearranged nucleic acid
molecule sharing a common phosphodiester backbone; and e) sequencing at least a portion of
said rearranged nucleic acid molecule such that at least 5,000 bases of said rearranged nucleic
acid molecule are sequenced in a single read. In some aspects, partitioning comprises contacting
said nucleic acid molecule to a binding moiety such that said first segment, second segment and
third segment are bound in a common complex independent of their common phosphodiester
backbone. In some aspects, contacting the nucleic acid molecule to a plurality of DNA-binding
molecules comprises contacting to a population of DNA-binding proteins. In some aspects, the
population of DNA-binding proteins comprises nuclear proteins. In some aspects, the population
of DNA-binding proteins comprises nucleosomes. In some aspects, the population of DNA-
binding proteins comprises histones. In some aspects, contacting the nucleic acid molecule to a
plurality of DNA-binding moieties comprises contacting to a population of DNA-binding

nanoparticles. In some aspects, cleaving the nucleic acid molecule comprises contacting to a
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restriction endonuclease. In some aspects, cleaving the nucleic acid molecule comprises
contacting to a nonspecific endonuclease. In some aspects, cleaving the nucleic acid molecule
comprises contacting to a tagmentation enzyme. In some aspects, cleaving the nucleic acid
molecule comprises contacting to a transposase. In some aspects, cleaving the nucleic acid
molecule comprises shearing the first molecule. In some aspects, partitioning comprises
separating said nucleic acid molecule from other nucleic acid molecules of a sample. In some
aspects, partitioning comprises diluting said nucleic acid sample. In some aspects, partitioning
comprises distributing said nucleic acid molecule into a microdroplet of an emulsion.

[0020] Disclosed herein are nucleic acid molecules representative of genomic phase
information of an organisms’s genome, said nucleic acid molecule comprising at least 20 kb of
nucleic acid sequence information that maps to a single genomic molecule, wherein said
sequence information comprises segments rearranged relative to their position in the genomic
molecule, and wherein at least 70% of sequence information that uniquely maps to said
organism’s genome maps to a single genomic molecule. In some aspects, the nucleic acid
molecule comprises at least 20 segments. In some aspects, said segments are not adjacent in said
organism’s genome.

[0021] Disclosed herein are nucleic acid libraries comprising at least 100 nucleic acid molecule
constituents of at least 20 kb, wherein constituents comprise rearranged segments of an
organism’s genome; wherein at least 70% of uniquely mapping segments from a library
constituent map to a common genomic molecule; and wherein constituents are not bound to
nucleic acid binding moieties.

[0022] Disclosed herein are nucleic acid datasets comprising sequences corresponding to at
least 100 nucleic acid molecule constituents of at least 20 kb, wherein constituents comprise at
least 5 rearranged segments of an organism’s genome, and wherein constituents for which less
than 70% of said rearranged segments map to a common scaffold are excluded from a
downstream analysis.

[0023] Disclosed herein are nucleic acid datasets comprising sequences corresponding to at
least 100 nucleic acid molecule constituents of at least 20 kb, wherein constituents comprise at
least 5 rearranged segments of an organism’s genome, and wherein constituents for which less
than 70% of said sequence uniquely maps to a common scaffold are excluded from a downstream
analysis.

[0023a] Disclosed herein are methods of generating long-distance phase information from a first

DNA molecule, comprising:
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(a) providing a first DNA molecule having a first segment, a second segment, and a third
segment, wherein none of the first segment, the second segment, and the third segment are
adjacent on the first DNA molecule, and wherein the first segment, the second segment, and the
third segment are bound to a DNA binding moiety independent of a common phosphodiester
backbone of the first DNA molecule;

(b) cleaving the first DNA molecule such that the first segment, the second segment, and the
third segment are not joined by a common phosphodiester backbone;

(c) attaching the first segment to the second segment via a phosphodiester bond and attaching
the second segment to the third segment via a phosphodiester bond to form a reassembled first
DNA molecule; and

(d) sequencing a first portion of the reassembled first DNA molecule comprising a junction
between the first segment and the second segment and a junction between the second segment
and the third segment in a single sequencing read,

wherein first segment sequence, second segment sequence, and third segment sequence represent

long-distance phase information from the first DNA molecule.
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BRIEF DESCRIPTION OF THE DRAWINGS
[0024] Novel features of the disclosure are set forth with particularity in the appended claims
and in summary and detailed descriptions herein. A better understanding of the features and
advantages of the disclosure will be obtained by reference to the following detailed description
that sets forth illustrative embodiments, in which the principles of the disclosure are utilized, and
the accompanying drawings of which:
[0025] FIG. 1 depicts a digested reconstituted chromatin aggregate with many free ends with
single-stranded overhangs that are hybridization compatible with all other free ends.
[0026] FIG. 2 depicts the digested reconstituted chromatin aggregate of FIG. 1 with a single
base filled-in, making each single-stranded overhang incompatible for re-annealing and re-
ligation.
[0027] FIG. 3 depicts the partially filled-in digested reconstituted chromatin aggregate of FIG.
2 ligated with punctuation oligonucleotides compatible with the modified free ends of the
reconstituted aggregate.
[0028] FIG. 4 depicts a punctuated DNA molecule resulting from the ligation product of FIG.
3 followed by release from the DNA-binding proteins. Each genomic segment is delineated by
the punctuation oligonucleotide which is identifiable by its known sequence. The genomic
segments all represent some region of the input molecule in that starting reconstituted chromatin
aggregate. Thus, the reads in this set are haplotype phased and can be used for assembly or
haplotype phase reconstruction.
[0029] FIG. 5 depicts concatemer generation of Chicago pairs. In the top panel, Chicago read
pairs are generated by ligating biotinylated ends of digested reconstituted chromatin aggregates
together (such as the ends in FIG. 1 if they were biotinylated and cleaved following ligation).
These molecules are captured on streptavidin-coated beads. Then, amplification adapters are
added. All molecules are bulk amplified and collected from the streptavidin-bead supernatant.
Finally, these molecules are bulk ligated together to generate long molecules which can be read
using a long-read sequencing technology. The embedded read pairs are identifiable via the
amplification adapters.
[0030] FIG. 6 depicts barcoding a punctuated molecule, such as the molecule depicted in FIG.
4 or the long molecule generated in FIG. 5. First, delivery of barcoded oligonucleotides that are
composed of a barcode and a reverse complement to the punctuation oligonucleotide is done.
Then, these barcoded oligonucleotides are extended such that the product contains the barcode,

the punctuation sequence and some genomic sequence.
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[0031] FIG. 7 depicts a gel electrophoresis analysis of two samples, before the ligation step
(‘BF’) and after the ligation step (‘AF’), demonstrating successful ligation to form long
rearranged molecules.

[0032] FIG. 8 presents data obtained from a rearranged genomic library.

[0033] FIG. 9A depicts frequency distributions of distance spanned by reads segregated into
10 kb bins.

[0034] FIG. 9B depicts frequency distributions of distance spanned by reads segregated into 1
kb bins.

[0035] FIG. 10 depicts a computer system for implementation of the disclosure.

DETAILED DESCRIPTION

[0036] Disclosed herein are methods for generating read sets, including phased read-sets, for
applications including genome assembly and haplotype phasing, using long-read or short-read
sequencing technologies. Nucleic acid molecules can be bound (e.g., in a chromatin structure),
cleaved to expose internal ends, re-attached at junctions to other exposed ends, freed from
binding, and sequenced. This technique can produce nucleic acid molecules comprising multiple
sequence segments. The multiple sequence segments within a nucleic acid molecule can have
phase information preserved while being rearranged relative to their natural or starting position
and orientation. Sequence segments on either side of a junction can be confidently considered to
come from the same phase of a sample nucleic acid molecule.

[0037] Nucleic acid molecules, including high molecular weight DNA, can be bound or
immobilized on at least one nucleic acid binding moiety. For example, DNA assembled into in
vitro chromatin aggregates and fixed with formaldehyde treatment are consistent with methods
herein. Nucleic acid binding or immobilizing approaches include, but are not limited to, in vitro
or reconstituted chromatin assembly, native chromatin, DNA-binding protein aggregates,
nanoparticles, DNA-binding beads or beads coated using a DNA-binding substance, polymers,
synthetic DNA-binding molecules or other solid or substantially solid affinity molecules. In some
cases, the beads are solid phase reversible immobilization (SPRI) beads (e.g., beads with
negatively charged carboxyl groups such as Beckman-Coulter Agencourt AMPure XP beads).
[0038] Nucleic acids bound to a nucleic acid binding moiety such as those described herein can
be held such that a nucleic acid molecule having a first segment and a second segment separated
on the nucleic acid molecule by a distance greater than a read distance on a sequencing device

(10 kb, 50 kb, 100 kb or greater, for example) are bound together independent of their common
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phosphodiester bonds. Upon cleavage of such a bound nucleic acid molecule, exposed ends of
the first segment and the second segment may ligate to one another. In some cases, the nucleic
acid molecules are bound at a concentration such that there is little or no overlap between bound
nucleic acid molecules on a solid surface, such that exposed internal ends of cleaved molecules
are likely to re-ligate or become reattached only to exposed ends from other segments that were
in phase on a common nucleic acid source prior to cleavage. Consequently, a DNA molecule can
be cleaved and cleaved exposed internal ends can be re-ligated, for example at random, without
loss of phase information.

[0039] A bound nucleic acid molecule can be cleaved to expose internal ends through one of
any number of enzymatic and non-enzymatic approaches. For example, a nucleic acid molecule
can be digested using a restriction enzyme, such as a restriction endonuclease that leaves a single
stranded overhang. Mbol digest, for example, is suitable for this purpose, although other
restriction endonucleases are contemplated. Lists of restriction endonucleases are available, for
example, in most molecular biology product catalogues. Other non-limiting techniques for
nucleic acid cleavage include using a transposase, tagmentation enzyme complex, topoisomerase,
nonspecific endonuclease, DNA repair enzyme, RNA-guided nuclease, fragmentase, or alternate
enzyme. Transposase, for example, can be used in combination with unlinked left and right
borders to create a sequence-independent break in a nucleic acid that is marked by attachment of
transposase-delivered oligonucleotide sequence. Physical means can also be used to generate
cleavage, including mechanical means (e.g., sonication, shear), thermal means (e.g., temperature
change), or electromagnetic means (e.g., irradiation, such as UV irradiation).

[0040] Immobilization of nucleic acids at this stage can keep the cleaved nucleic acid molecule
fragments in close physical proximity, such that phase information for the initial molecule is
preserved. Exemplary resulting chromatin aggregates from one nucleic acid binding moiety are
shown schematically in FIG. 1. A benefit of the fixation, e.g. to chromatin aggregates, is that
separate regions of a common nucleic acid molecule can be held together independent of their
phosphodiester backbone, such that their phase information is not lost upon cleavage of the
phosphodiester backbone. This benefit is also conveyed through alternate scaffolds to which a
nucleic acid molecule is attached prior to cleavage.

[0041] Optionally, single stranded “sticky” end overhangs are modified to prevent reannealing
and re-ligation. For example, sticky ends are partially filled-in, such as by adding one nucleotide
and a polymerase (FIG. 2). In this way, the entire single-stranded end cannot be filled in, but the

end is modified to prevent re-ligation with a formerly complementary end. In the example of
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Mbol digestion, which leaves a 5 GATC 5-prime overhang, only the Guanosine nucleotide
triphosphate is added. This results in only a “G” fill-in of the first complementary base (“C”’) and
result in a 5> GAT overhang. This step is renders the free sticky ends incompatible for re-ligation
to one another, but preserves sticky ends for downstream applications. Alternately, blunt ends are
generated through completely filling in the overhangs, restriction digest with blunt-end
generating enzymes, treatment with a single-strand DNA exonuclease, or nonspecific cleavage.
In some cases, a transposase is used to attach adapter ends having blunt or sticky ends to the
exposed internal ends of the DNA molecule.

[0042] Optionally, a “punctuation oligonucleotide” is introduced (FIG. 3). This punctuation
oligonucleotide marks cleavage/re-ligation sites. Some punctuation oligonucleotides have single-
stranded overhangs on both ends that are compatible with the partially filled-in overhangs
generated on the exposed nucleic acid sample internal ends. An example of a punctuation
oligonucleotide is shown below. In some cases, the double-stranded oligonucleotide having
single-stranded overhangs is modified, such as by 5’ phosphate removal at its 5’ ends, so that it
cannot form concatemers during ligation. Alternately, blunt punctuation oligonucleotides are
used, or cleavage sites are not marked using a distinct punctuation oligonucleotide. In some
systems, such as when a transposase is used, punctuation is accomplished through addition of
transpososome border sequences, followed by ligation of border sequences to one another or to a
punctuation oligo. An exemplary punctuation oligo is presented below. However, alternate
punctuation oligos are consistent with the disclosure herein, varying in sequence, length,

overhang presence or sequence, or modification such as 5’ de-phosphorylation.

5" ATCACGCGC 3'
37 TGCGCGCTA 57

In some cases, the double-stranded region of the punctuation oligonucleotide will vary. A
relevant feature of the punctuation oligonucleotide is the sequence of its overhang, allowing
ligation to the nucleic acid sample but optionally modified precluding auto-ligation or
concatemer formation. It is often preferred that the punctuation oligonucleotide comprise
sequence that does not occur or is less likely to occur in a target nucleic acid molecule, such that
it is easily identified in a downstream sequence reaction. Punctuation oligos are optionally
barcoded, for example with a known barcode sequence or with a randomly generated unique

identifier sequence. Unique identifier sequences can be designed to make it highly unlikely for
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multiple junctions in a nucleic acid molecule or in a sample to be barcoded with the same unique
identifier.

[0043] Cleaved ends can be attached to one another directly or through an oligo (e.g., a
punctuation oligo), for example using a ligase or similar enzyme. Ligation can proceed such that
the free single-stranded ends of an immobilized high-molecular weight nucleic acid molecule are
ligated directly or to the punctuation oligonucleotide (FIG. 3). Because the punctuation
oligonucleotide, if utilized, can have two ligatable ends, this ligation can effectively chain
regions of the high molecular weight nucleic acid molecule together. Alternative approaches
resulting in affixing a punctuating sequence or molecule between two exposed ends can also be
employed, as can approaches for directly connecting two exposed ends without punctuation.
[0044] Nucleic acids can then be liberated from the nucleic acid binding moiety. In the case of
in vitro chromatin aggregates, this can be accomplished by reversing the cross-links, or digesting
the protein components, or both reversing the crosslinking and digesting protein components. A
suitable approach is treatment of complexes with proteinase K, though many alternatives are also
contemplated. For other binding techniques, suitable methods can be employed, such as the
severing of linker molecules or the degradation of a substrate.

[0045] Nucleic acid molecules resulting from such techniques can have a variety of relevant
features. Sequence segments within a nucleic acid molecule can be rearranged relative to their
natural or starting positions and orientations, but with phase information preserved. Consequently,
sequence segments on either side of a junction can be confidently assigned to a common phase of
a common sample molecule. Thus, segments far removed from one another on a molecule can be,
by such techniques, brought together or in proximity such that portions or the entirety of each
segment is sequenced in a single run of a single molecule sequencing device, allowing definitive
phase assignment. Alternately, in some cases originally adjacent segments can become separated
from one in the resultant nucleic acid. In some cases, the nucleic acid molecules can be re-ligated
such that at least about 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 91%, 92%, 93%,
94%, 95%, 96%, 97%, 98%, 99%, 99.9%, 99.99%, 99.999%, or 100% of re-ligations are
between segments that were in phase on a common nucleic acid source prior to cleavage.

[0046] Another relevant feature of the resultant molecules is that, in some cases, most or all the
original molecular sequence is preserved, though perhaps rearranged, in the final punctuated or
rearranged molecule. For example, in some cases no more than 1%, 2%, 3%, 4%, 5%, 10%, 15%,
or 20% of the original molecule is lost in producing the resultant molecule or molecules.

Consequently, in addition to being useful as a phase determinant, the resultant molecule retains a
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substantial proportion of the original molecule sequence, such that the resultant molecule is
optionally used to concurrently generate sequence information such as contig information useful
in de novo sequencing or as independent verification of previously generated contig information.
[0047] Another feature of libraries of some resultant molecules is that cleavage junctions are
not common to multiple members of a population of resultant molecules. That is, that different
copies of the same starting nucleic acid molecule can end up with different patterns of junction
and rearrangement. Random cleavage junctions can be generated with a non-specific cleavage
molecule, or through variation in restriction endonuclease selection or digestion parameters.
[0048] A consequence of having molecule-specific cleavage sites is that in some cases
punctuation oligonucleotides are optionally excluded from the process that results in the
‘punctuation molecule’ re-shuffling and re-ligation to no ill effect. By aligning segments of three
or more reshuffled molecules, one observes that cleavage sites are readily identified by their
absence in the majority of other members of a library. That is, when three or more reshuffled
molecules are locally aligned, a segment can be found to be common to all of the molecules, but
the edges of the segment can vary among the molecules. By noting where segment local
sequence similarity ends, one can map cleavage junctions in an ‘unpunctuated’ rearranged
nucleic acid molecule.

[0049] The resulting nucleic acid molecules (see, e.g., FIG. 4) can be sequenced, for example
on a long-read sequencer. The resulting sequence reads contain segments that alternate between
nucleic acid sequence from the original input molecule and, if they are used, sequences of the
punctuation oligo. These reads can be processed by a computer to split sequence data from each
read using the punctuation oligonucleotide sequence, or are otherwise processed to identify
junctions. The sequence segments within each read can be segments from a single input high
molecular weight DNA molecule. The original nucleic acid molecule can comprise a genome
sequence or fraction thereof, such as a chromosome. The sets of segment reads can be
discontinuous in the original nucleic acid molecule but reveal long-range, haplotype-phased data.
These data can be used for de novo genome assembly and phasing heterozygous positions in the
input genome. Sequence between junctions indicates contiguous nucleic acid sequence in the
source nucleic acid sample, while sequence across a junction is indicative of a nucleic acid
segment that is in phase in the nucleic acid sample but that may be far removed in the arranged
scaffold from the adjacent segment.

[0050] Junctions can be identified by a variety of approaches. If punctuation oligos are used,

junctions can be identified at reads containing the punctuation oligo sequence. Alternately,
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junctions can be identified by comparison to a second sequence source (and, preferably, a third
sequence source) for a nucleic acid molecule, such as a previously generated contig sequence
dataset or a second, independently generated DNA chain molecule having independently derived
junctions. As the sequence is aligned, for example, the quality or confidence of alignment to a
particular location can indicate where one segment ends and another begins. If restriction
enzymes are used to generate cleavages, sequences containing the restriction enzyme recognition
site can be evaluated for potentially containing a junction. Note that not every restriction enzyme
recognition site may contain a junction, as some restriction enzyme recognition sites may not
have been physically accessible by the enzyme while the nucleic acid was bound to the support,
for example. Statistical information can also be employed in identifying junctions; for example,
the length segments between junctions may be predicted to be of a certain average value or to
follow a certain distribution.

[0051] A benefit of the manipulations herein is that they can preserve molecular phase
information while bringing nonadjacent regions of the molecule in proximity such that they are
included in a single nucleic acid molecule at a distance suitable for sequencing in a single read,
such as a long read. Thus, regions that are separated in the starting sample by greater than the
distance of a single long read operation (for example 10 kb, 15 kb, 20 kb, 30 kb, 50 kb, 100 kb or
greater) are brought into local proximity such that they are within the distance covered by a
single read of a long-range sequencing reaction. Thus, regions that are separated by more than
the range of the sequencing technology for a single read in the original sample are read in a
single reaction in the phase-preserved, rearranged molecule.

[0052] Resultant rearranged molecules can be sequenced and their sequence information
mapped to independently or concurrently generated sequence reads or contig information, or to a
known reference genome sequence (for example, the known sequence of the human genome).
Segments adjacent on the resultant rearranged molecule reads are presumed to be in phase.
Accordingly, when these segments are mapped to disparate contigs or long range sequence reads,
the reads are assigned to a common phase of a common molecule in the sequence assembly.
[0053] Alternately, if multiple independently generated resultant rearranged molecules are
sequenced concurrently, phased sample data is optionally generated from these molecules alone,
such that segment sequences separated by junctions are inferred to be in phase, while sequences
not separated by junctions are inferred to represent stretches of nucleic acids contiguous in the
sample itself and useful for, for example, de novo sequence determination as well as being useful

for phase determination. However, additionally or as an alternative, multiple independently
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generated resultant rearranged molecules sequenced concurrently can still be compared to
independently generated scaffold or contig information

[0054] Methods and compositions presented herein can preserve long-range phase information,
particularly for molecule segments separated by greater than the length of a read in a sequencing
technology (10 kb, 20 kb, 50 kb, 100 kb, 500 kb or greater, for example), while providing such
nonadjacent segments in a rearranged or often ‘punctuated’ molecule where the segments are
adjacent or close enough to be covered by a single read.

[0055] In some instances, resultant rearranged molecules are combined with native molecules
for sequencing. The native molecules can be recognized and utilized informatically by the lack of
punctuation sequences, if employed. Native molecules are sequenced using short or long read
technology, and their assembly is guided by the phase information and segment sequence
information generated through sequencing of the rearranged molecule or library.

Nucleic Acid Extraction

[0056] Methods for the extraction and purification of nucleic acids suitable for use with the
disclosure herein are well known in the art. For example, nucleic acids are purified by organic
extraction with phenol, phenol/chloroform/isoamyl alcohol, or similar formulations, including
TRIzol and TriReagent. Other non-limiting examples of extraction techniques include: (1)
organic extraction followed by ethanol precipitation, e.g., using a phenol/chloroform organic
reagent (Ausubel et al., 1993), with or without the use of an automated nucleic acid extractor,
e.g., the Model 341 DNA Extractor available from Applied Biosystems (Foster City, Calif.); (2)
stationary phase adsorption methods (U.S. Pat. No. 5,234,809; Walsh et al., 1991); and (3) salt-
induced nucleic acid precipitation methods (Miller et al., (1988), such precipitation methods
being typically referred to as “salting-out” methods. Another example of nucleic acid isolation
and/or purification includes the use of magnetic particles to which nucleic acids specifically or
non-specifically bind, followed by isolation of the beads using a magnet, and washing and
eluting the nucleic acids from the beads (see e.g. U.S. Pat. No. 5,705,628). In some embodiments,
the above isolation methods may be preceded by an enzyme digestion step to help eliminate
unwanted protein from the sample, e.g., digestion with proteinase K, or other like proteases. See,
e.g., US. Pat. No. 7,001,724. If desired, RNase inhibitors may be added to the lysis buffer. For
certain cell or sample types, it may be desirable to add a protein denaturation/digestion step to the
protocol. Purification methods may be directed to isolate DNA, RNA, or both. When both DNA
and RNA are isolated together during or subsequent to an extraction procedure, further steps may

be employed to purify one or both separately from the other. Sub-fractions of extracted nucleic
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acids can also be generated, for example, purification by size, sequence, or other physical or
chemical characteristic. In addition to an initial nucleic acid isolation step, purification of nucleic
acids can be performed after any step in the methods of the disclosure, such as to remove excess
or unwanted reagents, reactants, or products.

[0057] Nucleic acid template molecules can be obtained as described, for example, in U.S.
Patent Application Publication Number US2002/0190663 A1, published Oct. 9, 2003. Generally,
nucleic acids are extracted from a biological sample by a variety of techniques such as those
described by Maniatis, et al., Molecular Cloning: A Laboratory Manual, Cold Spring Harbor,
N.Y.,, pp. 280-281 (1982, which is herein incorporated by reference in its entirety). In some cases,
the nucleic acids can be first extract from the biological samples and then cross-linked in vitro. In
some cases, native association proteins (e.g. histones) can be further removed from the nucleic
acids. In some embodiments, the disclosure is easily applied to any high molecular weight double
stranded DNA including, for example, DNA isolated from tissues, cell culture, bodily fluids,
animal tissue, plant, bacteria, fungi, or viruses.

[0058] In some embodiments, nucleic acid template molecules (e.g., DNA or RNA) are
isolated from a biological sample containing a variety of other components, such as proteins,
lipids, and non-template nucleic acids. Nucleic acid template molecules can be obtained from any
cellular material, obtained from an animal, plant, bacterium, fungus, or any other cellular
organism or virus, or may be artificially synthesized. Biological samples for use in the present
disclosure include viral particles or preparations. Nucleic acid template molecules can be
obtained directly from an organism or from a biological sample obtained from an organism, e.g.,
from blood, urine, cerebrospinal fluid, seminal fluid, saliva, sputum, stool and tissue. Any tissue
or body fluid specimen may be a source for nucleic acids of the present disclosure. Nucleic acid
template molecules can also be isolated from cultured cells, such as a primary cell culture or a
cell line. The cells or tissues from which template nucleic acids are obtained can be infected with
a virus or other intracellular pathogen. A sample can also be total RNA extracted from a
biological specimen, a ¢cDNA library, viral, or genomic DNA. A sample may also comprise
isolated DNA from a non-cellular origin, e.g. amplified/isolated DNA from the freezer.

[0059] Nucleic acid molecules, including high molecular weight DNA, can be bound or
immobilized on a nucleic acid binding moiety. For example, DNA assembled into in vitro
chromatin aggregates and fixed with formaldehyde treatment are consistent with methods herein.
Nucleic acid binding or immobilizing approaches include, but are not limited to, in vitro or

reconstituted chromatin assembly, native chromatin, DNA-binding protein aggregates,
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nanoparticles, DNA-binding beads or beads coated using a DNA-binding substance, polymers,
synthetic DNA-binding molecules or other solid or substantially solid affinity molecules. In some
cases, the beads are solid phase reversible immobilization (SPRI) beads (e.g., beads with
negatively charged carboxyl groups such as Beckman-Coulter Agencourt AMPure XP beads).
[0060] Nucleic acids, such as those bound to a nucleic acid binding moiety such as those
described herein, can be held such that a nucleic acid molecule having a first segment and a
second segment separated on the nucleic acid molecule by a distance greater than a read distance
on a sequencing device (10 kb, 50 kb, 100 kb or greater, for example) are bound together
independent of their common phosphodiester bonds. Upon cleavage of such a bound nucleic acid
molecule, exposed ends of the first segment and the second segment may ligate to one another. In
some cases, the nucleic acid molecules are bound at a concentration such that there is little or no
overlap between bound nucleic acid molecules on a solid surface, such that exposed internal ends
of cleaved molecules are likely to re-ligate or become reattached only to exposed ends from other
segments that were in phase on a common nucleic acid source prior to cleavage. Consequently, a
DNA molecule can be cleaved and cleaved exposed internal ends can be re-ligated, for example
at random, without loss of phase information. In some cases, the nucleic acid molecules can be
re-ligated such that at least about 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 91%, 92%,
93%, 94%, 95%, 96%, 97%, 98%, 99%, 99.9%, 99.99%, 99.999%, or 100% of re-ligations are
between segments that were in phase on a common nucleic acid source prior to cleavage.

[0061] In some cases, the surface density of bound nucleic acids on a surface is controlled
through the amount of surface area made available for binding. For example, selecting the size of
a bead used for binding nucleic acids can affect or control the distance between nucleic acids, or
the average surface density of bound nucleic acids. A larger bead surface can result in a greater
distance between bound nucleic acids. This can result in a reduced rate of intermolecular ligation
events between nucleic acids or nucleic acid complexes. The beads used can be about 100
nanometers (nm), 200 nm, 300 nm, 400 nm, 500 nm, 600 nm, 700 nm, 800 nm, 900 nm, 1
micrometer (um), 1.1 um, 1.2 um, 1.3 um, 1.4 um, 1.5 um, 1.6 um, 1.7 um, 1.8 um, 1.9 um, 2
um, 3 um, 4 um, S um, 6 um, 7 um, 8 um, 9 um, 10 um, 11 wm, 12 um, 13 um, 14 um, 15 pwm,
16 um, 17 um, 18 um, 19 um, 20 um, 21 um, 22 um, 23 um, 24 um, 25 um, 26 um, 27 um, 28
um, 29 um, 30 um, 31 um, 32 um, 33 um, 34 um, 35 um, 36 um, 37 um, 38 um, 39 um, 40 um,
41 pum, 42 um, 43 um, 44 pm, 45 um, 46 um, 47 um, 48 um, 49 um, 50 um, 55 um, 60 um, 65
um, 70 pum, 75 um, 80 um, 85 um, 90 um, 95 pum, 100 um, 200 pum, 300 pm, 400 um, S00 wm,
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600 um, 700 um, 800 um, 900 um, or 1 millimeter (mm) in diameter. The beads used can be at
least about 100 nanometers (nm), 200 nm, 300 nm, 400 nm, 500 nm, 600 nm, 700 nm, 800 nm,
900 nm, 1 micrometer (um), 1.1 pm, 1.2 pm, 1.3 um, 1.4 um, 1.5 um, 1.6 um, 1.7 pm, 1.8 um,
1.9 ym, 2 uym, 3 um, 4 um, 5 pm, 6 um, 7 um, 8 um, 9 pm, 10 pum, 11 pm, 12 um, 13 um, 14
um, 15 um, 16 um, 17 um, 18 um, 19 um, 20 um, 21 pum, 22 um, 23 um, 24 um, 25 pum, 26 um,
27 um, 28 um, 29 um, 30 pm, 31 um, 32 um, 33 um, 34 um, 35 um, 36 um, 37 um, 38 pm, 39
um, 40 um, 41 um, 42 um, 43 um, 44 um, 45 um, 46 um, 47 um, 48 um, 49 um, 50 um, 55 um,
60 um, 65 pum, 70 um, 75 um, 80 pum, 85 um, 90 pum, 95 um, 100 um, 200 pum, 300 um, 400 pum,
500 um, 600 pum, 700 um, 800 um, 900 um, or 1 millimeter (mm) in diameter. The beads used
can be at most about 100 nanometers (nm), 200 nm, 300 nm, 400 nm, 500 nm, 600 nm, 700 nm,
800 nm, 900 nm, 1 micrometer (um), 1.1 um, 1.2 um, 1.3 um, 1.4 um, 1.5 um, 1.6 um, 1.7 um,
1.8 um, 1.9 um, 2 um, 3 um, 4 um, 5 um, 6 um, 7 um, § um, 9 pm, 10 um, 11 pm, 12 um, 13
um, 14 um, 15 um, 16 um, 17 um, 18 um, 19 pm, 20 um, 21 wm, 22 um, 23 pum, 24 um, 25 um,
26 um, 27 um, 28 um, 29 pum, 30 um, 31 um, 32 um, 33 um, 34 pum, 35 um, 36 um, 37 um, 38
um, 39 um, 40 um, 41 um, 42 um, 43 um, 44 um, 45 um, 46 um, 47 um, 48 um, 49 um, 50 um,
55 um, 60 um, 65 pum, 70 um, 75 um, 80 um, 85 um, 90 um, 95 um, 100 pum, 200 um, 300 um,
400 um, 500 um, 600 um, 700 um, 800 wm, 900 um, or 1 millimeter (mm) in diameter.

Nucleic Acid Binding Moiety Complex Formation

[0062] A nucleic acid can be bound to a nucleic acid binding moiety to preserve phase
information after cleavage of the nucleic acid molecule. Many nucleic acid binding moieties
form scaffolds consistent with the disclosure herein. Some suitable with the disclosure herein
bind a nucleic acid at multiple points such that phase information is not lost upon cleavage and
re-ligation of the nucleic acid molecule.

[0063] In some cases, the nucleic acid binding moiety is or comprises a category of protein,
such as histones that form chromatin. The chromatin can be reconstituted chromatin or native
chromatin. In some cases, the nucleic acid binding moiety is distributed on solid support such as
a microarray, a slide, a chip, a microwell, a column, a tube, a particle or a bead. In some
examples, the solid support is coated with streptavidin and/or avidin. In other examples, the solid
support is coated with an antibody. Further, the solid support can additionally or alternatively
comprise a glass, metal, ceramic or polymeric material. In some embodiments, the solid support
is a nucleic acid microarray (e.g. a DNA microarray). In other embodiments, the solid support

can be a paramagnetic bead.
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[0064] In some cases, the DNA sample is cross-linked to a plurality of association molecules.
In various cases, the association molecules comprise amino acids. In many cases, the association
molecules comprise peptides or proteins. In further cases, the association molecules comprise
histones. In other cases, the association molecules comprise nanoparticles. In some cases, the
nanoparticle is a platinum-based nanoparticle. In other cases, the nanoparticle is a DNA
intercalator, or any derivatives thereof. In further cases, the nanoparticle is a bisintercalator, or
any derivatives thereof. In certain cases, the association molecules are from a different source
than the first DNA molecule. The cross-linking can be conducted as part of a protocol as
disclosed herein, or can have been conducted previously. For example, previously fixed samples
(e.g., formalin-fixed paraffin-embedded (FFPE)) samples can be processed and analyzed with
techniques of the present disclosure.

[0065] An example of a nucleic acid binding moiety that forms a structure is reconstituted
chromatin. Reconstituted chromatin is differentiated from chromatin formed within a
cell/organism over various features. First, reconstituted chromatin is generated in some cases
from isolated naked DNA. For many samples, the collection of naked DNA samples is achieved
by using any one of a variety of noninvasive to invasive methods, such as by collecting bodily
fluids, swabbing buccal or rectal areas, taking epithelial samples, etc. These approaches are
generally easier, faster, and less expensive than isolation of native chromatin.

[0066] Second, reconstituting chromatin substantially reduces the formation of inter-
chromosomal and other long-range interactions that generate artifacts for genome assembly and
haplotype phasing. In some cases, a sample has less than about 30, 29, 28, 27, 26, 25, 24, 23, 22,
21,20, 19, 18, 17, 16, 15, 14, 13, 12, 11, 10,9, 8, 7,6, 5,4, 3,2, 1, 0.5, 0.4, 0.3, 0.2, 0.1, 0.01,
0.001% or less inter-chromosomal or intermolecular crosslinking according to the methods and
compositions of the disclosure. In some examples, the sample has less than about 30% inter-
chromosomal or intermolecular crosslinking. In some examples, the sample has less than about
25% inter-chromosomal or intermolecular crosslinking. In some examples, the sample has less
than about 20% inter-chromosomal or intermolecular crosslinking. In some examples, the sample
has less than about 15% inter-chromosomal or intermolecular crosslinking. In some examples,
the sample has less than about 10% inter-chromosomal or intermolecular crosslinking. In some
examples, the sample has less than about 5% inter-chromosomal or intermolecular crosslinking.
In some examples, the sample may have less than about 3% inter-chromosomal or intermolecular
crosslinking. In further examples, may have less than about 1% inter-chromosomal or

intermolecular crosslinking. As inter-chromosomal interactions represent interactions between
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molecular sections that are not in phase, their reduction or elimination is beneficial to some goals
of the present disclosure, that is, the efficient, rapid assembly of phased nucleic acid information.

[0067] Third, the frequency of sites that are capable of crosslinking and thus the frequency of
intramolecular crosslinks within the polynucleotide is adjustable. For example, the ratio of DNA
to histones can be varied, such that the nucleosome density can be adjusted to a desired value. In
some cases, the nucleosome density is reduced below the physiological level. Accordingly, the
distribution of crosslinks can be altered to favor longer-range interactions. In some embodiments,
sub-samples with varying cross-linking density may be prepared to cover both short- and long-
range associations.

[0068] For example, the crosslinking conditions can be adjusted such that at least about 1%,
about 2%, about 3%, about 4%, about 5%, about 6%, about 7%, about 8%, about 9%, about 10%,
about 11%, about 12%, about 13%, about 14%, about 15%, about 16%, about 17%, about 18%,
about 19%, about 20%, about 25%, about 30%, about 40%, about 45%, about 50%, about 60%,
about 70%, about 80%, about 90%, about 95%, or about 100% of the crosslinks so as to join
DNA segments that are at least about 50 kb, about 60 kb, about 70 kb, about 80 kb, about 90 kb,
about 100 kb, about 110 kb, about 120 kb, about 130 kb, about 140 kb, about 150 kb, about 160
kb, about 180 kb, about 200 kb, about 250 kb, about 300 kb, about 350 kb, about 400 kb, about
450 kb, or about 500 kb apart on a sample DNA molecule.

[0069] An important benefit of a nucleic acid binding moiety scaffold such as reconstituted
chromatin is that it preserves physical linkage information of its constituent nucleic acids
independent of their phosphodiester bonds. Accordingly, nucleic acids held together by
reconstituted chromatin, optionally crosslinked to maintain stability, will maintain their
proximity even if their phosphodiester bonds are broken, as may occur in internal labeling.
Because of the reconstituted chromatin, the fragments will remain in proximity even though
cleaved, thereby preserving phase or physical linkage information during an internal labeling
process. Thus, when the exposed ends are re-ligated, they will ligate to segments derived from a
common phase of a common molecule.

Reconstituted Chromatin Assembly

[0070] The assembly of nucleic acids onto a nucleic acid binding moiety for the preservation of
phase information during cleavage and rearrangement of the nucleic acid molecule is
accomplished in some cases through the assembly of reconstituted chromatin onto a nucleic acid

sample. Reconstituted chromatin as used herein is used broadly, ranging from reassembly of
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native chromatin constituents onto a nucleic acid, to binding of a nucleic acid to non-biological
particles.

[0071] Referring to reconstituted chromatin in a traditional sense, assembly of core histones
and DNA into nucleosomes is mediated by chaperone proteins and associated assembly factors.
Nearly all these factors are core histone-binding proteins. Some of the histone chaperones, such
as nucleosome assembly protein-1 (NAP-1), exhibit a preference for binding to histones H3 and
H4. It has also been observed that newly synthesized histones are acetylated and then
subsequently deacetylated after assembly into chromatin. The factors that mediate histone
acetylation or deacetylation therefore play an important role in the chromatin assembly process.
[0072] In general, two in vitro methods have been developed for reconstituting or assembling
chromatin, although variations on these methods are contemplated. One set of methods involves
ATP-independent assembly, while a second set of methods is ATP-dependent.

[0073] The ATP-independent methods for reconstituting chromatin involve the DNA and core
histones plus either a protein like NAP-1 or salt to act as a histone chaperone. This method
results in a random arrangement of histones on the DNA that does not accurately mimic the
native core nucleosome particle in the cell. These particles are often referred to as
mononucleosomes because they are not regularly ordered, extended nucleosome arrays and the
DNA sequence used is usually not longer than 250 bp (Kundu, T. K. et al., Mol. Cell 6: 551-561,
2000). To generate an extended array of ordered nucleosomes on a greater length of DNA
sequence, the chromatin must be assembled through an ATP-dependent process.

[0074] The ATP-dependent assembly of periodic nucleosome arrays, which are similar to those
seen in native chromatin, requires the DNA sequence, core histone particles, a chaperone protein,
and ATP-utilizing chromatin assembly factors. ACF (ATP-utilizing chromatin assembly and
remodeling factor) or RSF (remodeling and spacing factor) are two widely researched assembly
factors that are used to generate extended ordered arrays of nucleosomes into chromatin in vitro
(Fyodorov, D.V ., and Kadonaga, J.T. Method Enzymol. 371: 499-515, 2003; Kundu, T. K. et al.
Mol. Cell 6: 551-561, 2000).

[0075] Alternate assembly approaches, for example approaches that do not rely upon histones
to constitute reconstituted chromatin, are also contemplated. Any DNA binding moiety can be
added to a nucleic acid to form some types of reconstituted chromatin broadly defined.

[0076] In some embodiments, non-natural chromatin analogs are contemplated. Nanoparticles,
such as nanoparticles having a positively coated outer surface to facilitate nucleic acid binding,

or a surface activatable for cross-linking to nucleic acids, or both a positively coated outer
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surface to facilitate nucleic acid binding and a surface activatable for cross-linking to nucleic
acids, are contemplated herein. In some embodiments, nanoparticles comprise silicon.

[0077] In some cases, the methods disclosed herein are used with DNA associated with
nanoparticles. In some instances, the nanoparticles are positively charged. For example, the
nanoparticles are coated with amine groups, and/or amine-containing molecules. The DNA and
the nanoparticles aggregate and condense, similar to native or reconstituted chromatin. Further,
the nanoparticle-bound DNA is induced to aggregate in a fashion that mimics the ordered arrays
of biological nucleosomes (i.e. chromatin). The nanoparticle-based method can be less expensive,
faster to assemble, provides a better recovery rate than using reconstituted chromatin, and/or
allows for reduced DNA input requirements.

[0078] A number of factors can be varied to influence the extent and form of condensation
including the concentration of nanoparticles in solution, the ratio of nanoparticles to DNA, and
the size of nanoparticles used. In some cases, the nanoparticles are added to the DNA at a
concentration greater than about 1 ng/mL, 2 ng/mL, 3 ng/mL, 4 ng/mL, 5 ng/mL, 6 ng/mL, 7
ng/mL, 8 ng/mL, 9 ng/mL, 10 ng/mL, 15 ng/mL, 20 ng/mL, 25 ng/mL, 30 ng/mL, 40 ng/mL, 50
ng/mL, 60 ng/mL, 70 ng/mL, 80 ng/mL, 90 ng/mL, 100 ng/mL, 120 ng/mL, 140 ng/mL, 160
ng/mL, 180 ng/mL, 200 ng/mL, 250 ng/mL, 300 ng/mL, 400 ng/mL, 500 ng/mL, 600 ng/mL, 700
ng/mL, 800 ng/mL, 900 ng/mL, 1 ug/mL, 2 pg/mL, 3 pg/mL, 4 ug/mL, 5 pg/mL, 6 pg/mL, 7
ug/mL, 8 ug/mL, 9 ng/mL, 10 pg/mL, 15 pg/mL, 20 ug/mL, 25 pg/mL, 30 ug/mL, 40 pg/mL,
50 pg/mL, 60 pg/mL, 70 pg/mL, 80 pg/mL, 90 pg/mL, 100 pg/mL, 120 ug/mL, 140 pg/mL, 160
ug/mL, 180 ng/mL, 200 pg/mL, 250 pg/mL, 300 ug/mL, 400 pg/mL, 500 pg/mL, 600 pg/mL,
700 ug/mL, 800 ug/mL, 900 pg/mL, 1 mg/mL, 2 mg/mL, 3 mg/mL, 4 mg/mL, 5 mg/mL, 6
mg/mL, 7 mg/mL, 8 mg/mL, 9 mg/mL, 10 mg/mL, 15 mg/mL, 20 mg/mL, 25 mg/mL, 30 mg/mL,
40 mg/mL, 50 mg/mL, 60 mg/mL, 70 mg/mL, 80 mg/mL, 90 mg/mL, or 100 mg/mL. In some
cases, the nanoparticles are added to the DNA at a concentration less than about 1 ng/mL, 2
ng/mL, 3 ng/mL, 4 ng/mL, 5 ng/mL, 6 ng/mL, 7 ng/mL, 8 ng/mL, 9 ng/mL, 10 ng/mL, 15 ng/mL,
20 ng/mL, 25 ng/mL, 30 ng/mL, 40 ng/mL, 50 ng/mL, 60 ng/mL, 70 ng/mL, 80 ng/mL, 90
ng/mL, 100 ng/mL, 120 ng/mL, 140 ng/mL, 160 ng/mL, 180 ng/mL, 200 ng/mL, 250 ng/mL, 300
ng/mL, 400 ng/mL, 500 ng/mL, 600 ng/mL, 700 ng/mL, 800 ng/mL, 900 ng/mL, 1 ug/mL, 2
ug/mL, 3 pg/mL, 4 ug/mL, 5 pg/mL, 6 pg/mL, 7 ug/mL, 8 pg/mL, 9 pg/mL, 10 pg/mL, 15
ug/mL, 20 pg/mL, 25 pg/mL, 30 pg/mL, 40 ng/mL, 50 ug/mL, 60 pg/mL, 70 pg/mL, 80 pg/mL,
90 pg/mL, 100 pg/mL, 120 pug/mL, 140 pg/mL, 160 pg/mL, 180 pg/mL, 200 pg/mL, 250 pg/mL,
300 pg/mL, 400 pg/mL, 500 pg/mL, 600 pg/mL, 700 pg/mL, 800 pg/mL, 900 pg/mL, 1 mg/mL,
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2 mg/mL, 3 mg/mL, 4 mg/mL, 5 mg/mL, 6 mg/mL, 7 mg/mL, 8 mg/mL, 9 mg/mL, 10 mg/mL,
15 mg/mL, 20 mg/mL, 25 mg/mL, 30 mg/mL, 40 mg/mL, 50 mg/mL, 60 mg/mL, 70 mg/mL, 80
mg/mL, 90 mg/mL, or 100 mg/mL. In some cases, the nanoparticles are added to the DNA at a
weight-to-weight (w/w) ratio greater than about 1:10000, 1:5000, 1:2000, 1:1000, 1:500, 1:200,
1:100, 1:50, 1:20, 1:10, 1:5, 1:2, 1:1, 2:1, 5:1, 10:1, 20:1, 50:1, 100:1, 200:1, 500:1, 1000:1,
2000:1, 5000:1, or 10000:1. In some cases, the nanoparticles are added to the DNA at a weight-
to-weight (w/w) ratio less than about 1:10000, 1:5000, 1:2000, 1:1000, 1:500, 1:200, 1:100, 1:50,
1:20, 1:10, 1:5, 1:2, 1:1, 2:1, 5:1, 10:1, 20:1, 50:1, 100:1, 200:1, 500:1, 1000:1, 2000:1, 5000:1,
or 10000:1. In some cases, the nanoparticles have a diameter greater than about 1 nm 1 nm, 2 nm,
3nm, 4 nm, 5 nm, 6 nm, 7 nm, 8 nm, 9 nm, 10 nm, 15 nm, 20 nm, 25 nm, 30 nm, 40 nm, 50 nm,
60 nm, 70 nm, 80 nm, 90 nm, 100 nm, 120 nm, 140 nm, 160 nm, 180 nm, 200 nm, 250 nm, 300
nm, 400 nm, 500 nm, 600 nm, 700 nm, 800 nm, 900 nm, 1 pm, 2 pm, 3 um, 4 um, S um, 6 um, 7
pum, 8 um, 9 pm, 10 pm, 15 pm, 20 pm, 25 pm, 30 pm, 40 pm, 50 pm, 60 pm, 70 pm, 80 pm,
90 um, or 100 um. In some cases, the nanoparticles have a diameter less than about 1 nm 1 nm, 2
nm, 3 nm, 4 nm, 5 nm, 6 nm, 7 nm, 8 nm, 9 nm, 10 nm, 15 nm, 20 nm, 25 nm, 30 nm, 40 nm, 50
nm, 60 nm, 70 nm, 80 nm, 90 nm, 100 nm, 120 nm, 140 nm, 160 nm, 180 nm, 200 nm, 250 nm,
300 nm, 400 nm, 500 nm, 600 nm, 700 nm, 800 nm, 900 nm, 1 pm, 2 pm, 3 pm, 4 pm, 5 um, 6
pum, 7 pm, 8 um, 9 pm, 10 um, 15 pm, 20 pm, 25 um, 30 um, 40 pm, 50 pm, 60 um, 70 um, 80
um, 90 um, or 100 um.

[0079] Furthermore, the nanoparticles may be immobilized on solid substrates (e.g. beads,
slides, or tube walls) by applying magnetic fields (in the case of paramagnetic nanoparticles) or
by covalent attachment (e.g. by cross-linking to poly-lysine coated substrate). Immobilization of
the nanoparticles may improve the ligation efficiency thereby increasing the number of desired
products (signal) relative to undesired (noise).

[0080] Reconstituted chromatin is optionally contacted to a crosslinking agent such as
formaldehyde to further stabilize the DNA-chromatin complex.

Nucleic Acid Cleavage

[0081] Bound nucleic acids can be treated to expose internal double-strand ends. Cleavage can
be conducted with restriction enzymes, such as restriction endonucleases. Alternative cleavage
approaches are also consistent with the disclosure herein. For example, a transposase is
optionally used in combination with unlinked left and right border oligonucleic acid molecules so
as to create a sequence-independent break in a nucleic acid that is marked by the attachment of

the transposase-delivered oligonucleic acid molecules. The oligonucleic acid molecules are
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synthesized in some cases to comprise punctuation-compatible overhangs, or to be compatible
with one another, such that the oligonucleic acid molecules are ligated to one another and serve
as the punctuation molecules. A benefit of this type of alternative approach is that cleavage is
sequence independent, and thus more likely to vary from one copy of a nucleic acid to another,
even if the sequence of two nucleic acid molecules is locally identical.

[0082] In some cases, the exposed nucleic acid ends are desirably sticky ends, for example as
results from contacting to a restriction endonuclease. In some cases, a restriction endonuclease is
used to cleave a predictable overhang, followed by ligation with a nucleic acid end (such as a
punctuation oligonucleotide) comprising an overhang complementary to the predictable overhang
on a DNA fragment. In some embodiments, the 5* and/or 3° end of a restriction endonuclease-
generated overhang is partially filled in. In some cases, the overhang is filled in with a single
nucleotide.

[0083] In some instances, DNA fragments having an overhang can be joined to one or more
nucleic acids, such as punctuation oligonucleotides, oligonucleotides, adapter oligonucleotides,
or polynucleotides, having a complementary overhang, such as in a ligation reaction. For
example, a single adenine is added to the 3’ ends of end repaired DNA fragments using a
template independent polymerase, followed by ligation to one or more punctuation
oligonucleotides each having a thymine at a 3’ end. In some embodiments, nucleic acids, such as
oligonucleotides or polynucleotides are joined to blunt end double-stranded DNA molecules
which have been modified by extension of the 3’ end with one or more nucleotides followed by 5’
phosphorylation. In some cases, extension of the 3” end is performed with a polymerase such as,
Klenow polymerase or any of the suitable polymerases provided herein, or by use of a terminal
deoxynucleotide transferase, in the presence of one or more dNTPs in a suitable buffer that
contains magnesium. In some embodiments, target polynucleotides having blunt ends are joined
to one or more adapters comprising a blunt end. Phosphorylation of 5° ends of DNA fragment
molecules may be performed for example with T4 polynucleotide kinase in a suitable buffer
containing ATP and magnesium. The fragmented DNA molecules may optionally be treated to
dephosphorylate 5’ ends or 3’ ends, for example, by using enzymes known in the art, such as
phosphatases.

Punctuation Oligonucleotides

[0084] In some cases, punctuation oligonucleotides can be utilized in connecting exposed
cleaved ends. A punctuation oligonucleotide includes any oligonucleotide that can be joined to a

target polynucleotide, so as to bridge two cleaved internal ends of a sample molecule undergoing
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phase-preserving rearrangement. Punctuation oligonucleotides can comprise DNA, RNA,
nucleotide analogues, non-canonical nucleotides, labeled nucleotides, modified nucleotides, or
combinations thereof. In many examples, double-stranded punctuation oligonucleotides comprise
two separate oligonucleotides hybridized to one another (also referred to as an “oligonucleotide
duplex”), and hybridization may leave one or more blunt ends, one or more 3’ overhangs, one or
more 5’ overhangs, one or more bulges resulting from mismatched and/or unpaired nucleotides,
or any combination of these. In some instances, different punctuation oligonucleotides are joined
to target polynucleotides in sequential reactions or simultaneously. For example, the first and
second punctuation oligonucleotides can be added to the same reaction. Alternately, punctuation
oligo populations are uniform in some cases.

[0085] Punctuation oligonucleotides can be manipulated prior to combining with target
polynucleotides. For example, terminal phosphates can be removed. Such a modification
precludes location of punctuation oligos to one another rather than to cleaved internal ends of a
sample molecule.

[0086] Punctuation oligonucleotides contain one or more of a variety of sequence elements,
including but not limited to, one or more amplification primer annealing sequences or
complements thereof, one or more sequencing primer annealing sequences or complements
thereof, one or more barcode sequences, one or more common sequences shared among multiple
different punctuation oligonucleotides or subsets of different punctuation oligonucleotides, one
or more restriction enzyme recognition sites, one or more overhangs complementary to one or
more target polynucleotide overhangs, one or more probe binding sites, one or more random or
near-random sequences, and combinations thereof. In some examples, two or more sequence
elements are non-adjacent to one another (e.g. separated by one or more nucleotides), adjacent to
one another, partially overlapping, or completely overlapping. For example, an amplification
primer annealing sequence also serves as a sequencing primer annealing sequence. In certain
instances, sequence elements are located at or near the 3’ end, at or near the 5’ end, or in the
interior of the punctuation oligonucleotide.

[0087] In alternate embodiments, the punctuation oligo comprises a minimal complement of
bases to maintain integrity of the double-stranded molecule, so as to minimize the amount of
sequence information it occupies in a sequencing reaction, or the punctuation oligo comprises an
optimal number of bases for ligation, or the punctuation oligo length is arbitrarily determined.
[0088] In some embodiments, a punctuation oligonucleotide comprises a 5° overhang, a 3’

overhang, or both that is complementary to one or more target polynucleotides. In certain
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instances, complementary overhangs are one or more nucleotides in length, including but not
limited to 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, or more nucleotides in length. For
example, the complementary overhang is about 1, 2, 3, 4, 5 or 6 nucleotides in length. In some
embodiments, a punctuation oligonucleotide overhang is complementary to a target
polynucleotide overhang produced by restriction endonuclease digestion or other DNA cleavage
method.

[0089] Punctuation oligonucleotides can have any suitable length, at least sufficient to
accommodate the one or more sequence elements of which they are comprised. In some
embodiments, punctuation oligonucleotides are about, less than about, or more than about 4, 5, 6,
7,8, 9, 10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 90, 100, 200, or more nucleotides
in length. In some examples, the punctuation oligonucleotide is 5 to 15 nucleotides in length. In
further examples, the punctuation oligonucleotide is about 20 to about 40 nucleotides in length.
[0090] Preferably, punctuation oligonucleotides are modified, for example by 5’ phosphate
excision (via calf alkaline phosphatase treatment, or de novo by synthesis in the absence of such
moieties), so that they do not ligate with one another to form multimers. 3° OH (hydroxyl)
moieties are able to ligate to 5’ phosphates on the cleaved nucleic acids, thereby supporting
ligation to a first or a second nucleic acid segment.

Adapter Oligonucleotides

[0091] An adapter includes any oligonucleotide having a sequence that can be joined to a target
polynucleotide. In various examples, adapter oligonucleotides comprise DNA, RNA, nucleotide
analogues, non-canonical nucleotides, labeled nucleotides, modified nucleotides, or combinations
thereof. In some instances, adapter oligonucleotides are single-stranded, double-stranded, or
partial duplex. In general, a partial-duplex adapter oligonucleotide comprises one or more single-
stranded regions and one or more double-stranded regions. Double-stranded adapter
oligonucleotides can comprise two separate oligonucleotides hybridized to one another (also
referred to as an “oligonucleotide duplex”), and hybridization may leave one or more blunt ends,
one or more 3’ overhangs, one or more 5’ overhangs, one or more bulges resulting from
mismatched and/or unpaired nucleotides, or any combination of these. In some embodiments, a
single-stranded adapter oligonucleotide comprises two or more sequences that can hybridize with
one another. When two such hybridizable sequences are contained in a single-stranded adapter,
hybridization yields a hairpin structure (hairpin adapter). When two hybridized regions of an
adapter oligonucleotides are separated from one another by a non-hybridized region, a “bubble”

structure results. Adapter oligonucleotides comprising a bubble structure consist of a single
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adapter oligonucleotide comprising internal hybridizations, or comprise two or more adapter
oligonucleotides hybridized to one another. Internal sequence hybridization, such as between two
hybridizable sequences in adapter oligonucleotides, produce, in some instances, a double-
stranded structure in a single-stranded adapter oligonucleotide. In some examples, adapter
oligonucleotides of different kinds are used in combination, such as a hairpin adapter and a
double-stranded adapter, or adapters of different sequences. In certain cases, hybridizable
sequences in a hairpin adapter include one or both ends of the oligonucleotide. When neither of
the ends are included in the hybridizable sequences, both ends are “free” or “overhanging.”
When only one end is hybridizable to another sequence in the adapter, the other end forms an
overhang, such as a 3’ overhang or a 5’ overhang. When both the 5’-terminal nucleotide and the
3’-terminal nucleotide are included in the hybridizable sequences, such that the 5’-terminal
nucleotide and the 3’-terminal nucleotide are complementary and hybridize with one another, the
end is referred to as “blunt.” In some cases, different adapter oligonucleotides are joined to target
polynucleotides in sequential reactions or simultaneously. For example, the first and second
adapter oligonucleotides is added to the same reaction. In some examples, adapter
oligonucleotides are manipulated prior to combining with target polynucleotides. For example,
terminal phosphates can be added or removed.

[0092] Adapter oligonucleotides contain one or more of a variety of sequence elements,
including but not limited to, one or more amplification primer annealing sequences or
complements thereof, one or more sequencing primer annealing sequences or complements
thereof, one or more barcode sequences, one or more common sequences shared among multiple
different adapters or subsets of different adapters, one or more restriction enzyme recognition
sites, one or more overhangs complementary to one or more target polynucleotide overhangs, one
or more probe binding sites (e.g. for attachment to a sequencing platform, such as a flow cell for
massive parallel sequencing, such as developed by Illumina, Inc.), one or more random or near-
random sequences (e.g. one or more nucleotides selected at random from a set of two or more
different nucleotides at one or more positions, with each of the different nucleotides selected at
one or more positions represented in a pool of adapters comprising the random sequence), and
combinations thereof. In many examples, two or more sequence elements can be non-adjacent to
one another (e.g separated by one or more nucleotides), adjacent to one another, partially
overlapping, or completely overlapping. For example, an amplification primer annealing
sequence also serves as a sequencing primer annealing sequence. Sequence elements are located

at or near the 3° end, at or near the 5’ end, or in the interior of the adapter oligonucleotide. When
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an adapter oligonucleotides can form secondary structure, such as a hairpin, sequence elements
can be located partially or completely outside the secondary structure, partially or completely
inside the secondary structure, or in between sequences participating in the secondary structure.
For example, when an adapter oligonucleotides comprises a hairpin structure, sequence elements
can be located partially or completely inside or outside the hybridizable sequences (the “stem”),
including in the sequence between the hybridizable sequences (the “loop”). In some
embodiments, the first adapter oligonucleotides in a plurality of first adapter oligonucleotides
having different barcode sequences comprise a sequence element common among all first
adapter oligonucleotides in the plurality. In some embodiments, all second adapter
oligonucleotides comprise a sequence element common to all second adapter oligonucleotides
that is different from the common sequence element shared by the first adapter oligonucleotides.
A difference in sequence elements can be any such that at least a portion of different adapters do
not completely align, for example, due to changes in sequence length, deletion or insertion of one
or more nucleotides, or a change in the nucleotide composition at one or more nucleotide
positions (such as a base change or base modification). In some embodiments, an adapter
oligonucleotides comprises a 5° overhang, a 3’ overhang, or both that is complementary to one or
more target polynucleotides. Complementary overhangs can be one or more nucleotides in length,
including but not limited to 1, 2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13, 14, 15, or more nucleotides in
length. For example, the complementary overhang can be about 1, 2, 3, 4, 5 or 6 nucleotides in
length. Complementary overhangs may comprise a fixed sequence. Complementary overhangs
may additionally or alternatively comprise a random sequence of one or more nucleotides, such
that one or more nucleotides are selected at random from a set of two or more different
nucleotides at one or more positions, with each of the different nucleotides selected at one or
more positions represented in a pool of adapter oligonucleotides with complementary overhangs
comprising the random sequence. In some embodiments, an adapter oligonucleotides overhang is
complementary to a target polynucleotide overhang produced by restriction endonuclease
digestion. In some embodiments, an adapter oligonucleotide overhang consists of an adenine or a
thymine.

[0093] Adapter oligonucleotides can have any suitable length, at least sufficient to
accommodate the one or more sequence elements of which they are comprised. In some
embodiments, adapter oligonucleotides are about, less than about, or more than about 4, 5, 6, 7, 8,

9,10, 15, 20, 25, 30, 35, 40, 45, 50, 55, 60, 65, 70, 75, 80, 90, 100, 200, or more nucleotides in
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length. In some examples, the adapter oligonucleotides are 5 to 15 nucleotides in length. In
further examples, the adapter oligonucleotides are about 20 to about 40 nucleotides in length.
[0094] Preferably, adapter oligonucleotides are modified, for example by 5’ phosphate excision
(via calf alkaline phosphatase treatment, or de novo by synthesis in the absence of such moieties),
so that they do not ligate with one another to form multimers. 3’ OH (hydroxyl) moieties are able
to ligate to 5” phosphates on the cleaved nucleic acids, thereby supporting ligation to a first or a
second nucleic acid segment.

Determining Phase Information of a Nucleic Acid Sample

[0095] To determine phase information of a nucleic acid sample, a nucleic acid is first acquired,
for example by extraction methods discussed herein. In many cases, the nucleic acid is then
attached to a solid surface so as to preserve phase information subsequent to cleavage of the
nucleic acid molecule. Preferably, the nucleic acid molecule is assembled in vitro with nucleic
acid-binding proteins to generate reconstituted chromatin, though other suitable solid surfaces
include nucleic acid-binding protein aggregates, nanoparticles, nucleic acid-binding beads, or
beads coated using a nucleic acid-binding substance, polymers, synthetic nucleic acid-binding
molecules, or other solid or substantially solid affinity molecules. A nucleic acid sample can also
be obtained already attached to a solid surface, such as in the case of native chromatin. Native
chromatin can be obtained having already been fixed, such as in the form of a formalin-fixed
paraffin-embedded (FFPE) or similarly preserved sample.

[0096] Following attachment to a nucleic acid binding moiety, the bound nucleic acid molecule
can be cleaved. Cleavage is performed with any suitable nucleic acid cleavage entity, including
any number of enzymatic and non-enzymatic approaches. Preferably, DNA cleavage is
performed with a restriction endonuclease, fragmentase, or transposase. Alternatively or
additionally, nucleic acid cleavage is achieved with other restriction enzymes, topoisomerase,
non-specific endonuclease, nucleic acid repair enzyme, RNA-guided nuclease, or alternate
enzyme. Physical means can also be used to generate cleavage, including mechanical means (e.g.,
sonication, shear), thermal means (e.g., temperature change), or electromagnetic means (e.g.,
irradiation, such as UV irradiation). Nucleic acid cleavage produces free nucleic acid ends, either
having ‘sticky’ overhangs or blunt ends, depending on the cleavage method used. When sticky
overhang ends are generated, the sticky ends are optionally partially filled in to prevent re-
ligation. Alternatively, the overhangs are completely filled in to produce blunt ends.

[0097] In many cases, overhang ends are partially or completely filled in with dNTPs, which
are optionally labeled. In such cases, dNTPs can be biotinylated, sulphated, attached to a
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fluorophore, dephosphorylated, or any other number of nucleotide modifications. Nucleotide
modifications can also include epigenetic modifications, such as methylation (e.g., 5-mC, 5-hmC,
5-fC, 5-caC, 4-mC, 6-mA, 8-0x0G, 8-0x0A). Labels or modifications can be selected from those
detectable during sequencing, such as epigenetic modifications detectable by nanopore
sequencing; in this way, the locations of ligation junctions can be detected during sequencing.
These labels or modifications can also be targeted for binding or enrichment; for example,
antibodies targeting methyl-cytosine can be used to capture, target, bind, or label blunt ends filled
in with methyl-cytosine. Non-natural nucleotides, non-canonical or modified nucleotides, and
nucleic acid analogs can also be used to label the locations of blunt-end fill-in. Non-canonical or
modified nucleotides can include pseudouridine (¥), dihydrouridine (D), inosine (1), 7-
methylguanosine (m7(G), xanthine, hypoxanthine, purine, 2,6-diaminopurine, and 6,8-
diaminopurine. Nucleic acid analogs can include peptide nucleic acid (PNA), Morpholino and
locked nucleic acid (LNA), glycol nucleic acid (GNA), and threose nucleic acid (TNA). In some
cases, overhangs are filled in with un-labeled dNTPs, such as dNTPs without biotin. In some
cases, such as cleavage with a transposon, blunt ends are generated that do not require filling in.
These free blunt ends are generated when the transposase inserts two unlinked punctuation
oligonucleotides. The punctuation oligonucleotides, however, are synthesized to have sticky or
blunt ends as desired. Proteins associated with sample nucleic acids, such as histones, can also be
modified. For example, histones can be acetylated (e.g., at lysine residues) and/or methylated
(e.g., at lysine and arginine residues).

[0098] Next, while the cleaved nucleic acid molecule is still bound to the solid surface, the free
nucleic acid ends are linked together. Linking occurs, in some cases, through ligation, either
between free ends, or with a separate entity, such as an oligonucleotide. In some cases, the
oligonucleotide is a punctuation oligonucleotide. In such cases, the punctuation molecule ends
are compatible with the free ends of the cleaved nucleic acid molecule. In many cases, the
punctuation molecule is dephosphorylated to prevent concatemerization of the oligonucleotides.
In most cases, the punctuation molecule is ligated on each end to a free nucleic acid end of the
cleaved nucleic acid molecule. In many cases, this ligation step results in rearrangements of the
cleaved nucleic acid molecule such that two free ends that were not originally adjacent to one
another in the starting nucleic acid molecule are now linked in a paired end.

[0099] Following linking of the free ends of the cleaved nucleic acid molecule, the rearranged
nucleic acid sample is released from the nucleic acid binding moiety using any number of

standard enzymatic and non-enzymatic approaches. For example, in the case of in vitro
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reconstituted chromatin, the rearranged nucleic acid molecule is released by denaturing or
degradation of the nucleic acid-binding proteins. In other examples, cross-linking is reversed. In
yet other examples, affinity interactions are reversed or blocked. The released nucleic acid
molecule is rearranged compared to the input nucleic acid molecule. In cases where punctuation
molecules are used, the resulting rearranged molecule is referred to as a punctuated molecule due
to the punctuation oligonucleotides that are interspersed throughout the rearranged nucleic acid
molecule. In these cases, the nucleic acid segments flanking the punctuations make up a paired
end.

[00100] During the cleavage and linking steps of the methods disclosed herein, phase
information is maintained since the nucleic acid molecule is bound to a solid surface throughout
these processes. This can enable the analysis of phase information without relying on information
from other markers, such as single nucleotide polymorphisms (SNPs). Using the methods and
compositions disclosed herein, in some cases, two nucleic acid segments within the nucleic acid
molecule are rearranged such that they are closer in proximity than they were on the original
nucleic acid molecule. In many examples, the original separation distance of the two nucleic acid
segments in the starting nucleic acid sample is greater than the average read length of standard
sequencing technologies. For example, the starting separation distance between the two nucleic
acid segments within the input nucleic acid sample is about 10 kb, 12.5 kb, 15 kb, 17.5 kb, 20 kb,
25 kb, 30 kb, 35 kb, 40 kb, 45 kb, 50 kb, 60 kb, 70 kb, 80 kb, 90 kb, 100 kb, 125 kb, 150 kb, 200
kb, 300 kb, 400 kb, 500 kb, 600 kb, 700 kb, 800 kb, 900 kb, 1 Mb, or greater. In preferred
examples, the separation distance between the two rearranged DNA segments is less than the
average read length of standard sequencing technologies. For example, the distance separating
the two rearranged DNA segments within the rearranged DNA molecule is less than about 50 kb,
40 kb, 30 kb, 25 kb, 20 kb, 17 kb, 15 kb, 14 kb, 13 kb, 12 kb, 11 kb, 10 kb, 9 kb, 8 kb, 7 kb, 6 kb,
5 kb, or less. In preferred cases, the separation distance is less than that of the average read length
of a long-read sequencing machine. In these cases, when the rearranged DNA sample is released
from the nucleic acid binding moiety and sequenced, phase information is determined and
sequence information is generated sufficient to generate a de novo sequence scaffold.

Barcoding a Rearranged Nucleic Acid Molecule

[00101] In some examples, the released rearranged nucleic acid molecule described herein is
further processed prior to sequencing. For example, the nucleic acid segments comprised within
the rearranged nucleic acid molecule can be barcoded. Barcoding can allow for easier grouping

of sequence reads. For example, barcodes can be used to identify sequences originating from the
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same rearranged nucleic acid molecule. Barcodes can also be used to uniquely identify individual
junctions. For example, each junction can be marked with a unique (e.g., randomly generated)
barcode which can uniquely identify the junction. Multiple barcodes can be used together, such
as a first barcode to identify sequences originating from the same rearranged nucleic acid
molecule and a second barcode that uniquely identifies individual junctions.

[00102] Barcoding can be achieved through a number of techniques. In some cases, barcodes
can be included as a sequence within a punctuation oligo. In other cases, the released rearranged
nucleic acid molecule can be contacted to oligonucleotides comprising at least two segments: one
segment contains a barcode and a second segment contains a sequence complementary to a
punctuation sequence. After annealing to the punctuation sequences, the barcoded
oligonucleotides are extended with polymerase to yield barcoded molecules from the same
punctuated nucleic acid molecule. Since the punctuated nucleic acid molecule is a rearranged
version of the input nucleic acid molecule, in which phase information is preserved, the
generated barcoded molecules are also from the same input nucleic acid molecule. These
barcoded molecules comprise a barcode sequence, the punctuation complementary sequence, and
genomic sequence.

[00103] For rearranged nucleic acid molecules with or without punctuation, molecules can be
barcoded by other means. For example, rearranged nucleic acid molecules can be contacted with
barcoded oligonucleotides which can be extended to incorporate sequence from the rearranged
nucleic acid molecule. Barcodes can hybridize to punctuation sequences, to restriction enzyme
recognition sites, to sites of interest (e.g., genomic regions of interest), or to random sites (e.g.,
through a random n-mer sequence on the barcode oligonucleotide). Rearranged nucleic acid
molecules can be contacted to the barcodes using appropriate concentrations and/or separations
(e.g., spatial or temporal separation) from other rearranged nucleic acid molecules in the sample
such that multiple rearranged nucleic acid molecules are not given then same barcode sequence.
For example, a solution comprising rearranged nucleic acid molecules can be diluted to such a
concentration that only one rearranged nucleic acid molecule will be contacted to a barcode or
group of barcodes with a given barcode sequence. Barcodes can be contacted to rearranged
nucleic acid molecules in free solution, in fluidic partitions (e.g., droplets or wells), or on an
array (e.g., at particular array spots).

[00104] Barcoded nucleic acid molecules (e.g., extension products) can be sequenced, for
example, on a short-read sequencing machine and phase information is determined by grouping

sequence reads having the same barcode into a common phase. Alternatively, prior to sequencing,
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the barcoded products can be linked together, for example though bulk ligation, to generate long
molecules which are sequenced, for example, using long-read sequencing technology. In these
cases, the embedded read pairs are identifiable via the amplification adapters and punctuation
sequences. Further phase information is obtained from the barcode sequence of the read pair.
Determining Phase Information with Paired Ends

[00105] Further provided herein are methods and compositions for determining phase
information from paired ends. Paired ends can be generated by any of the methods disclosed or
those further illustrated in the provided Examples. For example, in the case of a nucleic acid
molecule bound to a solid surface which was subsequently cleaved, following re-ligation of free
ends, re-ligated nucleic acid segments are released from the solid-phase attached nucleic acid
molecule, for example, by restriction digestion. This release results in a plurality of paired ends.
In some cases, the paired ends are ligated to amplification adapters, amplified, and sequenced
with short reach technology. In these cases, paired ends from multiple different nucleic acid
binding moiety-bound nucleic acid molecules are within the sequenced sample. However, it is
confidently concluded that for either side of a paired end junction, the junction adjacent sequence
is derived from a common phase of a common molecule. In cases where paired ends are linked
with a punctuation oligonucleotide, the paired end junction in the sequencing read is identified by
the punctuation oligonucleotide sequence. In other cases, the pair ends were linked by modified
nucleotides, which can be identified based on the sequence of the modified nucleotides used.
[00106] Alternatively, following release of paired ends, the free paired ends can be ligated to
amplification adapters and amplified. In these cases, the plurality of paired ends is then bulk
ligated together to generate long molecules which are read using long-read sequencing
technology. In other examples, released paired ends are bulk ligated to each other without the
intervening amplification step. In either case, the embedded read pairs are identifiable via the
native DNA sequence adjacent to the linking sequence, such as a punctuation sequence or
modified nucleotides. The concatenated paired ends are read on a long-sequence device, and
sequence information for multiple junctions is obtained. Since the paired ends derived from
multiple different nucleic acid binding moiety-bound DNA molecules, sequences spanning two
individual paired ends, such as those flanking amplification adapter sequences, are found to map
to multiple different DNA molecules. However, it is confidently concluded that for either side of
a paired end junction, the junction-adjacent sequence is derived from a common phase of a
common molecule. For example, in the case of paired ends derived from a punctuated molecule,

sequences flanking the punctuation sequence are confidently assigned to a common DNA
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molecule. In preferred cases, because the individual paired ends are concatenated using the
methods and compositions disclosed herein, one can sequence multiple paired ends in a single
read.

Sequencing Approaches

[00107] The methods and compositions disclosed herein can be used to generate long DNA
molecules comprising rearranged segments compared to the input DNA sample. These molecules
are sequences using any number of sequencing technologies. Preferably, the long molecules are
sequenced using standard long-read sequencing technologies. Additionally or alternatively, the
generated long molecules can be modified as disclosed herein to make them compatible with

short-read sequencing technologies.

[00108] Exemplary long-read sequencing technologies include but are not limited to nanopore

sequencing technologies and other long-read sequencing technologies such as Pacific

Biosciences Single Molecule Real Time (SMRT) sequencing. Nanopore sequencing technologies

include but are not limited to Oxford Nanopore sequencing technologies (e.g., GridlON, MinlON)
and Genia sequencing technologies.

[00109] Sequence read lengths can be at least about 100 bp, 200 bp, 300 bp, 400 bp, 500 bp, 600

bp, 700 bp, 800 bp, 900 bp, 1 kb, 2 kb, 3 kb, 4 kb, 5 kb, 6 kb, 7 kb, 8 kb, 9 kb, 10 kb, 20 kb, 30

kb, 40 kb, 50 kb, 60 kb, 70 kb, 80 kb, 90 kb, 100 kb, 200 kb, 300 kb, 400 kb, 500 kb, 600 kb, 700

kb, 800 kb, 900 kb, 1 Mb, 2 Mb, 3 Mb, 4 Mb, 5 Mb, 6 Mb, 7 Mb, 8 Mb, 9 Mb, or 10 Mb.

Sequence read lengths can be about 100 bp, 200 bp, 300 bp, 400 bp, 500 bp, 600 bp, 700 bp, 800

bp, 900 bp, 1 kb, 2 kb, 3 kb, 4 kb, 5 kb, 6 kb, 7 kb, 8 kb, 9 kb, 10 kb, 20 kb, 30 kb, 40 kb, 50 kb,

60 kb, 70 kb, 80 kb, 90 kb, 100 kb, 200 kb, 300 kb, 400 kb, 500 kb, 600 kb, 700 kb, 800 kb, 900

kb, 1 Mb, 2 Mb, 3 Mb, 4 Mb, 5 Mb, 6 Mb, 7 Mb, 8 Mb, 9 Mb, or 10 Mb. In some cases,

sequence read lengths are at least about 5 kb. In some cases, sequence read lengths are about 5 kb.
[00110] In some examples, a long rearranged DNA molecule generated using the methods and

compositions disclosed herein, is ligated on one end to a sequencing adapter. In preferred

examples, the sequencing adapter is a hairpin adapter, resulting in a self-annealing single-

stranded molecule harboring an inverted repeat. In these cases, the molecule is fed through a
sequencing enzyme and full length sequence of each side of the inverted repeat is obtained. In
most cases, the resulting sequence read corresponds to 2x coverage of the DNA molecule, such
as a punctuated DNA molecule harboring multiple rearranged segments, each conveying phase

information. In favored instances, sufficient sequence is generated to independently generate a de

novo scaffold of the nucleic acid sample.
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[00111] Alternatively, a long rearranged DNA molecule generated using the methods and
compositions disclosed herein, is cleaved to form a population of double stranded molecules of a
desired length. In these cases, these molecules are ligated on each end to single stranded adapters.
The result is a double stranded DNA template capped by hairpin loops at both ends. The circular
molecules are sequenced by continuous sequencing technology. Continuous long read
sequencing of molecules containing a long double stranded segment results in a single
contiguous read of each molecule. Continuous sequencing of molecules containing a short double
stranded segment results in multiple reads of the molecule, which are used either alone or along
with continuous long read sequence information to confirm a consensus sequence of the
molecule. In most cases, genomic segment borders marked by punctuation oligonucleotides are
identified, and it is concluded that sequence adjacent to a punctuation border is in phase. In
preferred cases, sufficient sequence is generated to independently generate a de novo scaffold of
the nucleic acid sample.

[00112] In some cases, rearranged nucleic acid molecules are selected for sequencing based on
length. Length-based selection can be used to select for rearranged nucleic acid molecules that
contain more rearranged segments, so that shorter rearranged nucleic acid molecules containing
only a few rearranged segments are not sequenced or are sequenced in fewer numbers.
Rearranged nucleic acid molecules containing more rearranged segments can provide more
phasing information than those molecules containing fewer rearranged segments. Rearranged
nucleic acid molecules can be selected for those that contain at least 1, 2,3, 4,5,6,7, 8,9, 10, or
more rearranged segments. For example, rearranged nucleic acid molecules can be selected for a
length of at least 100 bp, 200 bp, 300 bp, 400 bp, 500 bp, 600 bp, 700 bp, 800 bp, 900 bp, 1 kb, 2
kb, 3 kb, 4 kb, 5 kb, 6 kb, 7 kb, 8 kb, 9 kb, 10 kb, 20 kb, 30 kb, 40 kb, 50 kb, 60 kb, 70 kb, 80 kb,
90 kb, 100 kb, 200 kb, 300 kb, 400 kb, 500 kb, 600 kb, 700 kb, 800 kb, 900 kb, 1 Mb, 2 Mb, 3
Mb, 4 Mb, 5 Mb, 6 Mb, 7 Mb, 8 Mb, 9 Mb, 10 Mb, or more. Length-based selection can be a
firm exclusion, excluding 100% of rearranged nucleic acid molecules below the chosen length.
Alternatively, length-based selection can be an enrichment for longer molecules, removing at
least 99.999%. 99.99%, 99.9%. 99%. 98%. 97%, 96%, 95%., 94%, 93%, 92%. 91%, 90%, 85%,
80%, 75%, 70%, 65%, 60%, 55%, 50%, 45%, 40%, 35%, 30%, 25%, 20%, 15%, 10%, 5%, 4%,
3%, 2%, or 1% of rearranged nucleic acid molecules below the chosen length. Length selection
of nucleic acids can be performed by a variety of techniques, including but not limited to
electrophoresis (e.g., gel or capillary), filtration, bead binding (e.g., SPRI bead size selection),

and flow-based methods.
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Phased Sequence Assembly

[00113] Sequencing data generated using the methods and compositions described herein are
used, in preferred embodiments, to generate phased de novo sequence assemblies.

[00114] In some examples, a plurality of rearranged (and optionally punctuated) DNA
molecules are generated as disclosed herein, and subsequently sequenced using long-read
sequencing technology. Sequences from the plurality of rearranged (and optionally punctuated)
DNA molecules are compared and, in many cases, a first rearranged (and optionally punctuated)
molecule 1s used to determine phase information for its constituent segments, while comparison
to un-rearranged (and optionally punctuated) regions of a second (and additional) rearranged
(and optionally punctuated) DNA molecules is used to order the segments of the first punctuated
molecule. Repeating this process reciprocally, phase and order information is determined for the
majority of the segments in each of the plurality of rearranged molecules. In preferred cases, the
resulting assembled sequence is a phased sequence of the input DNA molecule prior to
rearrangement occurring, and represents a de novo, phased assembly of the nucleic acid sample.
[00115] Alternatively, a rearranged DNA molecule as generated using the methods and
compositions disclosed herein is sequenced using long-read sequencing technology and, in
parallel, the input DNA is sequenced using standard short-read shotgun sequencing technology.
In these cases, the shotgun sequence from the sample is mapped to the long read data generated
from the rearranged DNA molecule and/or the phased genomic sequence reads from the
rearranged molecule are mapped to sequencing data obtained from the concurrently generated
short-read sequencing. In some cases, some of the short-reads map to the long-read generated
sequence. In such cases, this overlap allows short sequence reads to be assigned to the same
phase as the genomic sequence generated from the rearranged DNA molecule long sequence read.
[00116] Information irrelevant to generating a phased sequence assembly can be discarded. In
an example, a rearranged DNA molecule as discussed herein is generated and sequenced. The
rearranged DNA molecule is found to comprise segments that map to chromosome A and
segments that map to chromosome B. In some cases, sequence read information for segments
that map to chromosome B can be discarded or unused, and only segments that map to
chromosome A are used to generate phased sequence information. In other cases, sequence read
information for segments that map to chromosome A can be used to generate phased sequence
information about chromosome A, while sequence read information for segments that map to

chromosome B can be used to generate phased sequence information about chromosome B, but
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information about the junction(s) between chromosome A segments and chromosome B
segments remains unused or is discarded.

[00117] Samples can be manipulated to reduce or remove inter-chromosomal proximity or
junction information. For example, a cell sample can be frozen in mitosis prior to rearrangement
and sequencing as described herein, thereby disrupting the usual three-dimensional structure of
chromosomes in the cells. This can reduce or eliminate inter-chromosomal ligations. In another
example, histone post-translational modifications can be removed prior to analysis.

Nucleic Acid Sequence Libraries

[00118] Also disclosed herein are methods and compositions for generating nucleic acid
sequence libraries. Rearranged molecules are sequenced, and the sequence reads are analyzed.
For a given read, sequence segments can be observed and parsed into multiple rearranged
segments. If punctuation oligos are employed, sequence segments can be observed that are
locally uninterrupted by punctuation elements. Sequence information in sequence segments is
presumed to be in phase, and locally correctly ordered and oriented. Segments on either side of a
junction are inferred to be in phase with one another on a common sample nucleic acid molecule
but not necessarily to be correctly ordered and oriented relative to one another on the rearranged
nucleic acid molecule. A benefit of the rearrangement is that segments positioned far removed
from one another are sometimes brought into proximity, such that they are read in a common
read and confidently assigned to a common phase even if in the sample molecule they are
separated by large distances of identical, difficult to phase sequence. Another benefit is that the
segment sequences themselves comprise most, substantially all or all of the original sample
sequence, such that in addition to phase information, in some cases contig information is
determined sufficient to perform de novo sequence assembly in some cases. This de novo
sequence 1s optionally used to generate a novel scaffold or contig set, or to augment a previously
or independently generated contig or scaffold sequence set.

[00119] Rearranged molecules, such as in a sequencing library, can comprise at least 2, 3, 4, 5, 6,
7, 8,9, 10, or more segments, where the segments are not adjacent to other segments on the
original input nucleic acid molecule (e.g., input genomic DNA). In some cases, at least about
50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%, 99%, 99.9%, 99.99%,
99.999%, or 100% of the segments on a given rearranged molecule map to a common scaffold.
In some cases, on average over a population of rearranged molecules such as a sequencing

library, at least about 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, 96%, 97%, 98%,
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99%, 99.9%, 99.99%, 99.999%, or 100% of the segments on a given rearranged molecule map to
a common scaffold.

[00120] Segments can be about 100 bp, 200 bp, 300 bp, 400 bp, 500 bp, 600 bp, 700 bp, 800 bp,
900 bp, 1 kb, 1.1 kb, 1.2 kb, 1.3 kb, 1.4 kb, 1.5 kb, 2.0 kb, 2.5 kb, 3.0 kb, 3.5 kb, 4.0 kb, 4.5 kb,
5.0 kb, 5.5 kb, 6.0 kb, 6.5 kb, 7.0 kb, 7.5 kb, 8.0 kb, 8.5 kb, 9.0 kb, 9.5 kb, 10.0 kb, or greater in
length. Segments can be at least about 100 bp, 200 bp, 300 bp, 400 bp, 500 bp, 600 bp, 700 bp,
800 bp, 900 bp, 1 kb, 1.1 kb, 1.2 kb, 1.3 kb, 1.4 kb, 1.5 kb, 2.0 kb, 2.5 kb, 3.0 kb, 3.5 kb, 4.0 kb,
4.5 kb, 5.0 kb, 5.5 kb, 6.0 kb, 6.5 kb, 7.0 kb, 7.5 kb, 8.0 kb, 8.5 kb, 9.0 kb, 9.5 kb, 10.0 kb, or
greater in length. Segments can be at most about 100 bp, 200 bp, 300 bp, 400 bp, 500 bp, 600 bp,
700 bp, 800 bp, 900 bp, 1 kb, 1.1 kb, 1.2 kb, 1.3 kb, 1.4 kb, 1.5 kb, 2.0 kb, 2.5 kb, 3.0 kb, 3.5 kb,
4.0 kb, 4.5 kb, 5.0 kb, 5.5 kb, 6.0 kb, 6.5 kb, 7.0 kb, 7.5 kb, 8.0 kb, 8.5 kb, 9.0 kb, 9.5 kb, 10.0 kb,
or greater in length.

[00121] Rearranged molecules can have at least 2, 3, 4, 5, 6, 7, 8, 9, 10, or more segments that
are at least about 100 bp, 200 bp, 300 bp, 400 bp, 500 bp, 600 bp, 700 bp, 800 bp, 900 bp, 1 kb,
1.1kb, 1.2 kb, 1.3 kb, 1.4 kb, 1.5 kb, 2.0 kb, 2.5 kb, 3.0 kb, 3.5 kb, 4.0 kb, 4.5 kb, 5.0 kb, 5.5 kb,
6.0 kb, 6.5 kb, 7.0 kb, 7.5 kb, 8.0 kb, 8.5 kb, 9.0 kb, 9.5 kb, 10.0 kb, or greater in length. In some
cases, rearranged molecules have at least 3 segments that are at least 500 bp in length. In some
cases, rearranged molecules have at least 4 segments that are at least 500 bp in length. In some
cases, rearranged molecules have at least 5 segments that are at least 500 bp in length. In some
cases, rearranged molecules have at least 6 segments that are at least 500 bp in length.

[00122] Rearranged molecules can comprise, when added up across all segments in the
rearranged molecule, at least 100 bp, 200 bp, 300 bp, 400 bp, 500 bp, 600 bp, 700 bp, 800 bp,
900 bp, 1 kb, 1.1kb, 1.2 kb, 1.3 kb, 1.4 kb, 1.5 kb, 2.0 kb, 2.5 kb, 3.0 kb, 3.5 kb, 4.0 kb, 4.5 kb,
5.0 kb, 5.5 kb, 6.0 kb, 6.5 kb, 7.0 kb, 7.5 kb, 8.0 kb, 8.5 kb, 9.0 kb, 9.5 kb, 10.0 kb from one
original nucleic acid molecule (e.g, from one chromosome). In some cases, rearranged molecules
comprise, when added up across all segments in the rearranged molecule, at least 1000 bp from
one original nucleic acid molecule (e.g., from one chromosome). In some cases, rearranged
molecules comprise, when added up across all segments in the rearranged molecule, at least 2000
bp from one original nucleic acid molecule (e.g., from one chromosome). In some cases,
rearranged molecules comprise, when added up across all segments in the rearranged molecule,
at least 3000 bp from one original nucleic acid molecule (e.g., from one chromosome). In some
cases, rearranged molecules comprise, when added up across all segments in the rearranged

molecule, at least 4000 bp from one original nucleic acid molecule (e.g., from one chromosome).
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In some cases, rearranged molecules comprise, when added up across all segments in the
rearranged molecule, at least S000 bp from one original nucleic acid molecule (e.g., from one
chromosome).

[00123] In some cases, mapping can be conducted with enforced unique mapping. In some cases,
less than about 50%, 45%, 40%, 35%, 30%, 25%, 20%, 15%, 10%, 5%, 4%, 3%, 2%, 1%, 0.1%,
0.01%, or 0.001% of segments map ambiguously (e.g., map to multiple locations).

[00124] A sequencing library can comprise at least about 10, 100, 1000, 10,000, 100,000, 1
million, 1.1 million, 1.2 million, 1.3 million, 1.4 million, 1.5 million, 1.6 million, 1.7 million, 1.8
million, 1.9 million, 2.0 million, 3 million, 4 million, 5 million, 6 million, 7 million, 8 million, 9
million, 10 million, 20 million, 30 million, 40 million, 50 million, 60 million, 70 million, 80
million, 90 million, 100 million, 200 million, 300 million, 400 million, 500 million, 600 million,
700 million, 800 million, 900 million, 1 billion, 2 billion, 3 billion, 4 billion, 5 billion, 6 billion,
7 billion, 8 billion, 9 billion, 10 billion, 100 billion, 200 billion, 300 billion, 400 billion, 500
billion, 600 billion, 700 billion, 800 billion, 900 billion, or 1 trillion rearranged molecules.
[00125] Rearranged molecules in a sequencing library can comprise the necessary adapters,
labels, or other components for sequencing, such as particular recognition sequences,
hybridization sequences, hairpins (e.g., for SMRTbell), tags (e.g., NanoTags), labels, dyes, or
barcodes.

[00126] In some cases, a plurality of rearranged DNA molecules is generated as disclosed herein
and subsequently sequenced using long-read sequencing technology. Each rearranged molecule
is sequenced, and the sequence reads are analyzed. In preferred examples, sequence reads
average at least about 5 kb or at least about 10 kb for the sequence reaction. In other examples,
sequence reads average at least about 5 kb, 6 kb, 7 kb, 8 kb, 9 kb, 10 kb, 11 kb, 12 kb, 13 kb, 14
kb, 15 kb, 16 kb, 17 kb, 18 kb, 19 kb, 20 kb, 21 kb, 22 kb, 25 kb, 30 kb, 35 kb, 40 kb, or greater.
In favored examples, sequence reads are identified that comprise at least 500 bases of a first
segment and 500 bases of a second segment, where the first and second segments are not
adjacent on the original sample input nucleic acid. The segments can be joined by a punctuation
oligo sequence. In other examples, the sequence reads comprise at least about 100 bases, 200
bases, 300 bases, 400 bases, 500 bases, 600 bases, 700 bases, 800 bases, 900 bases, 1000 bases,
or greater of a first DNA segment and at least about 100 bases, 200 bases, 300 bases, 400 bases,
500 bases, 600 bases, 700 bases, 800 bases, 900 bases, 1000 bases, or greater of a second DNA
segment. In some examples, the first and second segment sequences are mapped to a scaffold

genome and are found to map to contigs that are separated by at least 100 kb. In other examples,
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the separation distance is at least about 8 kb, 9 kb, 10 kb, 12.5 kb, 15 kb, 17.5 kb, 20 kb, 25 kb,
30 kb, 35 kb, 40 kb, 45 kb, 50 kb, 60 kb, 70 kb, 80 kb, 90 kb, 100 kb, 125 kb, 150 kb, 200 kb,
300 kb, 400 kb, 500 kb, 600 kb, 700 kb, 800 kb, 900 kb, 1 Mb, or greater. In most cases, the first
contig and the second contig each comprise a single heterozygous position, the phase of which is
not determined in a scaffold. In preferred examples, the heterozygous position of the first contig
is spanned by the first segment of the long read, and the heterozygous position of the second
contig is spanned by the second segment of the long read. In such cases, the reads each span their
contigs’ respective heterozygous regions and sequence of the read segments indicates that a first
allele of the first contig and a first allele of the second contig are in phase. If sequences from the
first and second nucleic acid segments are detected in a single long sequence read, it is
determined that the first and second nucleic acid segments are comprised on the same DNA
molecule in the input DNA sample. In these preferred embodiments, nucleic acid sequence
libraries generated by the methods and compositions disclosed herein provide phase information
for contigs that are positioned far apart from one another on a genome scaffold.

[00127] Alternatively, a plurality of paired end molecules is generated as described herein, and
subsequently sequenced using long read sequencing technology. In some cases, the average read
length for the library is determined to be about 1 kb. In other cases, the average read length for
the library is about 100 bp, 200 bp, 300 bp, 400 bp, 500 bp, 600 bp, 700 bp, 800 bp, 900 bp, 1 kb,
1.1kb, 1.2 kb, 1.3 kb, 1.4 kb, 1.5 kb, 2.0 kb, 2.5 kb, 3.0 kb, 3.5 kb, 4.0 kb, 4.5 kb, 5.0 kb, 5.5 kb,
6.0 kb, 6.5 kb, 7.0 kb, 7.5 kb, 8.0 kb, 8.5 kb, 9.0 kb, 9.5 kb, 10.0 kb, or greater. In many
examples, paired end molecules comprise a first DNA segment and a second DNA segment that,
within the input DNA sample, are in phase and separated by a distance greater than 10 kb. In
some examples, the separation distance between two such DNA segments is greater than about 5
kb, 6 kb, 7 kb, 8 kb, 9 kb, 10 kb, 11 kb, 12 kb, 13 kb, 14 kb, 15 kb, 20 kb, 23 kb, 25 kb, 30 kb, 32
kb, 35 kb, 40 kb, 50 kb, 60 kb, 75 kb, 100 kb, 200 kb, 300 kb, 400 kb, 500 kb, 750 kb, 1 Mb, or
greater. In most cases, sequence reads are generated from paired end molecules, some of which
comprise at least 300 bases of sequence from a first nucleic acid segment and at least 300 bases
of sequence from a second nucleic acid segment. In other examples, the sequence reads comprise
at least about 50 bases, 100 bases, 150 bases, 200 bases, 250 bases, 300 bases, 350 bases, 400
bases, 450 bases, 500 bases, 550 bases, 600 bases, 650 bases, 700 bases, 750 bases, 800 bases, or
greater of a first DNA segment and at least about 50 bases, 100 bases, 150 bases, 200 bases, 250
bases, 300 bases, 350 bases, 400 bases, 450 bases, 500 bases, 550 bases, 600 bases, 650 bases,
700 bases, 750 bases, 800 bases, or greater of a second DNA segment. If sequences from the first
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and second nucleic acid segments are detected in a single sequence read, it can be determined
that the first and second nucleic acid segments are in phase on the same DNA molecule in the
input DNA sample. In such cases, the generated sequence libraries yield phase information for
DNA segments that are separated in the nucleic acid sample by greater than the read length of the
sequencing technology used to sequence them.

[00128] Alternatively, a plurality of sequence reads is generated from a rearranged DNA nucleic
acid sequence library as discloses herein. In some cases, the library conveys phase information,
as disclosed herein and as described in the provided Examples, such that segments on either side
of a segment junction are determined to be in phase on a single molecule. In some examples, the
generated sequence reads represent at least 80% of the nucleic acid sequence of the input DNA
sample. In other examples, the generated sequence reads represent at least about 45%, 50%, 55%,
60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, or 100% of the nucleic acid sequence of the input
DNA sample. In preferred examples, the sequence reads are used to generate de novo contig
information that spans at least 80% of the input DNA sample. In other examples, the sequence
reads are used to generate de novo contig information that spans at least about 45%, 50%, 55%,
60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, or 100% of the input DNA sample. In most cases,
the sequence reads are used to determine phase information, which is optionally subsequently
used to order and orient the contigs relative to each other in order to generate a phased sequence
assembly of the input DNA sample. In preferred embodiments, the nucleic acid sequence
libraries generated from the rearranged DNA molecules convey phase information and,
preferably, also encompass sequence information comprising a substantial portion of the total
nucleic acid sequence, such that a de novo sequence assembly is concurrently generated.

[00129] Sequencing of a library of rearranged molecules can be performed to achieve a
sequencing coverage of at least about 1X, 2X, 3X, 4X, 5X, 6X, 7X, 8X, 9X, 10, 11X, 12X, 13X,
14X, 15X, 16X, 17X, 18X, 19X, 20X, 21X, 22X, 23X, 24X, 25X, 26X, 27X, 28X, 29X, 30X,
31X, 32X, 33X, 34X, 35X, 336X, 37X, 38X, 39X, 40X, 41X, 42X, 43X, 44X, 45X, 46X, 47X,
48X, 49X, 50X, 55X, 60X, 65X, 70X, 75X, 80X, 85X, 90X, 95X, 100X, or more.

Preserved DNA Molecule Phasing

[00130] Furthermore, disclosed herein are methods and compositions for phasing and de novo
assembling a nucleic acid sequence that, in preferred embodiments, comprises nearly the entire
input nucleic acid molecule.

[00131] The techniques of the present disclosure can be used to phase a variety of markers,

including but not limited to single nucleotide polymorphisms (SNPs), insertions or deletions
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(INDELs), and structural variants (SVs). For example, the presence of two or more segments
together on a rearranged DNA molecule can be used to infer that the sequences of the segments
are in phase. This can permit phasing without reliance on previously known phasing of markers.
In some cases, SNPs are phased. In some cases, INDELs are phased. In some cases, SVs are
phased. Phasing can be confirmed with reference to one or more markers. In some cases, phasing
is confirmed with reference to SNPs. In some cases, phasing is confirmed without reference to
SNPs. In some cases, phasing is confirmed with reference to INDELs. In some cases, phasing is
confirmed without reference to INDELs. In some cases, phasing is confirmed with reference to
SVs. In some cases, phasing is confirmed without reference to SVs. In some examples, a high
molecular weight (HMW) nucleic acid sample is extracted using standard methods known in the
art. In most cases, these HMW nucleic acid samples comprise at least some nucleic acid
molecules which are at least 100 kb in length. One or more of the 100 kb nucleic acid molecules
comprises a first nucleic acid segment and a second nucleic acid segment that are separated by
distance that is greater than the average read length of standard sequencing technologies. In other
examples, the nucleic acid sample comprises at least some nucleic acid molecules which are at
least about 30 kb, 40 kb, 50 kb, 60 kb, 70 kb, 80 kb, 90 kb, 100 kb, 110 kb, 120 kb, 130 kb, 140
kb, 150 kb, or greater in length, one or more of which comprises at least a first nucleic acid
segment and a second nucleic acid segment that are separated by a distance that is greater than
the average read length of standard sequencing technologies, such as those described herein.

[00132] To determine the phase information is such examples, the first and second nucleic acid
segments need to be detected within a single sequencing read. Therefore, the relative position of
the first and second nucleic acid segments must be changed such that the first and second DNA
segments are separated by a distance that is less than the average read length of standard
sequencing technologies. In order to generate the desired phase information, this rearrangement
should not result in loss of phase information. In preferred examples, this rearrangement is
achieved by the methods and compositions disclosed herein and as described within the provided
Examples. In favored examples, during phase-maintaining rearrangement, no more than 10% of
the starting nucleic acid molecule is deleted. That is, the first segment and the second segment
are not brought into proximity simply by deleting the intervening sequence. Rather, the segments
are rearranged relative to one another without deletion of the majority of the intervening
sequence. In other examples, no more than about 2%, 5%, 7%, 10%, 12%, 13%, 14%, 15%, 20%,
23%, 25%, 30%, 35%, 40%, 50%, 55%, 60%, 70%, 80%, 90%, or 95% of the starting nucleic

acid molecule is deleted. Since, in favored examples, nearly the entire input nucleic acid
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molecule is preserved, following sequencing, the generated sequence reads are used to assemble,
order, and orient de novo generated contigs such that nearly the entire input nucleic acid
molecule is sequenced, assembled, and phased.

Applications

[00133] The techniques of the present disclosure can be used for a variety of genetics and
genomics applications, including but not limited to generation of de novo sequence assemblies
(including phased sequence assemblies), mapping reads to a scaffold (including with phasing
information), determining phasing information, and identifying structural variants.

[00134] The techniques disclosed herein are useful in many fields including, by way of non-
limiting example, forensics, agriculture, environmental studies, renewable energy, epidemiology
or disease outbreak response, and species preservation.

[00135] Techniques of the present disclosure can be used for diagnosing disease states, such as
cancer. Techniques of the present disclosure can be used for phasing of clinically important
regions, analysis of structural variants, resolution of pseudogenes (e.g., STRC), targeted panels
for drugable structural variants in cancer, and other applications. For example, an excess of
proximity ligation evens between regions of the genome that are far apart linearly or on separate
chromosomes can be indicative of diseases like cancer.

[00136] Native chromatin from tissue that is diseased or suspected of being diseased can be
analyzed using the techniques of the present disclosure. The three-dimensional architecture of the
genome within such a tissue sample can be analyzed, for example by analyzing several samples
from different locations within a tissue volume.

[00137] In some cases, such as for de novo genome assembly, the biological or pathological
signal can be removed from these data. For example, cells can be treated with reagents that cause
mitotic arrest, or that disrupt heterochromatin or other regional features of genome architecture,
prior to adding a fixing agent that locks in the three-dimensional architecture prior to proximity
ligation. In such cases, the resulting data can lack diagnostic utility, but can be maximally useful
for genome assembly.

[00138] Molecules and libraries generated as disclosed herein are used in a number of
applications, such as applications related to genome assembly and contig or other sequence
information phasing, such as is done to assign sequence information to a specific molecule of
origin or sister chromatid of origin in a diploid organism’s genome assembly.

[00139] Molecules are sequenced, and contiguous segments are identified as mapping to

consecutive bases of a common contig or scaffold. Junctions between segments are identified as
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regions where bases cease to map to consecutive bases of a common contig or scaffold. In some
cases, nucleic acid sequence that maps to multiple regions of a genome (such as repetitive
sequence) is discarded. Alternately, particularly if one or both ends of a repetitive sequence maps
to a common scaffold and the difference between sequence positions for the uniquely mapping
sequence at the ends of the repetitive sequence is consistent with the repetitive region being
included in the scaffold, then a repetitive region is assigned to a common segment with its
adjacent unique sequence.

[00140] In preferred embodiments, adjacent segments of a molecule or library constituent as
disclosed herein are assigned to a common phase of a common molecule of the genome. That is,
the contigs to which the segments map are assigned to a common phase, and single nucleotide
polymorphisms, insertions, deletions, transversions, translocations or other nucleic acid features
indicated by one or both segments are assigned to a common molecule.

[00141] Often, all or a majority of segments map to a common scaffold or contig, such that their
coexistence on a single molecule of the library is indicative that single nucleotide polymorphisms,
insertions, deletions, transversions, translocations or other nucleic acid features indicated by one
or both segments are assigned to a common molecule. In some cases at least 50%, 55%, 60%,
65%, 70%, 75%, 80%, 85%, 90%. 91%, 92%, 93%., 94%, 95%, 96%, 97%, 98%, 99%, or more
than 99% of the segments, or at least 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 91%,
92%, 93%, 94, 95%, 96%, 97%, 98%, 99%, or more than 99% of the segments sequence, maps
to a common scaffold.

[00142] In some cases it is beneficial to enrich for molecule generation so as to ensure or
increase the likelihood of segments ligating so as to reflect physical linkage or phase information,
or so that ligated segments arise from a common physical molecule of origin. A number of
approaches effect this goal.

[00143] As discussed herein, in some cases libraries are generated through the cleavage and re-
ligation of isolated nucleic acid molecules onto which chromatin or other nucleic acid binding
moieties have been assembled. By isolating the molecules, for example by separating them from
nucleic acid binding proteins or other native chromatin constituents, one allows individual
molecules to separate from one another. By binding the isolated nucleic acid molecules such that
separate segments are held together independent of their common phosphodiester backbones, the
phase information common to segments of a molecule of origin is preserved during the process
of cleavage and relegation such that a cleaved segment is likely to rejoin to a second segment

derived from a molecule of origin common to the two segments. This frequency is increased
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through any number of approaches, such as, for example, by diluting molecules prior to
chromatin assembly, or by attaching nucleic acid molecules to distinct locations on a common
surface at a density below that at which segments form separate molecules are likely to ligate.
When beads such as SPRI beads are used to anchor molecules for digestion and assembly,
selecting beads that have larger surface areas, or adding more beads so as to increase the total
overall surface area available for binding, in some cases decreases the chance of intermolecular
ligation events.

[00144] Alternately, in some cases steps are taken to reduce intermolecular interactions among
nucleic acid molecules that are bound by native chromatin, such as occurs when cells are treated
using a fixative. Examples of such steps include actively targeting cells at a point in their cell
cycles such that intermolecular interactions are likely to be minimized. This is accomplished in
some cases by freezing or fixing cells in mitosis so as to selectively access their nucleic acids
when chromosomes are less likely to be assembled into sub-nuclear structures that may lead to
intermolecular ligation events. Alternately or in combination, cells, nuclei, or isolated chromatin
from cells are treated so as to remove histone post-translational modifications, so as to remove
three-dimensional mapping information and concurrently improve the chance that segments from
a single molecule ligate to one another in library generation for sequencing/phasing information.
[00145] Aside from biochemical or ‘wet-lab’ approaches to reducing intermolecular ligation
events in rearranged library formation, computational approaches are also available to reduce the
impact of intermolecular ligation events on phase determination. For example, in some cases
individual molecules are screened by assessing the mapping distributions of uniquely mapping
segments in ligated rearranged molecules. Molecules comprising segments that map to likely
distinct molecules above a threshold level are excluded. That is, in some cases, sequence
information for molecules that comprise segments that uniquely map to a common scaffold at
less than 50%, 55%, 60%, 65%, 70%, 75%, 80%, 85%, 90%, 95%, or up to 99% or greater are
excluded from further analysis. In exemplary cases, this threshold is at or about 70%, or at or
about 80%, or at or about 90%. In these cases, sequence of molecules that comprise a percentage
of segments that map elsewhere than a first common scaffold is excluded from analysis.

[00146] Similarly, in some cases, sequence information for molecules that comprise aggregate
uniquely mapping sequence that map to a common scaffold at less than 50%, 55%, 60%, 65%,
70%, 75%, 80%, 85%, 90%, 95%, or up to 99% or greater are excluded from further analysis. In

exemplary cases, this threshold is at or about 70%, or at or about 80%, or at or about 90%. In
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these cases, sequence of molecules that comprise a percentage of uniquely mapping sequence
that map elsewhere than a first common scaffold is excluded from analysis.

[00147] Alternately or in combination, sequences of molecules comprising segments that
uniquely map to more than one scaffold are further processed, such as to minimize the impact on
phase conclusions without losing sequence information such as SNP data, insertion data, deletion
data, inversion data or other genomic rearrangement information that may be captured in
sequenced segments. For example, for molecule sequences that comprise segments that uniquely
map to two scaffolds (predominantly or exclusively), the segments that map to the first scaffold
are assigned to a common phase of that scaffold, while the segments that map to the second
scaffold are assigned to a common phase of the second scaffold. That is, segments that map to a
first common scaffold are assigned to a common phase on that scaffold, while segments that map
to a second common scaffold are determined to be informative of common phase information for
the second scaffold, but the segments that map (such as uniquely map) to the first scaffold are not
determined to be informative as to phase information with respect to the segments that map to the
second scaftfold.

[00148] Alternately, in some cases a plurality of independent molecule sequences are obtained
comprising first population of segments that uniquely map to a first scaffold, and a second
population of segments that uniquely map to a second scaffold. In these cases, it is optionally
inferred that the first scaffold and the second scaffold are in fact in phase in the nucleic acid
sample, for example due to a translocation in the sample genome under analysis.

[00149] These approaches allow for the selective enrichment for molecular sequence that is
likely to be informative as to phase of the underlying molecules from which the rearranged
library, and the rearranged library’s sequence data, are derived.

[00150] In some cases library generation and sequence analysis are used in combination to
obtain sequence information and phase information. In some such cases, ligation junctions are
labeled, for example using a modified nucleotide base that is compatible with long read
sequencing technology and that is readily identified in reads of such technology. Examples are
provided herein.

[00151] Using such junction markers, one is able to identify segment junctions with a high
degree of confidence independent of the segment sequence. Consequently, sequence
rearrangements in library construction are readily distinguished from ‘rearrangement events’ that
occur in the sample and are reflective of sample nucleic acid sequence or architecture. Such

events include, for example, insertions, deletions, inversions, transversions or translocations.
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Observing such events in a segment, when such events are not tagged by a junction marker such
as a modified nucleic acid, is indicative that the events are reflective of underlying sample
sequence.

[00152] Alternately or in combination, one may rely upon depth of library coverage to provide
some degree of confidence as to molecular structure. That is, in sequencing multiple
independently generated library constituents, one may find multiple, independently generated
segments sharing a common rearrangement profile. If such profile comprises a common
‘rearrangement event’ in multiple independently derived library constituents, one may infer that
the ‘rearrangement event’ which they indicate is reflective of the underlying sample sequence
rather than being a product of the library generation process.

[00153] A wide diversity of library constituents are consistent with the disclosure herein.
Library constituents are preferably longer on average than a single read of prevailing long read
sequencing technology, such that the sequencing technology is used most efficiently in
sequencing the library. However, this is not an absolute requirement, and libraries comprising,
predominantly comprising, or consisting of constituents smaller than the length of a long range
sequencing run are consistent with the disclosure herein.

[00154] Libraries disclosed herein may vary in their fraction of the overall sample represented
in the library, mean or median rearranged molecule size, segment size, and number of segments
per molecule. In many embodiments, libraries are configured so that a single long read spans at
least part of three segments of a molecular constituent of the library. In many embodiments,
libraries are configured so that segments in phase but dispersed throughout a genomic sample are
reconfigured so that they are adjacent or otherwise included in a single long range sequence read,
so as to facilitate their assignment to a common phase of a common molecule.

Computer Systems and Improvement in Operation Thereof

[00155] Methods as described herein are in some cases implemented by way of machine (or
computer processor) executable code (or software) stored on an electronic storage location of the
server 1001, such as, for example, on the memory 1010, or electronic storage unit 1015. During
use, the code can be executed by the processor 1005. In some cases, the code can be retrieved
from the storage unit 1015 and stored on the memory 1010 for ready access by the processor
1005. In some situations, the electronic storage unit 115 can be precluded, and machine-
executable instructions are stored on memory 1010. Alternatively, the code can be executed on a

second computer system 1040.
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[00156] Aspects of the systems and methods provided herein, such as the server 1001, can be
embodied in programming. Various aspects of the technology may be thought of as “products” or
“articles of manufacture” typically in the form of machine (or processor) executable code and/or
associated data that is carried on or embodied in a type of machine readable medium. Machine-
executable code can be stored on an electronic storage unit, such memory (for example, read-
only memory, random-access memory, flash memory) or a hard disk. “Storage” type media can
include any or all of the tangible memory of the computers, processors or the like, or associated
modules thereof, such as various semiconductor memories, tape drives, disk drives and the like,
which may provide non-transitory storage at any time for the software programming. All or
portions of the software may at times be communicated through the Internet or various other
telecommunication networks. Such communications, for example, may enable loading of the
software from one computer or processor into another, for example, from a management server
or host computer into the computer platform of an application server. Thus, another type of
media that may bear the software elements includes optical, electrical, and electromagnetic
waves, such as used across physical interfaces between local devices, through wired and optical
landline networks and over various air-links. The physical elements that carry such waves, such
as wired or wireless likes, optical links, or the like, also may be considered as media bearing the
software. As used herein, unless restricted to non-transitory, tangible “storage” media, terms such
as computer or machine “readable medium” can refer to any medium that participates in
providing instructions to a processor for execution.

[00157] Hence, a machine readable medium, such as computer-executable code, may take many
forms, including but not limited to, tangible storage medium, a carrier wave medium, or physical
transmission medium. Non-volatile storage media can include, for example, optical or magnetic
disks, such as any of the storage devices in any computer(s) or the like, such may be used to
implement the system. Tangible transmission media can include: coaxial cables, copper wires,
and fiber optics (including the wires that comprise a bus within a computer system). Carrier-
wave transmission media may take the form of electric or electromagnetic signals, or acoustic or
light waves such as those generated during radio frequency (RF) and infrared (IR) data
communications. Common forms of computer-readable media therefore include, for example: a
floppy disk, a flexible disk, hard disk, magnetic tape, any other magnetic medium, a CD-ROM,
DVD, DVD-ROM, any other optical medium, punch cards, paper tame, any other physical
storage medium with patterns of holes, a RAM, a ROM, a PROM and EPROM, a FLASH-

EPROM, any other memory chip or cartridge, a carrier wave transporting data or instructions,
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cables, or links transporting such carrier wave, or any other medium from which a computer may
read programming code and/or data. Many of these forms of computer readable media may be
involved in carrying one or more sequences of one or more instructions to a processor for
execution.

[00158] A computer system may be used to implement one or more steps of a method described
herein, including, for example, sample collection, sample processing, sequence generation and
sequence analysis.

[00159] A client-server and/or relational database architecture can be used in any of the methods
described herein. In general, a client-server architecture is a network architecture in which each
computer or process on the network is either a client or a server. Server computers can be
powerful computers dedicated to managing disk drives (file servers), printers (print servers), or
network traffic (network servers). Client computers can include PCs (personal computers) or
workstations on which users run applications, as well as example output devices as disclosed
herein. Client computers can rely on server computers for resources, such as files, devices, and
even processing power. The server computer handles all of the database functionality. The client
computer can have software that handles front-end data management and receive data input from
users.

[00160] After performing a calculation, a processor can provide the output, such as from a
calculation, back to, for example, the input device or storage unit, to another storage unit of the
same or different computer system, or to an output device. Output from the processor can be
displayed by a data display, for example, a display screen (for example, a monitor or a screen on
a digital device), a print-out, a data signal (for example, a packet), a graphical user interface (for
example, a webpage), an alarm (for example, a flashing light or a sound), or a combination of
any of the above. In an embodiment, an output is transmitted over a network (for example, a
wireless network) to an output device. The output device can be used by a user to receive the
output from the data-processing computer system. After an output has been received by a user,
the user can determine a course of action, or can carry out a course of action, such as a medical
treatment when the user is medical personnel. In some embodiments, an output device is the
same device as the input device. Example output devices include, but are not limited to, a
telephone, a wireless telephone, a mobile phone, a PDA, a flash memory drive, a light source, a
sound generator, a fax machine, a computer, a computer monitor, a printer, an iPod, and a

webpage. The user station may be in communication with a printer or a display monitor to output
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the information processed by the server. Such displays, output devices, and user stations can be
used to provide an alert to the subject or to a caregiver thereof.

[00161] Data relating to the present disclosure can be transmitted over a network or connections
for reception and/or review by a receiver. The receiver can be but is not limited to the subject to
whom the report pertains; or to a caregiver thereof, for example, a health care provider, manager,
other healthcare professional, or other caretaker; a person or entity that performed and/or ordered
the genotyping analysis; a genetic counselor. The receiver can also be a local or remote system
for storing such reports (for example servers or other systems of a “cloud computing”
architecture). In one embodiment, a computer-readable medium includes a medium suitable for
transmission of a result of an analysis of a biological sample.

[00162] Datasets and sequence libraries as disclosed herein are consistent with computer-based
phase assignment of nucleic acid sequence information, such as that which is obtained through
the sequencing of a heterozygous diploid eukaryotic genome. Computers that analyze such data
may assign reads into scaffolds, in some cases generating maps that comprise entire ‘end-to-end’
chromosome maps for a sample genome. However, most approaches are unable to assign
heterozygous sequence to a common phase when said heterozygous sequence is separated by
greater than a read length of the sequencing technology. Thus, heterozygous loci are not
accurately mapped to a common phase using most computer-based genome assembly approaches.
[00163] Methods, databases and systems disclosed herein allow for the assignment of
heterozygous sequence information to a common phase, even when the heterozygous loci are
separated by more than the sequence distance generated by a single long read. As such, the
methods, databases and systems disclosed herein provide for the improvement in performance of
computer systems related to genome sequencing and genome sequence assembly. For example,
techniques of the present disclosure can allow for improving the calculation speed, thereby
reducing computational time or computational burden. These techniques can also allow for
reduced memory requirements, including transient memory and non-transient data storage
requirements. In some cases, techniques of the present disclosure can enable the computation of
previously non-computable calculations.

[00164] The detailed description is further supplemented with reference to the following
numbered embodiments. 1. A method of generating long-distance phase information from a first
DNA molecule, comprising: a) providing a first DNA molecule having a first segment and a
second segment, wherein the first segment and the second segment are not adjacent on the first

DNA molecule; b) contacting the first DNA molecule to a DNA binding moiety such that the
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first segment and the second segment are bound to the DNA binding moiety independent of a
common phosphodiester backbone of the first DNA molecule; c) cleaving the first DNA
molecule such that the first segment and the second segment are not joined by a common
phosphodiester backbone; d) attaching the first segment to the second segment via a
phosphodiester bond to form a reassembled first DNA molecule; and e) sequencing at least 4 kb
of consecutive sequence of the reassembled first DNA molecule comprising a junction between
the first segment and the second segment in a single sequencing read, wherein first segment
sequence and second segment sequence represent long-distance phase information from a first
DNA molecule. 2. The method of numbered embodiment 1, wherein the DNA binding moiety
comprises a plurality of DNA-binding molecules. 3. The method of any one of numbered
embodiments 1-2, wherein contacting the first DNA molecule to a plurality of DNA-binding
molecules comprises contacting to a population of DNA-binding proteins. 4. The method of any
one of numbered embodiments 1-3, wherein the population of DNA-binding proteins comprises
nuclear proteins. 5. The method of any one of numbered embodiments 1-4, wherein the
population of DNA-binding proteins comprises nucleosomes. 6. The method of any one of
numbered embodiments 1-5, wherein the population of DNA-binding proteins comprises
histones. 7. The method of any one of numbered embodiments 1-6, wherein contacting the first
DNA molecule to a plurality of DNA-binding moieties comprises contacting to a population of
DNA-binding nanoparticles. 8. The method of any one of numbered embodiments 1-7, wherein
the first DNA molecule has a third segment not adjacent on the first DNA molecule to the first
segment or the second segment, wherein the contacting in (b) is conducted such that the third
segment is bound to the DNA binding moiety independent of the common phosphodiester
backbone of the first DNA molecule, wherein the cleaving in (¢) is conducted such that the third
segment is not joined by a common phosphodiester backbone to the first segment and the second
segment, wherein the attaching comprises attaching the third segment to the second segment via
a phosphodiester bond to form the reassembled first DNA molecule, and wherein the consecutive
sequence sequenced in (e) comprises a junction between the second segment and the third
segment in a single sequencing read. 9. The method of any one of numbered embodiments 1-9,
comprising contacting the first DNA molecule to a cross-linking agent. 10. The method of any
one of any one of numbered embodiments 1-9, comprising contacting the first DNA molecule to
a cross-linking agent. 11. The method of any one of numbered embodiments 1-10, wherein the
cross-linking agent is formaldehyde. 12. The method of any one of numbered embodiments 1-11,

wherein the cross-linking agent is formaldehyde. 13. The method of any one of numbered
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embodiments 1-12, wherein the DNA binding moiety is bound to a surface comprising a plurality
of DNA binding moieties. 14. The method of any one of numbered embodiments 1-13, wherein
the DNA binding moiety is bound to a solid framework comprising a bead. 15. The method of
any one of numbered embodiments 1-14, wherein cleaving the first DNA molecule comprises
contacting to a restriction endonuclease. 16. The method of any one of numbered embodiments
1-15, wherein cleaving the first DNA molecule comprises contacting to a nonspecific
endonuclease. 17. The method of any one of numbered embodiments 1-16, wherein cleaving the
first DNA molecule comprises contacting to a tagmentation enzyme. 18. The method of any one
of numbered embodiments 1-17, wherein cleaving the first DNA molecule comprises contacting
to a transposase. 19. The method of any one of numbered embodiments 1-18, wherein cleaving
the first DNA molecule comprises shearing the first molecule. 20. The method of any one of
numbered embodiments 1-19, comprising adding a tag to at least one exposed end. 21. The
method of any one of numbered embodiments 1-20, wherein the tag comprises a labeled base. 22.
The method of any one of numbered embodiments 1-21, wherein the tag comprises a methylated
base. 23. The method of any one of numbered embodiments 1-22, wherein the tag comprises a
biotinylated base. 24. The method of any one of numbered embodiments 1-23, wherein the tag
comprises uridine. 25. The method of any one of numbered embodiments 1-24, wherein the tag
comprises a noncanonical base. 26. The method of any one of numbered embodiments 1-25,
wherein the tag generates a blunt ended exposed end. 27. The method of any one of numbered
embodiments 1-26, comprising adding at least one base to a recessed strand of a first segment
sticky end. 28. The method of any one of any one of numbered embodiments 1-27, comprising
adding a linker oligo comprising an overhang that anneals to the first segment sticky end. 29. The
method of any one of any one of numbered embodiments 1-28, wherein the linker oligo
comprises an overhang that anneals to the first segment sticky end and an overhang that anneals
to the second segment sticky end. 30. The method of any one of any one of numbered
embodiments 1-29, wherein the linker oligo does not comprise two 5' phosphate moieties. 31.
The method of any one of numbered embodiments 1-30, wherein attaching comprises ligating. 32.
The method of any one of numbered embodiments 1-31, wherein attaching comprises DNA
single strand nick repair. 33. The method of any one of numbered embodiments 1-32, wherein
the first segment and the second segment are separated by at least 10kb on the first DNA
molecule prior to cleaving the first DNA molecule. 34. The method of any one of numbered
embodiments 1-33, wherein the first segment and the second segment are separated by at least

15kb on the first DNA molecule prior to cleaving the first DNA molecule. 35. The method of any
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one of numbered embodiments 1-34, wherein the first segment and the second segment are
separated by at least 30kb on the first DNA molecule prior to cleaving the first DNA molecule.
36. The method of any one of numbered embodiments 1-35, wherein the first segment and the
second segment are separated by at least S50kb on the first DNA molecule prior to cleaving the
first DNA molecule. 37. The method of any one of numbered embodiments 1-36, wherein the
first segment and the second segment are separated by at least 100kb on the first DNA molecule
prior to cleaving the first DNA molecule. 38. The method of any one of numbered embodiments
1-37, wherein the sequencing comprises single molecule long read sequencing. 39. The method
of any one of numbered embodiments 1-38, wherein the long read sequencing comprises a read
of at least 5 kb. 40. The method of any one of numbered embodiments 1-39, wherein the long
read sequencing comprises a read of at least 10 kb. 41. The method of any one of numbered
embodiments 140, wherein the first reassembled DNA molecule comprises a hairpin moiety
linking a 5' end to a 3' end at one end of the first DNA molecule. 42. The method of any one of
numbered embodiments 1-42, comprising sequencing a second reassembled version of the first
DNA molecule. 43. The method of any one of numbered embodiments 1-42, wherein the first
segment and the second segment are each at least 500 bp. 44. The method of any one of
numbered embodiments 1-43, wherein the first segment, the second segment, and the third
segment are each at least 500 bp. 45. A method of genome assembly comprising: a) obtaining a
first DNA molecule complexed to a structure; b) cleaving the first DNA molecule to form a first
exposed end and a second exposed end, wherein the first exposed end and the second exposed
end were not adjacent on the molecule prior to said cleaving; ¢) cleaving the first DNA molecule
to form a third exposed end and a fourth exposed end, wherein the third exposed end and the
fourth exposed end were not adjacent on the molecule prior to said cleaving; d) attaching said
first exposed end and said second exposed end to form a first junction; e) attaching said third
exposed end and said fourth exposed end to form a second junction f) sequencing across said first
junction and said second junction in a single sequencing read; g) mapping sequence on a first
side of said first junction to a first contig of said plurality of contigs; h) mapping sequence on a
second side of said first junction to a second contig of said plurality of contigs; 1) mapping
sequence on a first side of said second junction to a second contig of said plurality of contigs; j)
mapping sequence on a second side of said second junction to a third contig of said plurality of
contigs and k) assigning said first contig, said second contig, and said third contig to a common
phase of a genome assembly. 46. The method of numbered embodiment 45, wherein said

plurality of contigs are generated from shotgun sequence data. 47. The method of any one of
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numbered embodiments 45-46, wherein said plurality of contigs are generated from single
molecule long read data. 48. The method of any one of numbered embodiments 45-47, wherein
said single molecule long read data comprises said plurality of contigs. 49. The method of any
one of numbered embodiments 45-48, wherein said plurality of contigs is concurrently obtained
through sequencing across said first junction and said second junction. 50. The method of any
one of numbered embodiments 45-49, wherein sequencing across said marker oligo comprises
sequencing at least 10kb. 51. The method of any one of numbered embodiments 45-50, wherein
said structure comprises a population of DNA binding moieties bound to the first DNA molecule
to form reconstituted chromatin. 52. The method of any one of numbered embodiments 45-51,
wherein said reconstituted chromatin is contacted to a crosslinking agent. 53. The method of any
one of numbered embodiments 45-52, wherein said crosslinking agent comprises formaldehyde.
54. The method of any one of numbered embodiments 45-53, wherein said population of DNA
binding moieties comprises histones. 55. The method of any one of numbered embodiments 45-
54, wherein said population of DNA binding moieties comprises nanoparticles. 56. The method
of any one of numbered embodiments 45-55, wherein said structure comprises native chromatin.
57. The method of any one of numbered embodiments 45-56, wherein the first exposed end and
the second exposed end are separated by at least 10 kb on the first DNA molecule prior to
cleaving the first DNA molecule. 58. The method of any one of numbered embodiments 45-57,
wherein the first exposed end and the second exposed end are separated by at least 15 kb on the
first DNA molecule prior to cleaving the first DNA molecule. 59. The method of any one of
numbered embodiments 45-58, wherein the first exposed end and the second exposed end are
separated by at least 30 kb on the first DNA molecule prior to cleaving the first DNA molecule.
60. The method of any one of numbered embodiments 45-59, wherein the first exposed end and
the second exposed end are separated by at least 50 kb on the first DNA molecule prior to
cleaving the first DNA molecule. 61. The method of any one of numbered embodiments 45-60,
wherein the first exposed end and the second exposed end are separated by at least 100 kb on the
first DNA molecule prior to cleaving the first DNA molecule. 62. The method of any one of
numbered embodiments 45-61, comprising sequencing a second copy of the first DNA molecule.
63. A rearranged nucleic acid molecule of at least 5 kb comprising a) a first segment; b) a second
segment; and c) a third segment; d) said first segment and said second segment being joined at a
first junction; and e) said second segment and said third segment being joined at a second
junction; wherein said first segment, said second segment and said third segment exist in phase

separated by at least 10 kb in an unrearranged nucleic acid molecule, and wherein at least 70% of
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said rearranged nucleic acid molecule maps to said common unrearranged nucleic acid molecule.
64. The rearranged nucleic acid of numbered embodiment 63, wherein the first segment, the
second segment and the third segment comprise separate genomic nucleic acid sequence from a
common nucleic acid molecule of a genome. 65. The rearranged nucleic acid of any one of
numbered embodiments 63-64, wherein the first segment, the second segment and the third
segment exist in a common molecule in the genome in an order that is rearranged in the
rearranged nucleic acid. 66. The rearranged nucleic acid of any one of numbered embodiments
63-65, wherein said nucleic acid molecule is at least 30 kb in length. 67. The rearranged nucleic
acid of any one of numbered embodiments 63-66, wherein said nucleic acid comprises a hairpin
loop at a double-stranded terminal end, so that the molecule comprises a single strand comprising
a 30 kb inverted repeat. 68. The rearranged nucleic acid of any one of numbered embodiments
63-67, wherein said nucleic acid is a double-stranded circular molecule. 69. The rearranged
nucleic acid of any one of numbered embodiments 63-68, wherein at least 80% of said
rearranged nucleic acid molecule maps to said common unrearranged nucleic acid molecule. 70.
The rearranged nucleic acid of any one of numbered embodiments 63-69, wherein at least 85%
of said rearranged nucleic acid molecule maps to said common unrearranged nucleic acid
molecule. 71. The rearranged nucleic acid of any one of numbered embodiments 63-70, wherein
at least 90% of said rearranged nucleic acid molecule maps to said common unrearranged nucleic
acid molecule. 72. The rearranged nucleic acid of any one of numbered embodiments 63-71,
wherein at least 95% of said rearranged nucleic acid molecule maps to said common
unrearranged nucleic acid molecule. 73. The rearranged nucleic acid of any one of numbered
embodiments 63-72, wherein at least 99% of said rearranged nucleic acid molecule maps to said
common unrearranged nucleic acid molecule. 74. The rearranged nucleic acid of any one of
numbered embodiments 63-73, wherein at least 80% of segments of said rearranged nucleic acid
molecule maps to said common unrearranged nucleic acid molecule. 75. The rearranged nucleic
acid of any one of numbered embodiments 63-74, wherein at least 85% of segments of said
rearranged nucleic acid molecule maps to said common unrearranged nucleic acid molecule. 76.
The rearranged nucleic acid of any one of numbered embodiments 63-75, wherein at least 90%
of segments of said rearranged nucleic acid molecule maps to said common unrearranged nucleic
acid molecule. 77. The rearranged nucleic acid of any one of numbered embodiments 63-76,
wherein at least 95% of segments of said rearranged nucleic acid molecule maps to said common
unrearranged nucleic acid molecule. 78. The rearranged nucleic acid of any one of numbered

embodiments 63-77, wherein at least 99% of segments of said rearranged nucleic acid molecule
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maps to said common unrearranged nucleic acid molecule. 79. The rearranged nucleic acid of
any one of numbered embodiments 63-78, wherein the rearranged nucleic acid is generated by
steps of the method of any one or more of numbered embodiments 1-62. 80. A method of
generating a phased sequence of a sample nucleic acid molecule comprising a) generating a first
rearranged nucleic acid molecule of any one of numbered embodiments 63-78 from the sample
nucleic acid molecule; b) generating a second rearranged nucleic acid molecule of any one of
numbered embodiments 63-78 from the sample nucleic acid molecule; and c) sequencing the first
rearranged nucleic acid molecule and the second rearranged nucleic acid molecule; wherein the
first rearranged nucleic acid molecule and the second rearranged nucleic acid molecule are
independently generated 81. A method of generating a phased sequence of a sample nucleic acid
molecule comprising a) sequencing a first rearranged nucleic acid molecule of any one of
numbered embodiments 63-78 from the sample nucleic acid molecule; b) sequencing a second
rearranged nucleic acid molecule of any one of numbered embodiments 63-78 from the sample
nucleic acid molecule, wherein the first rearranged nucleic acid molecule and the second
rearranged nucleic acid molecule are independently generated; and ¢) assembling sequence of the
first rearranged nucleic acid molecule of any one of numbered embodiments 63-78 and the
second rearranged nucleic acid molecule of any one of numbered embodiments 63-78 such that
an assembled sequence is an unrearranged phased sequence of a sample nucleic acid molecule.
82. The method of any one of numbered embodiments 80-81, wherein sequencing a first
rearranged nucleic acid molecule comprises generating a sequence read of at least 1kb. 83. The
method of any one of numbered embodiments 80-82, wherein sequencing a first rearranged
nucleic acid molecule comprises generating a sequence read of at least 2kb. 84. The method of
any one of numbered embodiments 80-83, wherein sequencing a first rearranged nucleic acid
molecule comprises generating a sequence read of at least Skb. 85. The method of any one of
numbered embodiments 80-84, comprising assigning at least 70% of said first rearranged
molecule to a common phase of a single genomic molecule. 86. The method of any one of
numbered embodiments 80-85, comprising assigning at least 70% of said second rearranged
molecule to a common phase of a single genomic molecule. 87. The method of any one of
numbered embodiments 80-86, comprising assigning at least 80% of said first rearranged
molecule to a common phase of a single genomic molecule. 88. The method of any one of
numbered embodiments 80-87, comprising assigning at least 80% of said second rearranged
molecule to a common phase of a single genomic molecule. 89. The method of any one of

numbered embodiments 80-88, comprising assigning at least 90% of said first rearranged
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molecule to a common phase of a single genomic molecule. 90. The method of any one of
numbered embodiments 80-89, comprising assigning at least 90% of said second rearranged
molecule to a common phase of a single genomic molecule. 91. The method of any one of
numbered embodiments 80-90, comprising assigning at least 95% of said first rearranged
molecule to a common phase of a single genomic molecule. 92. The method of any one of
numbered embodiments 80-91, comprising assigning at least 95% of said second rearranged
molecule to a common phase of a single genomic molecule. 93. A method of phasing long-read
sequence data comprising a) obtaining sequence data from the nucleic acid sample of any one of
numbered embodiments 63-78; b) obtaining long-read sequence data from the rearranged nucleic
acid of any one of numbered embodiments 63-78; ¢) mapping the long-read sequence data from
the rearranged nucleic acid of any one of numbered embodiments 63-78 to the sequence data
from the nucleic acid sample; and d) assigning to a common phase the sequence data from the
nucleic acid sample mapped to by the long-read sequence data from the rearranged nucleic acid
of any one of numbered embodiments 63-78. 94. A method of providing phase information to a
nucleic acid dataset generated from a nucleic acid sample by a DNA sequencing technology,
comprising a) obtaining a nucleic acid of said nucleic acid sample having a first segment and a
second segment separated by a distance greater than a read length of the DNA sequencing
technology b) shuffling the nucleic acid such that the first segment and the second segment are
separated by a distance less than a read length of the DNA sequencing technology; ¢) sequencing
the shuffled nucleic acid using the DNA sequencing technology such that the first segment and
the second segment appear in a single read of the DNA sequencing technology; and d) assigning
sequence reads of the data set comprising first segment sequence and sequence reads of the data
set comprising second segment sequence to a common phase. 95. The method of numbered
embodiment 94, wherein the DNA sequencing technology generates reads having a read length
of at least 10kb. 96. The method of any one of numbered embodiments 94- 94, wherein shuftling
comprises performing steps of any one of any one of numbered embodiments 1-62. 97. The
method of any one of numbered embodiments 94- 94, wherein the first segment and the second
segment are separated by a linker oligo that marks a segment end. 98. A nucleic acid sequence
database comprising sequence information obtained from a plurality of molecules of any one of
numbered embodiments 63-78, wherein sequence information corresponding to molecules
having less than 70% of their segments map to a common scaffold is excluded from at least one
analysis. 99. A nucleic acid sequence database comprising sequence information obtained from a

plurality of molecules of any one of numbered embodiments 63-78, wherein sequence
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information corresponding to molecules having less than 70% of their sequence information map
to a common scaffold is excluded from at least one analysis. 100. A method of phasing long-read
sequence data comprising a) obtaining sequence data from the nucleic acid sample of any one of
numbered embodiments 63-78; b) obtaining long-read sequence data from the rearranged nucleic
acid of the rearranged nucleic acid of any one of numbered embodiments 63-78; ¢) mapping the
first segment, the second segment and the third segment of the rearranged nucleic acid of any one
of numbered embodiments 63-78 to the sequence data from the nucleic acid sample to the nucleic
acid sample sequence data; and d) when at least two segments map to a common scaffold,
assigning sequence variation of said segments to a common phase. 101. The method of numbered
embodiment 100, wherein the first segment comprises a single nucleotide polymorphism relative
to the sequence data from the nucleic acid sample. 102. The method of any one of numbered
embodiments 100-101, wherein the first segment comprises an insertion relative to the sequence
data from the nucleic acid sample. 103. The method of any one of numbered embodiments 100-
102, wherein the first segment comprises a deletion relative to the sequence data from the nucleic
acid sample. 104. The method of any one of numbered embodiments 100-103, comprising
assigning a first set of segments mapping to a first common scaffold to a common phase of the
first common scaffold, and assigning a second set of segments mapping to a second common
scaffold to a common phase of the second common scaffold. 105. A nucleic acid sequence
library of a nucleic acid sample, said nucleic acid sequence library comprising a population of
nucleic acid sequence reads having an average read length, at least one of said reads comprising
at least 500 bases of a first nucleic acid segment and at least 500 bases of a second nucleic acid
segment, wherein said first nucleic acid segment and said second nucleic acid segment are found
in phase separated by a distance greater than said average read length on a common molecule of
said nucleic acid sample. 106. The nucleic acid sequence library of numbered embodiment 105,
wherein said first nucleic acid segment and said second nucleic acid segment are found in phase
separated by a distance greater than 10 kb. 107. The nucleic acid sequence library of any one of
numbered embodiments 105-106, wherein said first nucleic acid segment and said second nucleic
acid segment are found in phase separated by a distance greater than 20 kb. 108. The nucleic acid
sequence library of any one of numbered embodiments 105-107, wherein said first nucleic acid
segment and said second nucleic acid segment are found in phase separated by a distance greater
than 50 kb. 109. The nucleic acid sequence library of any one of numbered embodiments 105-
108, wherein said first nucleic acid segment and said second nucleic acid segment are found in

phase separated by a distance greater than 100 kb. 110. The nucleic acid sequence library of any
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one of numbered embodiments 105- 109, wherein at least one of said reads comprises at least 1

kb of a first nucleic acid segment. 111. The nucleic acid sequence library of any one of numbered
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105- 110, wherein at least one of said reads comprises at least 5 kb of a first
segment. 112. The nucleic acid sequence library of any one of numbered
105- 111, wherein at least one of said reads comprises at least 10 kb of a first
segment. 113. The nucleic acid sequence library of any one of numbered
105- 112, wherein at least one of said reads comprises at least 20 kb of a first
segment. 114. The nucleic acid sequence library of any one of numbered
105- 113, wherein at least one of said reads comprises at least 50 kb of a first
segment. 115. The nucleic acid sequence library of any one of numbered
105- 114, wherein nucleic acid sequence library comprises at least 80% of said
sample. 116. The nucleic acid sequence library of any one of numbered
105- 115, wherein nucleic acid sequence library comprises at least 85% of said
sample. 117. The nucleic acid sequence library of any one of numbered
105- 116, wherein nucleic acid sequence library comprises at least 90% of said
sample. 118. The nucleic acid sequence library of any one of numbered
105- 117, wherein nucleic acid sequence library comprises at least 95% of said
sample. 119. The nucleic acid sequence library of any one of numbered
105- 118, wherein nucleic acid sequence library comprises at least 99% of said
sample. 120. The nucleic acid sequence library of any one of numbered

105- 119, wherein nucleic acid sequence library comprises at least 99.9% of said

nucleic acid sample. 121. A nucleic acid sequence library of a nucleic acid sample, said nucleic
acid sequence library comprising a population of nucleic acid sequence reads having a mean
length of at least 1 kb, said reads independently comprising at least 300 bases of sequence from
two separate in phase regions of the nucleic acid sample, said two separate in phase regions
separated by a distance greater than 10 kb in the nucleic acid sample. 122. The nucleic acid
sequence library of numbered embodiment 121, wherein said reads independently comprise at
least 500 bases of sequence from two separate in phase regions of the nucleic acid sample. 123.
The nucleic acid sequence library of any one of numbered embodiments 121- 122, wherein said
reads independently comprise at least 1 kb of sequence from two separate in phase regions of the
nucleic acid sample. 124. The nucleic acid sequence library of any one of numbered
embodiments 121- 123, wherein said reads independently comprise at least 2 kb of sequence

from two separate in phase regions of the nucleic acid sample. 125. The nucleic acid sequence
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library of any one of numbered embodiments 121- 124, wherein said reads independently
comprise at least 5 kb of sequence from two separate in phase regions of the nucleic acid sample.
126. The nucleic acid sequence library of any one of numbered embodiments 121- 125, wherein
said reads independently comprise at least 10 kb of sequence from two separate in phase regions
of the nucleic acid sample. 127. The nucleic acid sequence library of any one of numbered
embodiments 121- 126, wherein said two separate in phase regions are separated by a distance
greater than 20 kb in the nucleic acid sample. 128. The nucleic acid sequence library of any one
of numbered embodiments 121- 127, wherein said two separate in phase regions are separated by
a distance greater than 30 kb in the nucleic acid sample. 129. The nucleic acid sequence library
of any one of numbered embodiments 121- 128, wherein said two separate in phase regions are
separated by a distance greater than 50 kb in the nucleic acid sample in at least 1% of the reads.
130. The nucleic acid sequence library of any one of numbered embodiments 121- 129, wherein
said two separate in phase regions are separated by a distance greater than 100 kb in the nucleic
acid sample in at least 1% of the reads. 131. The nucleic acid sequence library of any one of
numbered embodiments 121- 130, wherein nucleic acid sequence library comprises at least 80%
of said nucleic acid sample. 132. The nucleic acid sequence library of any one of numbered
embodiments 121- 131, wherein nucleic acid sequence library comprises at least 85% of said
nucleic acid sample. 133. The nucleic acid sequence library of any one of numbered
embodiments 121- 132, wherein nucleic acid sequence library comprises at least 90% of said
nucleic acid sample. 134. The nucleic acid sequence library of any one of numbered
embodiments 121- 133, wherein nucleic acid sequence library comprises at least 95% of said
nucleic acid sample. 135. The nucleic acid sequence library of any one of numbered
embodiments 121- 134, wherein nucleic acid sequence library comprises at least 99% of said
nucleic acid sample. 136. The nucleic acid sequence library of any one of numbered
embodiments 121- 135, wherein nucleic acid sequence library comprises at least 99.9% of said
nucleic acid sample. 137. A nucleic acid library generated from a nucleic acid sample, wherein at
least 80% of nucleic acid sequence of the nucleic acid sample is represented in the nucleic acid
library; and in phase sequence segments of the nucleic acid sample are rearranged such that at
least one distantly positioned pair of in phase segments of the nucleic acid sample is read in a
single sequence read; such that sequencing said library concurrently generates contig information
spanning at least 80% of the nucleic acid sample, and phase information sufficient to order and
orient said contig information to generate a phased sequence of said nucleic acid sample. 138.

The nucleic acid library of numbered embodiment 137, wherein at least 90% of nucleic acid
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sequence of the nucleic acid sample is represented in the nucleic acid library. 139. The nucleic
acid library of any one of numbered embodiments 137- 138, wherein at least 95% of nucleic acid
sequence of the nucleic acid sample is represented in the nucleic acid library. 140. The nucleic
acid library of any one of numbered embodiments 137- 139, wherein at least 99% of nucleic acid
sequence of the nucleic acid sample is represented in the nucleic acid library. 141. The nucleic
acid library of any one of numbered embodiments 137- 140, wherein said 80% of nucleic acid
sequence of the nucleic acid sample is obtained from no more than 100,000 library constituents.
142. The nucleic acid library of any one of numbered embodiments 137- 141, wherein said 80%
of nucleic acid sequence of the nucleic acid sample is obtained from no more than 10,000 library
constituents. 143. The nucleic acid library of any one of numbered embodiments 137- 142,
wherein said 80% of nucleic acid sequence of the nucleic acid sample is obtained from no more
than 1,000 library constituents. 144. The nucleic acid library of any one of numbered
embodiments 137- 143, wherein said 80% of nucleic acid sequence of the nucleic acid sample is
obtained from no more than 500 library constituents. 145. The nucleic acid library of any one of
any one of numbered embodiments 137-144, wherein the sample is a genomic sample. 146. The
nucleic acid library of any one of any one of numbered embodiments 137-145, wherein the
sample is a eukaryotic genomic sample. 147. The nucleic acid library of any one of any one of
numbered embodiments 137-146, wherein the sample is a plant genomic sample. 148. The
nucleic acid library of any one of any one of numbered embodiments 137-147, wherein the
sample is an animal genomic sample. 149. The nucleic acid library of any one of any one of
numbered embodiments 137-148, wherein the sample is a mammalian genomic sample. 150. The
nucleic acid library of any one of any one of numbered embodiments 137-149, wherein the
sample is a unicellular eukaryotic genomic sample. 151. The nucleic acid library of any one of
any one of numbered embodiments 137-150, wherein the sample is a human genomic sample.
152. The nucleic acid library of any one of numbered embodiments 137- 151, wherein the
nucleic acid library is not barcoded to preserve phase information. 153. The nucleic acid library
of any one of numbered embodiments 137- 152, wherein a read of said library comprises at least
1 kb of sequence from a first region and at least 100 bases of sequence from a second region in
phase the first region and separated by greater than 50 kb from the first region in the sample. 154.
A method of configuring a nucleic acid molecule for sequencing on a sequencing device, wherein
the nucleic acid molecule comprises at least 100 kb of sequence, and wherein said at least 100kb
of sequence comprises a first segment and a second segment separated by a length greater than a

read length of the sequencing device, comprising changing a relative position of the first segment
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relative to the second segment of the nucleic acid molecule, such that the first segment and the
segment are separated by less than the read length of the sequencing device; wherein phase
information for the first segment and the second segment is maintained; and wherein no more
than 10% of the nucleic acid molecule is deleted. 155. The method of numbered embodiment 154,
comprising generating a read spanning at least part of the first segment and the second segment.
156. The method of any one of numbered embodiments 154- 155, comprising assigning the first
segment and the second segment to a common phase of a sequence of the nucleic acid molecule.
157. The method of any one of numbered embodiments 154- 156, wherein no more than 5% of
the nucleic acid molecule is deleted. 158. The method of any one of numbered embodiments 154-
157, wherein no more than 1% of the nucleic acid molecule is deleted. 159. The method of any
one of numbered embodiments 154- 158, wherein the first segment and the second segment are
separated by at least 10kb in the nucleic acid molecule prior to configuring. 160. The method of
any one of numbered embodiments 154- 159, wherein the first segment and the second segment
are separated by at least SOkb in the nucleic acid molecule prior to configuring. 161. The method
of any one of numbered embodiments 154- 160, wherein the first segment and the second
segment are separated by a junction marker following said configuring. 162. The method of any
one of numbered embodiments 154- 161, comprising attaching a stem loop at an end of the
nucleic acid, thereby converting the molecule to a single strand. 163. The method of any one of
numbered embodiments 154- 162, comprising circularizing the nucleic acid molecule. 164. The
method of any one of numbered embodiments 154- 163, comprising attaching the nucleic acid
molecule to a DNA polymerase. 165. The method of any one of numbered embodiments 154-
164, comprising binding the nucleic acid molecule such that the first segment and the second
segment are held together independent of a phosphodiester backbone; cleaving a phosphodiester
backbone between the first segment and the second segment at at least two positions; and
reattaching the first segment to the second segment, such that the first segment and the second
segment are separated by less than a read length of the sequencing device. 166. The method of
any one of numbered embodiments 154- 165, wherein said cleaving and said reattaching does not
result in loss of sequence information form said nucleic acid molecule. 167. A method of
generating long-distance phase information from a first nucleic acid molecule, comprising: a)
providing a sample comprising a first nucleic acid molecule having a first segment, a second
segment, and a third segment, wherein none of the first segment, the second segment, and the
third segment are adjacent on the first nucleic acid molecule, wherein the first nucleic acid

molecule is contacted to a framework such that the first segment, the second segment, and the
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third segment are bound to the framework independent of a common phosphodiester backbone of
the first nucleic acid molecule; b) cleaving the first nucleic acid molecule such that the first
segment, the second segment, and the third segment are not joined by a common phosphodiester
backbone; c¢) connecting the first segment to the second segment and connecting the second
segment to the third segment; and d) sequencing a first portion of the first nucleic acid molecule
comprising the first segment, the second segment, and the third segment, thereby generating first
segment sequence information, second segment sequence information, and third segment
sequence information, wherein the first segment sequence information, the second segment
sequence information, and the third segment sequence information provide long-distance phase
information about the first nucleic acid molecule. 168. The method of numbered embodiment
167, wherein the framework comprises reconstituted chromatin. 169. The method of any one of
numbered embodiments 167- 168, wherein the framework comprises native chromatin. 170. The
method of any one of numbered embodiments 167- 169, wherein the cleaving is conducted with
a restriction enzyme. 171. The method of any one of numbered embodiments 167- 170, wherein
the cleaving is conducted with fragmentase. 172. The method of any one of numbered
embodiments 167- 171, further comprising, prior to the sequencing, removing from the sample a
second portion of the first nucleic acid molecule comprising at most two segments. 173. The
method of any one of numbered embodiments 167- 172, further comprising assembling a
sequence of the first nucleic acid molecule using the first segment sequence information, the
second segment sequence information, and the third segment sequence information. 174. A
method of sequencing a nucleic acid molecule, comprising: obtaining a first nucleic acid
molecule comprising a first segment, a second segment and a third segment sharing a common
phosphodiester backbone, wherein none of said first segment, second segment and third segment
are adjacent on said first nucleic acid molecule; partitioning said nucleic acid molecule such that
said first segment, second segment and third segment are associated independent of their
common phosphodiester backbone; cleaving said nucleic acid molecule to generate fragments
such that there is no continuous phosphodiester backbone linking the first segment, second
segment and third segment; ligating said fragments such that said first segment, second segment
and third segment are consecutive on a rearranged nucleic acid molecule sharing a common
phosphodiester backbone; and sequencing at least a portion of said rearranged nucleic acid
molecule such that at least 5,000 bases of said rearranged nucleic acid molecule are sequenced in
a single read. 175. The method of numbered embodiment 174, wherein partitioning comprises

contacting said nucleic acid molecule to a binding moiety such that said first segment, second
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segment and third segment are bound in a common complex independent of their common
phosphodiester backbone. 176. The method of any one of numbered embodiments 174- 175,
wherein contacting the nucleic acid molecule to a plurality of DNA-binding molecules comprises
contacting to a population of DNA-binding proteins. 177. The method of any one of numbered
embodiments 174- 176, wherein the population of DNA-binding proteins comprises nuclear
proteins. 178. The method of any one of numbered embodiments 174- 177, wherein the
population of DNA-binding proteins comprises nucleosomes. 179. The method of any one of
numbered embodiments 174- 178, wherein the population of DNA-binding proteins comprises
histones. 180. The method of any one of numbered embodiments 174- 179, wherein contacting
the nucleic acid molecule to a plurality of DNA-binding moieties comprises contacting to a
population of DNA-binding nanoparticles. 181. The method of any one of numbered
embodiments 174- 180, wherein cleaving the nucleic acid molecule comprises contacting to a
restriction endonuclease. 182. The method of any one of numbered embodiments 174- 181,
wherein cleaving the nucleic acid molecule comprises contacting to a nonspecific endonuclease.
183. The method of any one of numbered embodiments 174- 182, wherein cleaving the nucleic
acid molecule comprises contacting to a tagmentation enzyme. 184. The method of any one of
numbered embodiments 174- 183, wherein cleaving the nucleic acid molecule comprises
contacting to a transposase. 185. The method of any one of numbered embodiments 174- 184,
wherein cleaving the nucleic acid molecule comprises shearing the first molecule. 186. The
method of any one of numbered embodiments 174- 185, wherein partitioning comprises
separating said nucleic acid molecule from other nucleic acid molecules of a sample. 187. The
method of any one of numbered embodiments 174- 186, wherein partitioning comprises diluting
said nucleic acid sample. 188. The method of any one of numbered embodiments 174- 187,
wherein partitioning comprises distributing said nucleic acid molecule into a microdroplet of an
emulsion. 189. A nucleic acid molecule representative of genomic phase information of an
organisms's genome, said nucleic acid molecule comprising at least 20 kb of nucleic acid
sequence information that maps to a single genomic molecule, wherein said sequence
information comprises segments rearranged relative to their position in the genomic molecule,
and wherein at least 70% of sequence information that uniquely maps to said organism's genome
maps to a single genomic molecule. 190. The nucleic acid molecule of numbered embodiment
189, wherein the nucleic acid molecule comprises at least 20 segments. 191. The nucleic acid
molecule of any one of numbered embodiments 189-190, wherein said segments are not adjacent

in said organism's genome. 192. A nucleic acid library comprising at least 100 nucleic acid
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molecule constituents of at least 20 kb, wherein constituents comprise rearranged segments of an
organism's genome;, wherein at least 70% of uniquely mapping segments from a library
constituent map to a common genomic molecule; and wherein constituents are not bound to
nucleic acid binding moieties. 193. A nucleic acid dataset comprising sequences corresponding
to at least 100 nucleic acid molecule constituents of at least 20 kb, wherein constituents comprise
at least 5 rearranged segments of an organism's genome, and wherein constituents for which less
than 70% of said rearranged segments map to a common scaffold are excluded from a
downstream analysis. 194. A nucleic acid dataset comprising sequences corresponding to at least
100 nucleic acid molecule constituents of at least 20 kb, wherein constituents comprise at least 5
rearranged segments of an organism's genome, and wherein constituents for which less than 70%
of said sequence uniquely maps to a common scaffold are excluded from a downstream analysis.
[00165] Referring to the Figures, one sees illustration of certain embodiments discussed herein.
At FIG. 1, one sees an intermediate in the process of constructing a punctuated, rearranged
phase-preserving nucleic acid molecule. A single nucleic acid molecule has been bound to a
nucleic acid binding moiety, such as a reconstituted chromatin complex, and contacted to
formaldehyde to crosslink the complex. The complex involves a single nucleic acid starting
molecule, which forms a cluster with the nucleic acid -binding components, collectively referred
to as reconstituted chromatin, such that only internal loops of the nucleic acid molecule protrude
from the cluster. The protruding loops are cleaved using the restriction endonuclease Mbol to
generate sticky ends, as depicted in FIG. 1.

[00166] In alternate embodiments, the nucleic acid molecule is bound to a bead or surface, such
as a SPRI coated or other nucleic acid -binding agent coated bead. The nucleic acid sample is
bound under conditions such that only one nucleic acid molecule is bound per bead, or such that
bound nucleic acids are unlikely to cross-ligate after cleavage. Also, cleavage is alternately
accomplished using another restriction endonuclease, a transposase, a tagmentation enzyme, a
nonspecific endonuclease, a topoisomerase or other agent having endonuclease activity.

[00167] At FIG. 2, one sees that the cleaved nucleic acid complex of FIG. 1 is treated using a
nucleic acid polymerase and a single population of dGTP so as to fill in a single position of the
overhang. The fill-in step prevents sticky ends of the complex from cross-annealing and ligating
in a later step. In some cases, the step is excluded, and complexes are allowed to cross-ligate
without punctuation oligos. Alternately, blunt ends are generated, or tagmentation adapters are

added though the action of a transposase rather than a restriction endonuclease.

-70-



WO 2017/147279 PCT/US2017/019099

[00168] FIG. 3 shows the complex of FIG. 1 and FIG. 2 following annealing and ligation of
punctuation oligos to the exposed ends of the complex. Punctuation oligos are depicted as thin
solid lines rather than as nucleic acid base sequence. Punctuation oligos are optionally modified
so as to preclude concatemerization, for example by removal of 5’ phosphate groups. Punctuation
oligos are optionally designed to be compatible with the free sticky ends as modified in FIG. 2.
In other embodiments, cleaved nucleic acid ends can be ligated to each other directly, without
intervening punctuation oligos.

[00169] FIG. 4 depicts the released punctuated nucleic acid molecule following reversal of
crosslinking and liberation from the reconstituted chromatin through treatment using proteinase
K. The end-product punctuated nucleic acid comprises segments 400 separated by punctuation
oligos 401. The segments preserve the phase information of the original nucleic acid molecule
but are randomly ordered and oriented relative to the beginning molecule. Substantially all of the
sequence of the original nucleic acid molecule is present in the punctuated molecule, such that
sequencing the punctuated molecule generates sequence information sufficient to generate de
novo contigs.

[00170] Upon sequencing the punctuated nucleic acid using a long-read sequencing device, one
observes stretches of sequence that correspond to uncleaved segments, for which local order and
orientation, as well as phase information is derived. One also observes regions of long sequence
reads that span punctuation oligo sequence. These sequence segments on either side of a
punctuation oligo are known to be in phase with one another (and in phase with other segments
on the punctuated molecule), but are unlikely to be in the correct order and orientation. A benefit
of the rearrangement process is that segments far apart from one another on the sample molecule
are brought into proximity such that they are spanned in a single read. Another benefit is that the
sequence information of the original sample molecule is largely preserved, such that de novo
contig information is concurrently generated.

[00171] FIG. 5 shows an alternative embodiment of the present disclosure. A series of short
paired ends 500, each indicative that the sequences joined in the pair are in phase, are adapter
tagged (e.g., with amplification adapters) 501 and ligated to form a concatenated paired end
multimer 502. Individual pairs, or contigs to which they uniquely map, are confidently assigned
to a common phase. Read pair units on either side of amplification adapters are not inferred to
have an order, orientation, or phase relationship with one another unless additional measures are

taken in concatemer assembly.
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[00172] A benefit of the concatenated molecule of FIG. § is that multiple paired end reads are
assembled into a single molecule that is sequenced in a single or a smaller number of long read
reactions, rather than in a much greater number of short-run reads. However, because the
segment length of individual paired ends is shorter, the overall sequence of the staring sample is
unlikely to be preserved in the concatenated molecule, complicating de novo sequencing.

[00173] FIG. 6 shows an alternative scenario, whereby a punctuated nucleic acid molecule 600
is used to generate templates for short-read sequencing. Punctuated nucleic acid molecules are
contacted to a population of primers 601 that anneal to the punctuation sequence and that
comprise bin-specific oligonucleotide barcodes 602. The primers can then be extended, for
example, to incorporate sequence 603 complementary to the punctuated nucleic acid molecule.
Through this approach, phase information is derived from the barcode information. A benefit is
that short-read sequencing is facilitated.

[00174] FIG. 7 shows a gel electrophoresis analysis of two samples, before a ligation step (‘BF’)
and after a ligation step (‘AF’). The left-most lane contains a DNA ladder, with sizes from top to
bottom of 48500, 15000, 7000, 4000, 3000, 2500, 2000, 1500, 1200, 900, 600, 400, 250, and 100
bp. The second and third lanes from the left contain sample 1 before and after ligation,
respectively. The fourth and fifth lanes from the left contain sample 2 before and after ligation,
respectively. Both the sample 1 and sample 2 ligated lanes show dark bands of DNA in the 7000-
48500 bp range, much larger than the bands in either of the pre-ligation lanes. Sample 1
comprises about 7 nanograms DNA per microliter (ng/uL) with a total of about 200 ng DNA,
and sample 2 comprises about 115 ng/ul of DNA, with a total of about 3.4 ug DNA.

[00175] FIG. 8 presents representative information about the sequencing information for a
sample. Over 1,000,000 circular consensus sequence (CSS) reads are generated, with 300,000
unmapped reads (25%). There are 1,500,000 mapped segments (-q 1) and 1,350,000 mapped
segments (-q 20). For reads with 1 mapped segment, n=500,000; for reads with 2 mapped
segments, n=175,000; for reads with 3 mapped segments, n=75,000; for reads with 4 mapped
segments, n=30,000; for reads for 5 mapped segments, n=15,000; for reads with 6 mapped
segments, n=7,000. Table 1 shows clone coverage from reads with X maximum number of
mapping segments.

[00176] FIG. 9A and FIG. 9B show frequency distributions of distance spanned by reads with
X mapped segments for a sample, with 10 kb bins (FIG. 9A) and 1 kb bins (FIG. 9B). The y axis
shows the number of PacBio CCS reads (axis lines from bottom to top: 1, 10, 100, 1000, 10000).
The x axis shows the distance spanned by the reads (axis lines from left to right: FIG. 9A: 0,
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200000, 400000, 600000, 800000, 1000000; FIG. 9B: 0, 20000, 40000, 60000, 80000, 100000).
Frequency distributions are shown for reads with 1 mapped segment (901, 911), 2 mapped
segments (902, 912), 3 mapped segments (903, 913), 4 mapped segments (904, 914), and 5
mapped segments (905, 915).

[00177] FIG. 10 depicts an exemplary computer system 1000 adapted to implement a method
described herein. The system 1000 includes a central computer server 1001 that is programmed
to implement exemplary methods described herein. The server 1001 includes a central processing
unit (CPU, also “processor”) 1005 which can be a single core processor, a multi core processor,
or plurality of processors for parallel processing. The server 1001 also includes memory 1010
(for example random access memory, read-only memory, flash memory); electronic storage unit
1015 (for example hard disk); communications interface 1020 (for example network adaptor) for
communicating with one or more other systems; and peripheral devices 1025 which may include
cache, other memory, data storage, and/or electronic display adaptors. The memory 1010, storage
unit 1015, interface 1020, and peripheral devices 1025 are in communication with the processor
1005 through a communications bus (solid lines), such as a motherboard. The storage unit 1015
can be a data storage unit for storing data. The server 1001 is operatively coupled to a computer
network (“network™) 1030 with the aid of the communications interface 1020. The network 1030
can be the Internet, an intranet and/or an extranet, an intranet and/or extranet that is in
communication with the Internet, a telecommunication or data network. The network 1030 in
some cases, with the aid of the server 1001, can implement a peer-to-peer network, which may
enable devices coupled to the server 1001 to behave as a client or a server.

[00178] The storage unit 1015 can store files, such as subject reports, and/or communications
with the caregiver, sequencing data, data about individuals, or any aspect of data associated with
the invention.

[00179] The server can communicate with one or more remote computer systems through the
network 1030. The one or more remote computer systems may be, for example, personal
computers, laptops, tablets, telephones, Smart phones, or personal digital assistants.

[00180] In some situations, the system 1000 includes a single server 1001. In other situations,
the system includes multiple servers in communication with one another through an intranet,
extranet and/or the Internet.

[00181] The server 1001 can be adapted to store measurement data, patient information from the
subject, such as, for example, polymorphisms, mutations, medical history, family history,

demographic data and/or other information of potential relevance. Such information can be
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stored on the storage unit 1015 or the server 1001 and such data can be transmitted through a
network.
[00182] As used herein, nucleic acid segments are ‘in proximity’ when they are in phase and can

be included, at least in part, in a single read.

EXAMPLES
Example 1. Some Long-read sequencing approaches are unable to phase some mutations in
a diploid DNA sample
[00183] Treatment of a particular human disease depends on the presence of a functional gene
product. In the presence of this gene product, a therapeutic molecule is metabolized to yield an
effective metabolite. In the absence of the gene product, the therapeutic molecule accumulates
and is harmful to the patient.
[00184] A patient genome is shotgun sequenced, and it is determined that two point mutations
map to the locus encoding the gene product necessary for treatment efficacy. The two point
mutations are separated by 30 kb in the assembled shotgun scaffold. Phase information for the
two point mutations is unavailable, so practitioners are unable to determine whether the patient
harbors a wild-type allele and a double-mutant allele, or in the alternative whether the patient
independently harbors two single-mutant null alleles, one at the 5° end of the locus and a second
at the 3° end of the locus.
[00185] DNA is extracted from a patient and the sample is sequenced on a long-read sequencing
machine. The limit of a single long read on average is 10-15 kb. The reads confirm that the
patient is heterozygous for both the first and the second mutation. However, given that the
mutations in the patient’s genome are separated by 30 kb, phase information cannot be acquired
using the generated sequence information. As a consequence, practitioners are unable to
determine whether the patient harbors a wild-type allele and a doubly-mutant null allele, and is
therefore eligible for treatment using the therapeutic molecule, or whether the patient harbors two
single mutant null alleles and is therefore unable to metabolize the therapeutic molecule. The
patient is denied the treatment and continues to suffer from the condition.
[00186] This example demonstrates that long range sequencing approaches used in combination
with shotgun reads do not accurately phase mutations, particularly when the mutations are
separated by long stretches of homozygous DNA. Furthermore, this example illustrates that
failure to accurately assign phase information to genomic sequence has consequences for patient

health.
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Example 2. Successful phasing of mutations in diploid DNA sample

[00187] DNA from the patient of Example 1 is subjected to phase-analysis using the approaches
disclosed herein.

[00188] DNA is extracted from the patient described in Example 1. A library of punctuated,
insertion shuffled molecules is generated such that phase information is preserved while the
relative positions of sequence segments are rearranged.

[00189] The extracted DNA 1is assembled in vitro into reconstituted chromatin. The
reconstituted chromatin is cleaved with the restriction enzyme Mbol. The resulting sticky ends
are partially filled in with a single base in order to prevent re-ligation of the restriction enzyme-
generated overhangs. Punctuation oligonucleotides, which have 5’ and 3° ends compatible with
the partially filled in overhangs of the digested DNA sample, are added to the DNA sample along
with a DNA ligase. The punctuation oligonucleotides lack 5’ phosphate groups to avoid
concatemerization of the oligonucleotides. This ligation step results in the reorganization of DNA
segments as ends originally not adjacent to one another are adjacent to each other following
ligation. Phase information is maintained since the DNA molecule is bound to crosslinked
reconstituted chromatin scaffolds during this process.

[00190] Sufficient sequence information is determined such that complete genome information
is obtained without the use of a shotgun sequence step independent of phase determination. It is
determined that the patient is heterozygous for a first and a second null mutation in the gene of
interest.

[00191] Furthermore, library molecules are observed wherein the first and second DNA
segments containing the two mutations are rearranged without loss of phase information, such
that less than 15kb of sequence separates them. A read spanning the rearranged region is
generated, and is found to comprise a first and a second null mutation. Since the first and second
DNA segments in the rearranged DNA sample are less than 15kb apart, the two mutations are
able to be both be detected in a single sequencing read, leading to phasing information. This
phasing information is used to determine that the patient harbors a double mutant allele. A
second read is observed, having a different junction point, but also having a first and a second
segment spanning the first and the second heterozygous regions of the locus. It is observed that
the first region and the second region in the rearranged molecule both encode wild-type sequence.
[00192] Additional molecules comprising phase-preserving rearrangements are sequenced. The
additional molecules are found to have punctuation inserts at different positions relative to one

another. None of the rearranged molecules harbor a single null mutation and a single wild-type
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allele. Instead, all of the sequence reads that span both heterozygous regions comprise either wild
type alleles at both loci, or null mutations at both loci.

[00193] It is determined that the patient genome comprises a double-mutant null allele and a
wild-type allele. It is concluded that the treatment is likely to be effective. The patient is
administered the therapeutic molecule, and the patient’s condition is alleviated through the
beneficial activity of the therapeutic molecule.

[00194] This example illustrates that the methods and compositions disclosed herein allow
concurrent de novo sequence generation and phasing from a single template library. Separate
shotgun sequencing libraries and phase-determination libraries are not required, thus
substantially reducing cost of the sequencing determination.

[00195] This example also illustrates that the methods and compositions disclosed herein allow
one to accurately, redundantly phase molecules even though the molecules are largely identical,
and the heterozygous positions are separated by regions of identity that are greater than twice the
length of the reads in the sequencing technology used.

Example 3. Some Long-Read sequencing approaches are unsuccessful in phasing of
transposon-rich crop DNA sample

[00196] It is estimated that approximately 90% of the corn genome is transposable elements,
such as transposons. Because of the repetitive nature of some transposons, phasing alleles is
difficult. In order to produce a corn strain having improved yield and improved nutritional
content, a corn double-mutant line is desired. Both mutations are dominant and are found on
opposite ends of a chromosome. A high yield corn strain is crossed to a high carotenoid level
corn strain to produce heterozygous lines, which are then self-crossed to generate segregating
progeny.

[00197] Some of the progeny are observed to demonstrate improved yield and increased
nutritional content. The next step in the project is to cross one of the high yield and high
nutritional content strains with a strain demonstrating blight resistance. It is known that the blight
resistance mutation loses efficacy if it is contained on the same DNA molecule as either the high
yield mutation or the improved nutritional content mutation. To minimize timely and costly
downstream sequencing and phenotyping experiments, it is desired to perform the blight resistant
strain cross with a parental strain that contains the high yield and high nutritional content
mutations on the same DNA molecule.

[00198] The two parent lines from the initial cross are near-isogenic lines, bred so that variation

in their genomes is minimized. As a result, very few markers are found available to facilitate
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phase determination. DNA is extracted from the thousands of resulting seedlings for sequencing
to determine which contain the yield and nutrition mutations in phase on the same DNA
molecule. Because the yield gene and carotenoid gene are separated by repetitive, highly
conserved transposable elements, and because there is very little variation between the lines aside
from these mutations, short read sequencing machines cannot provide phasing information.
Because the yield gene mutation and the carotenoid gene mutation are found at opposite ends of
a chromosome, both mutations are not able to be detected on a single long read by long-read
sequencing technology. As a result, it is not known whether any of the thousands of seedlings
possess the desired combination of the high yield mutation and the high nutrition mutation in
phase on a single chromosome. It is determined the project cannot remain within budget and
therefore the project is cancelled.

Example 4. Successful phasing of transposon-rich crop DNA sample

[00199] DNA samples from the corn seedlings of Example 3 are extracted and modified to
generate segment-shuffled phase preserved sequencing libraries. The resulting rearranged DNA
molecules are sequenced on a long-read sequencing machine. Single sequence reads are obtained
spanning the yield mutation locus and the nutrition mutation locus, separated by one or more
punctuation oligonucleotides. Reads indicating that the two beneficial mutations are in phase on
a single molecule are observed for some of the seedling samples. One of the confirmed in-phase
high yield and improved nutritional content strains is selected and crossed with the blight
resistant strain in order to produce a robust corn strain that will yield much needed increased
nutrition in developing countries.

[00200] This example demonstrates how the methods and compositions disclosed herein are
used to determine phase information for complex genomes having multiple repetitive elements.
This technology allows accurate, rapid phase determination even in complex genomes such as
those of relevant crop species.

Example S. Mutation-baring nucleic acid with indistinguishable phase

[00201] A diploid organism contains two copies of each chromosome of genetic material. Two
mutations separated by at least 30 kb of identical sequence are present on a single chromosome
of the diploid genome. The DNA sample is sequenced on a long-read sequencing machine having
an average read length of 15kb. It is impossible to determine if the two mutations are contained

on the same or different nucleic acid molecules.

-77-



WO 2017/147279 PCT/US2017/019099

Example 6. Determining phase information of a nucleic acid sample

[00202] DNA is extracted from the organism of Example 5. DNA is assembled in vitro with
DNA-binding proteins to generate reconstituted chromatin. The reconstituted chromatin is
cleaved to produce sticky ends, which are partially filled in to prevent re-ligation. Punctuation
oligonucleotides with ends compatible with the partially filled in sticky ends are added to the
chromatin sample along with a DNA ligase. In some instances, the punctuation oligonucleotides
are dephosphorylated in order to avoid contatemerization of the oligonucleotides. The DNA
segments of the re-ligated chromatin sample are rearranged compared to the starting DNA
sample, though phase information is maintained since the molecule is bound to chromatin
proteins through the punctuation process. In some instances, the two mutations within the
genome are rearranged such that they are less than 15kb apart. In this case, the separation
distance is less than that of the average read length of a long-read sequencing machine. When the
rearranged DNA sample is released from the chromatin proteins and sequenced, phase
information is determined and sequence information is generated sufficient to generate a de novo
sequence scaffold.

Example 7. Determining phase information of a nucleic acid sample- blunt ligation

[00203] DNA is extracted from the organism of Example 5 and reassembled with DNA-binding
proteins in vitro to generate reconstituted chromatin. DNA is cleaved to produce blunt ends.
Punctuation oligonucleotides having blunt ends are ligated to the blunt ends of the cleaved DNA
sample. The punctuation oligonucleotides are dephosphorylated in order to avoid
contatemerization of the oligonucleotides. The rearranged DNA sample is released from the
chromatin proteins and sequenced as in Example 6. When the rearranged DNA sample is
released from the chromatin proteins and sequenced, phase information is determined and
sequence information is generated sufficient to generate a de novo sequence scaffold.

Example 8. Barcoding a punctuation molecule- short read

[00204] A DNA sample comprising punctuation oligonucleotides is generated as described in
any of Examples 6-7. Following release from DNA-binding proteins, the free DNA sample,
referred to as a punctuated DNA molecule, is contacted to oligonucleotides comprising at least
two segments. One segment contains a barcode and a second segment contains a sequence
complementary to the punctuation sequence. After annealing to the punctuation sequences, the
barcoded oligonucleotides are extended with polymerase to yield barcoded molecules from the
same DNA molecule. These barcoded molecules comprise a barcode sequence, the punctuation

complementary sequence, and genomic sequence. Extension products are sequenced on a short-
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read sequencing machine and phase information is determined by grouping sequence reads
having the same barcode into a common phase.

Example 9. Barcoding a punctuation molecule- long read

[00205] A DNA sample is extracted, punctuated, and barcoded as in Example 8. Following
extension, barcoded products are bulk ligated together to generate long molecules which are read
using long-read sequencing technology. The embedded read pairs are identifiable via the
amplification adapters and punctuation sequences. Further phase information is obtained from
the barcode sequence of the read pair.

Example 10. Determining phase information with transposon punctuations

[00206] The DNA sample of Example 5 is extracted and reassembled with DNA-binding
proteins in vitro to generate reconstituted chromatin. Transposase bound to two unlinked
punctuation oligonucleotides is added to the DNA sample. The transposase cleaves exposed
DNA segments and inserts the two punctuation oligonucleotides into the DNA. Because the
punctuation oligonucleotides in a given transposase are unlinked, the insertion results in two free
DNA ends, each terminated by one of the two punctuation oligonucleotides and each tethered to
the reconstituted chromatin to preserve phase information. DNA ligase is added to the sample to
ligate blunt DNA ends together, resulting in a rearrangement of DNA segments, though phase
information is maintained since the DNA molecule is bound to the chromatin proteins throughout
this process. The rearranged DNA sample is released from the chromatin proteins and sequenced
as in Example 6 to determine phase information.

Example 11. Determining phase information with transposon punctuations- short reads
[00207] A DNA sample is extracted, reassembled in vitro into reconstituted chromatin, and
punctuated with transposases as described in Example 10. Following re-ligation of blunt ends, re-
ligated DNA segments are released from protein-DNA complex by restriction digestion, resulting
in a plurality of paired ends, which are subsequently ligated to amplification adapters. Following
amplification, paired ends are sequenced with short reach technology. It is confidently concluded
that for either side of a punctuated junction, the punctuation-adjacent sequence is derived from a
common phase of a common molecule.

Example 12. Determining phase information with transposon punctuations- long reads
[00208] A DNA sample is extracted, reassembled in vitro into reconstituted chromatin, and
punctuated with transposases as described in Example 10. Following re-ligation of blunt ends, re-
ligated DNA segments are released from protein-DNA complex by restriction digestion, resulting

in a plurality of paired ends, which are subsequently ligated to amplification adapters. Following
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amplification, the plurality of paired ends is bulk ligated together to generate long molecules
which are read using long-read sequencing technology. The embedded read pairs are identifiable
via the native DNA sequence adjacent to the transposase punctuation sequences. The
concatenated punctuated junctions are read on a long-sequence device, and sequence information
for multiple junctions is obtained. Junctions are found to map to multiple different chromosomes.
However, it is confidently concluded that for either side of a punctuated junction, the
punctuation-adjacent sequence is derived from a common phase of a common molecule.
Example 13. Concatemer generation of Chicago pairs

[00209] A DNA sample is extracted, and assembled with DNA-binding proteins in vitro to
generate reconstituted chromatin. DNA is cleaved to produce sticky ends. The sticky ends are
filled in with biotinylated nucleotides followed by blunt ligation of the filled-in ends to generate
DNA segment pairs, referred to as Chicago pairs. These reshuffled nucleic acids are released
from the chromatin proteins, cleaved and streptavidin-binding ligation junctions are isolated.
Amplification adapters are added to the free ends of the Chicago pairs. Following amplification,
Chicago pairs are bulk ligated together to generate long molecules which are read using a long-
read sequencing technology. The embedded read pairs are identifiable via the amplification
adapters. Sequence repeats generated in the ‘fill-in process’ used to introduce the biotinylated
bases are also used to identify junctions connecting in phase sequence.

[00210] The ligated concatemers are sequenced in a single read of a long-read sequencing
device. Because the individual junctions are concatenated, one is able to sequence multiple
junctions in a single read.

Example 14. Phasing hairpin DNA molecule

[00211] A long, punctuated DNA molecule, as generated in any of Examples 6, 7, 9, 10, or 12,
is ligated on one end to a hairpin adapter, resulting in a self-annealing single-stranded molecule
harboring an inverted repeat. The molecule is fed through a sequencing enzyme and full length
sequence of each side of the inverted repeat is obtained. The resulting sequence read corresponds
to 2x coverage of a punctuated DNA molecule harboring multiple rearranged segments, each
conveying phase information. Sufficient sequence is generated to independently generate a de
novo scaffold of the nucleic acid sample.

Example 15. Phasing a circularized DNA molecule

[00212] A long, punctuated DNA molecule, as generated in any of Examples 6, 7, 9, 10, or 12,
is cleaved to form a population of double stranded molecules of a desired length. These

molecules are ligated on each end to single stranded adapters. The result is a double stranded
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DNA template capped by hairpin loops at both ends. The circular molecules are sequenced by
continuous sequencing technology. Continuous long read sequencing of molecules containing a
long double stranded segment results in a single contiguous read of each molecule. Continuous
sequencing of molecules containing a short double stranded segment results in multiple reads of
the molecule, which are used either alone or along with continuous long read sequence
information to confirm a consensus sequence of the molecule. Genomic segment borders marked
by punctuation oligos are identified, and it is concluded that sequence adjacent to a punctuation
border is in phase. Sufficient sequence is generated to independently generate a de novo scaffold
of the nucleic acid sample.

Example 16. Phased sequence assembly using multiple punctuated DNA molecules

[00213] A plurality of punctuated DNA molecules is generated as described in any of Examples
6, 7,9, 10, or 12, and subsequently sequenced using long-read sequencing technology. Sequences
from the plurality of punctuated DNA molecules are compared. It is observed that two molecules
of the plurality share sequence in common, but have been independently derived and have
different punctuation oligos. For a given punctuation oligo on the first molecule, sequence is
determined on either side of each of the punctuation oligos, and it is concluded that the sequence
segments on either side of the punctuation oligos are in phase on a common molecule. However,
the relative positions of the in-phase segments are not clear.

[00214] One segment of the first punctuated DNS molecule is compared to the sequence of the
second punctuated DNA molecule. It is found that a segment end near a punctuation oligo of the
first molecule maps to the interior of a segment of the second punctuated DNA molecule.
Sequence of the segment of the second punctuated oligo that aligns beyond the punctuation oligo
of the first punctuated DNA molecule is mapped to the first punctuation DNA molecule and a
distal segment is identified. Using the second DNA molecule segment as a guide, it is determined
that two segments of the first punctuated DNA molecule were positioned adjacent to one another
in the original nucleic acid sample.

[00215] That is, the first punctuated molecule is used to determine phase information for its
constituent segments, while comparison to unpunctuated regions of the second (and additional)
punctuated DNA molecules is used to order the segments of the first punctuated molecule.
Repeating this process reciprocally, phase and order information is determined for the majority

of the segments in each of the plurality of punctuation oligos.
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[00216] The resulting assembled sequence is a phased sequence of the input DNA molecule
prior to rearrangement occurring, and represents a de novo, phased assembly of the nucleic acid
sample.

Example 17. Phasing short-read sequencing data with long-read sequence data

[00217] A punctuated DNA molecule is generated as described in any of Examples 6, 7, 9, 10,
or 12 and subsequently sequenced using long-read sequencing technology. In parallel, the input
DNA is sequenced using standard short-read shotgun sequencing technology. The shotgun
sequence from the sample is mapped to the long-read data generated from the rearranged DNA
molecule. The phased genomic sequence reads from the punctuated molecule are mapped to
sequencing data obtained from the concurrently generated short-read sequencing. Some of the
short-reads map to the long-read generated sequence. This overlap allows short sequence reads to
be assigned to the same phase as the genomic sequence generated from the punctuated DNA
molecule long sequence read.

Example 18. Nucleic acid sequence library — long reads

[00218] A plurality of punctuated DNA molecules is generated as described in any of Examples
6, 7, 9, 10, or 12, and subsequently sequenced using long-read sequencing technology. Each
punctuated molecule is sequenced, and the sequence reads are analyzed. Sequence reads average
10 kb for the sequence reaction. Sequence reads are identified that comprise at least 500 bases of
a first segment and 500 bases of a second segment, joined by a punctuation oligo sequence. The
first and second segment sequences are mapped to a scaffold genome and are found to map to
contigs that are separated by at least 100kb.

[00219] The first contig and the second contig each comprise a single heterozygous position, the
phase of which is not determined in the scaffold. The heterozygous position of the first contig is
spanned by the first segment of the long read, and the heterozygous position of the second contig
is spanned by the 500 bases of the second segment of the long read.

[00220] The reads each span their contigs’ respective heterozygous regions. Sequence of the
read segments indicates that a first allele of the first contig and a first allele of the second contig
are in phase. Since sequences from the first and second nucleic acid segments are detected in a
single long sequence read, it is determined that the first and second nucleic acid segments are
comprised on the same DNA molecule in the input DNA sample.

[00221] This example demonstrates that long reads from punctuation molecules provide phase
information for contigs that are positioned far apart from one another on a genome scaffold. The

example also demonstrates that the mapping is done with a high degree of confidence because
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the size of each segment adjacent to the punctuation oligo is great enough to facilitate accurate
mapping, and increases the likelihood that a heterozygous position is spanned.

Example 19. Nucleic acid sequence library — short reads

[00222] A plurality of paired end molecules is generated as described in either Example 8 or 11,
and subsequently sequenced using long read sequencing technology. The average read length for
the library is determined to be 1 kb. Paired end molecules comprise a first DNA segment and a
second DNA segment that, within the input DNA sample, are in phase and separated by a
distance greater than 10 kb. Sequence reads are generated from paired end molecules, some of
which comprise at least 300 bases of sequence from a first nucleic acid segment and at least 300
bases of sequence from a second nucleic acid segment. Since sequences from the first and second
nucleic acid segments are detected in a single sequence read, it is determined that the first and
second nucleic acid segments are in phase on the same DNA molecule in the input DNA sample.
[00223] This example illustrates that using the rearranged punctuated molecules as taught herein,
one generates sequence libraries that yield phase information for DNA segments that are
separated in the nucleic acid sample by greater than the read length of the sequencing technology
used to sequence them.

Example 20. Nucleic acid sequence library — concurrent phased DNA assembly

[00224] A plurality of sequence reads is generated from a punctuated DNA library. The library
conveys phase information as described in either Example 18 or 19, such that segments on either
side of a punctuation event are determined to be in phase on a single molecule. In addition, the
generated sequence reads represents at least 80% of the nucleic acid sequence of the input DNA
sample. The sequence reads are used to generate de novo contig information that spans at least
80% of the input DNA sample. Additionally, the sequence reads are used to determine phase
information, which is subsequently used to order and orient the contigs relative to each other in
order to generate a phased sequence assembly of the input DNA sample.

[00225] This example illustrates that punctuated DNA molecules convey phase information and
also in some cases encompass sequence information comprising a substantial portion of the total
nucleic acid sequence, such that a de novo sequence assembly is concurrently generated.
Example 21. DNA molecule phasing

[00226] A high molecular weight (HMW) DNA sample is extracted which comprises at least
some DNA molecules of at least 100 kb in length. One of the 100 kb DNA molecules comprises
a first DNA segment and a second DNA segment that are separated by distance that is greater
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than the average read length of standard sequencing technologies. The nucleic acid sample is
diploid but comprises large regions of sequence identity, complicating phase determination.
[00227] For confident phase determination, the first and second DNA segments need to be
detected within a single sequencing read. Therefore, the relative position of the first and second
DNA segments must be changed such that the first and second DNA segments are separated by a
distance that is less than the average read length of standard sequencing technologies. This
rearrangement must not result in loss of phase information. This rearrangement is achieved by
the methods disclosed herein and as described within any of Examples 6, 7, or 10. During phase-
maintaining rearrangement, no more than 10% of the starting HMW DNA molecule is deleted.
That is, the first segment and the second segment are not brought into proximity simply by
deleting the intervening sequence. Rather, the segments are rearranged relative to one another
without deletion of the majority of the intervening sequence. Since nearly the entire input DNA
molecule is preserved, following sequencing, the generated sequence reads are used to assemble,
order, and orient de novo generated contigs such that nearly the entire input DNA molecule is
sequenced, assembled, and phased.

Example 22. Analysis of mammalian cell culture

[00228] A sample of mammalian cell culture is analyzed using the techniques described herein.
Briefly, a cell culture of mammalian cells is grown. The cells are cross-linked, cross-linking is
quenched, and the cell pellet is stored at -20 °C. Cells are homogenized and nuclei are recovered
in lysis buffer. Nuclei in the homogenate are bound to SPRI beads and digested using Dpnll
restriction enzyme. Ends are filled in with no biotin-11-dCTP and blunt ends are ligated. Cross-
linking is reversed, DNA is recovered and cleaned up and prepared for sequencing. Sequencing
is conducted with Pacific Biosciences SMRT long-read sequencing. In some cases, the DNA can
be size selected for molecules at least about 6 kb in length prior to sequencing.

[00229] Two samples are tested to ensure ligation occurred properly. Fig. 7 is representative of
results indicative of a successful ligation in separate samples. One sees for each sample that
ligation has led to a shift toward substantially higher molecular weight nucleic acids.

[00230] At Fig. 8, one sees an outcome of such a library generation process. Of over 1,000,000
circular consensus sequence (CSS) reads, only 300,000 are unmapped. There are 1,500,000
mapped segments (-q 1) and 1,350,000 mapped segments (-q 20). For reads with 1 mapped
segment, n=500,000; for reads with 2 mapped segments, n=175,000; for reads with 3 mapped
segments, n=75,000; for reads with 4 mapped segments, n=30,000; for reads for 5 mapped

segments, n=15,000; for reads with 6 mapped segments, n=7,000. This demonstrates that

-84-



WO 2017/147279 PCT/US2017/019099

segments are readily identified, and that sequencing the library generation protocol generates
reads spanning multiple rearranged segments

[00231] Table 1 shows clone coverage from reads having the indicated number of mapping
segments. As indicated therein, the library generation protocol yields substantial whole genome
coverage in total segment sequence, while yielding valuable phasing information as indicated by
the number of clones having two or more mapping segments. As many genomes have repetitive
sequence, the number of uniquely mapped segments is an underestimate of the total number of

segments in a rearranged library constituent molecule.

Table 1. Approximate clone coverage from reads with X maximum number of mapping

segments.

# 1 2 3 4 5 6
mapped

segments

base 1,3000,000,000 | 18,000,000,000 | 9,000,000,000 | 4,000,000,000 | 1,500,000,000 500,000,000

pairs

Fold 04X 6X 3X 12X 05X 05X
genome

(3. Gb)

[00232] At Fig.s 9A-9B one sees frequency distributions of distance spanned by reads with X
mapped segments for a sample, sorted into 10 kb bins (FIG. 9A) and 1 kb bins (FIG. 9B). Data
in this figure reaffirms the conclusion that library generation protocols as disclosed herein yield
reads having multiple uniquely mapping segments ligated at recognizable junctions, so as to
provide both genome sequence information (often comprising polymorphisms) and phase
information, so that these polymorphisms can be phased relative to one another even if they
occur in a sample genome at distances greater than the length of a sequence read and are

separated by sequence that does not have markers of heterozygosity.
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CLAIMS

1. A method of generating long-distance phase information from a first DNA molecule,
comprising:
(a) providing a first DNA molecule having a first segment, a second segment, and a third
segment, wherein none of the first segment, the second segment, and the third segment are
adjacent on the first DNA molecule, and wherein the first segment, the second segment, and
the third segment are bound to a DNA binding moiety independent of a common
phosphodiester backbone of the first DNA molecule;
(b) cleaving the first DNA molecule such that the first segment, the second segment, and
the third segment are not joined by a common phosphodiester backbone;
© attaching the first segment to the second segment via a phosphodiester bond and
attaching the second segment to the third segment via a phosphodiester bond to form a
reassembled first DNA molecule; and
(d) sequencing a first portion of the reassembled first DNA molecule comprising a
junction between the first segment and the second segment and a junction between the second
segment and the third segment in a single sequencing read,

wherein first segment sequence, second segment sequence, and third segment
sequence represent long-distance phase information from the first DNA molecule.
2. The method of claim 1, wherein the DNA binding moiety comprises a plurality of
DNA-binding molecules.
3. The method of claim 2, wherein the plurality of DNA-binding molecules comprises a
population of DNA-binding proteins.
4. The method of claim 3, wherein the population of DNA-binding proteins comprises
nuclear proteins.
5. The method of claim 3, wherein the population of DNA-binding proteins comprises
nucleosomes.
6. The method of claim 3, wherein the population of DNA-binding proteins comprises
histones.
7. The method of claim 2, wherein the plurality of DNA-binding moieties comprises a
population of DNA-binding nanoparticles.
8. The method of any one of claims 1-7, comprising contacting the first DNA molecule
to a cross-linking agent.

9. The method of claim 8, wherein the cross-linking agent is formaldehyde.
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10.  The method of claim 1, wherein the DNA binding moiety is bound to a surface
comprising a plurality of DNA binding moieties.

11.  The method of claim 1, wherein the DNA binding moiety is bound to a solid
framework comprising a bead.

12.  The method of claim 1, wherein cleaving the first DNA molecule comprises
contacting to a restriction endonuclease.

13. The method of claim 1, wherein cleaving the first DNA molecule comprises
contacting to a nonspecific endonuclease.

14. The method of claim 1, wherein cleaving the first DNA molecule comprises
contacting to a tagmentation enzyme.

15. The method of claim 1, wherein cleaving the first DNA molecule comprises
contacting to a transposase.

16. The method of claim 1, wherein cleaving the first DNA molecule comprises shearing

the first molecule.

17.  The method of claim 1, comprising adding a tag to at least one exposed end.

18. The method of claim 17, wherein the tag comprises a labeled base.

19.  The method of claim 17, wherein the tag comprises a methylated base.

20.  The method of claim 17, wherein the tag comprises a biotinylated base.

21.  The method of claim 17, wherein the tag comprises uridine.

22.  The method of claim 17, wherein the tag comprises a noncanonical base.

23. The method of claim 17, wherein the tag generates a blunt ended exposed end.

24.  The method of claim 1, comprising adding at least one base to a recessed strand of a

sticky end of the first segment.

25. The method of any one of claims 1-17, comprising adding a linker oligo comprising
an overhang that anneals to a sticky end of the first segment.

26. The method of claim 25, wherein the linker oligo comprises an overhang that anneals
to the sticky end of the first segment and an overhang that anneals to a sticky end of the
second segment.

27.  The method of claim 25 or claim 26, wherein the linker oligo does not comprise two
5’ phosphate moieties.

28.  The method of claim 1, wherein attaching comprises ligating.

29.  The method of claim 1, wherein attaching comprises DNA single strand nick repair.
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30.  The method of claim 1, wherein the first segment and the second segment are
separated by at least 10kb on the first DNA molecule prior to cleaving the first DNA
molecule.
31.  The method of claim 1, wherein the first segment and the second segment are
separated by at least 15kb on the first DNA molecule prior to cleaving the first DNA
molecule.
32. The method of claim 1, wherein the first segment and the second segment are
separated by at least 30kb on the first DNA molecule prior to cleaving the first DNA
molecule.
33. The method of claim 1, wherein the first segment and the second segment are
separated by at least S0kb on the first DNA molecule prior to cleaving the first DNA
molecule.
34. The method of claim 1, wherein the first segment and the second segment are

separated by at least 100kb on the first DNA molecule prior to cleaving the first DNA

molecule.

35. The method of claim 1, wherein the sequencing comprises single molecule long-read
sequencing.

36.  The method of claim 35, wherein the long-read sequencing comprises a read of at
least 5 kb.

37.  The method of claim 35, wherein the long-read sequencing comprises a read of at
least 10 kb.

38. The method of claim 1, wherein the reassembled first DNA molecule comprises a

hairpin moiety linking a 5’ end to a 3’ end at one end of the first DNA molecule.

39. The method of claim 1, comprising sequencing a second reassembled version of the
first DNA molecule.

40. The method of claim 1, wherein the first segment and the second segment are each at
least 500 bp.

41. The method of claim 1, wherein the first segment, the second segment, and the third

segment are each at least 500 bp.
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